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1, INTRODUCTION

This report presents the results of ten simulation runs comprising
the LUMINARY 1B Digital Autopilot Software Verification and Performance
Evaluation Testing for Mission Hl.  The LUMINARY 1R testing was oriented
toward investigation and evaluation nf the functions actually impacted by
the DAP modifications from LUMINARY 1A. The runs made consider the following
sequences or cases:

1, Nominal descent (H1-1.0).

2, Off-nominal descent (H1-1,2), RCS quad misalignments and
undetected jet failure.

3. Descent with large lateral redesignation (H1-1.3).

4, Use of ARLS method prior to ignition (H1-1.4).

5. Use of ARLS method 3 minutes after PDI (H1~-1.5).

6. DPS/APS abort in P64 (H1-3.0).

7. APS abort in P64 (H1-3.1),

8. Undetected failure of DPS, gimbals (Hl-1.6A, H1-1.6B, and
Hl_l . 6D) -

The reported tests were obtained from the a1l digital MSC Block II
AGC bit-by~bit Simulation and the LUMINARY 1B, Rev. 116 flight program. The
initialization used in implementing these descent simulations places the space-
craft in a yaw attitude prior to DPS whirh requirez the use of the automatic
windows-up maneuver in P63. The maneuver has subsequently been removed from
the flight plan of Apollo 12. 1Its removal from the descent sequence was not
finalized at the time the Descent Run initializépion was set up.

7t was observed during the course of the testing that the mass properties
being used in the simulator environments are consistent with the latest is-
sue of Section 6 of the GSOP, This revision of the GSOP was dated November
1968, Consequently, the spacecraft mass propertiss in the simulator are
different from those defined in the Spacecraft Operational DPata Book for
Apollo 12. 1Inertias and c.g. locations in the simulator differ slightly from
those given in the $.0.D.B, To prevent mass mismatching between the LGC and
the simulator environments, the DAP erasable load was adjusted to correlate
with the simulator mass data. The effect of the mass adjustment did not sub-

stantially alter the DAP performance.

Section 2 of this repdrt presents a condensed summary of significant
results for each run. Section 3 contains the detailed run analyses, includ-

ing various plots. General conclusions are drawn in Section 4.



2, SUMMARY OF RESULTS

This section summarizes the significant results of the ten sumulations
made for the LUMINARY 1B testing. Refer to Tables 1, 3, and 5 for lists of
key variables, their magnitudes, and times of occurrence. Detailed results

of the analyses are presented in Section 3,

2.1 Nominal Descent, Run H1l-1.0

The nominal descent test case was initiated with the spacecraft in
satisfactory descent orbit. Both the DPS GTS and RCS functioned as designed
and as expected. Fuel slosh effects appeared as with previous testing but
caused no stability problems. Lunar Descent programs P63, P64, and P65
worked well with the mission Hl targeting. The incorporation of 0.3 degree
deadband in P64 and P65 reduced the attitude and rate error oscillation am~
plitudes substantially.

2.2 Off-Nominal Descent, Run Bl-l.é

The off~nominal descent was essentially the same as the nominal ¢wscent
case with RCS quad misalignments and undetected failure of one of the jets
used during automatic pitchover in P64. The RCS 30 quad misalignments did
not alter the RCS control effectiveness enough to substantially affect the
vehicle response during descent. One of the pitchover jets was failed just
prior to entrance to P64, This resulted in a pitchover which required more
time to complete and included additional roll transients due to the unde-

tected jet failure. WNo adverse stability effect was noted.

2.3 Landing Sequence with RHC Lateral Redesignations, Run Hl-1,3

Three single click lateral redesignations were entered via the ACA
(Attitude Controller Assembly) late in P64 (TREDES = 40 sec.) The redesig~
nations were executed at 4 second intervals. Guidance issued large commands
in conjunction with these redesignation. These large guidance commands pro-
duced rather large transients which the DAP damped quickly with essentially
no overshoot. Fuel slosh effects were not excessively excited by the tran-

sients resulting from redesignations.

2.4 Descent with ARLS Redesignation Prior to Ignition, Run Hl-1.4

The ARLS method via NOUN 49 was used to redesignate the landing site
position during P63 and prior to ignition. A 10,000 £t downrange redesig-




nation was incorporated and the proper adjustment in time of ignition was
made in the ignition algorithm. The delay in ignition time resulted in a
teuchdown point 10,069 fert downrange from the original landing site.

2.5 Landing Sequence with ARLS Redesignation After PDI, Hl-1.5

The ARLS mechod via NOUN 69 was used to redesignate the landing site
approximately 3 minutes after PDI. A 10,000 ft. downrange redesignation
was incorporated and resulted in a 10,950 ft downrange change in the actual

landing position relative to results obtained for the nominal case.

2.6 DPS/APS Abort from Powered Descent While in P64, Run i{1-3.0

An abort from powered descent late in P64 using the DPS was initiated.
Upon exhaustion of DPS fuel, the abort was continued using the APS. Proper
deadband sequencing from P64 to P70 was verified. Spacecraft response and
DAP performance were nominal throughout the abort (P70, P71). Staging and
fire-in~the-hole (FITH) transients weri: controlled and damped quickly by
the DAP.

2.7 APS Abort from Powered Descent While in P64, Run H1-3.1

This test case was essentially the same as Run H1-3.0 except the entire
abort sequence was performed using the APS. Proper deadband sequencing was
verified for the P64 to P71 transition. DAP performance and spacecraft re-
sponse were nominal for the P71 burn. '

2,8 Descent with Undetected Failure of DPS Gimbals, Runs Hl-1.6A, H1-1.6B,
and H1-1.6D

These three runs were nominal descent runs with failure of the DPS
gimbals at 212 seconds after ignition. H1-1.6A included gimbal failure with
no initial mistrims. H1-1,6B and Hl~-1.6D included 1 degree mistrims in
pitch and roll respectively at the time of failure. The results of these

cases are summarized with the following values of RCS duty cycle.

Run RCS Duty Cycle
H1-1.0 (nominal descent) 9.15%
Hl-1.6A 14,47
H1-1.6B - 1 67.1%
H1-1.6D 65.0%

Spacecraft responte for theses cases was very smooth and fuel slosh

effects were substantially reduced in amplitude.




3. DETAILED TEST RESULTS

This section presents the detailed results of the analyses made on
the six simulations, The following subheadings are considered for each of
the six runs: 1) Test Description, 2) Test Objective, 3) Initialization
Data, 4) Timeline, and 5) Results. The nomenclature presented below is in-

corpora:ed in the plots and results discussion.

NOMENCLATURE
Variable Description
(-' PERROR, QLRROR, RERROR Yaw, pitch, and roll angular attitude

errors about spacecraft body axes. (deg)

- UERROR, VERROR Angular attitude errors around the U'
i : and V' control axes. (deg)

OMEGAX, OMEGAY, OMEGAZ Yaw, pitch, and roll angular spacecraft
body rates (actual) as simulated in the
AGC Simulation Environments Section.

(deg/sec)
| OMEGAP, OMEGAQ, OMEGAR Yaw, pitch, and roll LGC estimated angu-
| lar rates about spacecraft body axes.
i (deg/sec)
N .
OMEGAU, OMEGAV LGC estimated angular rate errors around

the U' and V' control axes. (deg/sec)

A0SQ, AOSR Offset angular acceleration estimates
about the 0 and R spacecraft axes.
(angular accelerations resulting from
disturbance torques) (deg/sec2)

JPY, JPZ DPS Gimbal angles about Y and Z axes.
(- (deg)
ﬁ THRUST MAG Magnitude of DPS or APS output thrust,
(1bs) -
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3.1 NOMINAL DESCENT, RUN H1-1.0

Test Description

Nominal Automatic Landing including the nominal terrain model and ‘and-
ing radar model - trajectory shaped by current aim tirgets. Nominal DPS
initial thrust alignment. Descent Orbit Injection (DOI) has been completed
and IM is in proper descent orbit at the beginning of the test.

Test Objective

Evaluate the DAP performance in a nominal descent sequence with cur-
rent guidance requirements. Observe DAP operation in the descent programs
P63, P64, and P65 with particular emphasis on transition periods between

successive programs.

Initialization Data

The nominal descent test case begins from a nominal descent orhit with
the following parameter values just before ignition:
Initial Vehicle Weight and Configuration:

LM-alone, descent and ascent stages
Total Weight = 33125.061 1bs

Center of Gravity Location:

ceX 187.068
CGY = 0.086 inches, (LM-coordinates)
CGZ 0.721 .

Inertia Matrix:

- -

1 1 I 23028.303 =04,058 -616,228]
XX Xy Xz

M) ={r. .. 1. | = | -94.058 25026.685  -272.780| slug-£t’
yx vy vz

sz Izy Izz

b -l

| -616.228 -272.780 25054.128

Initial Attitude and Rate Errors:

PERROR]] +0.75
QERROR = -0.14 deg

RERROR | sl
[OMEGAP] 0.006] '
. |OMEGAQ = 0.007| deg/sec )

| OMEGAR | l0.002,
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DPS Gimbal Angles:.

1) At beginning of simulation

JPY| 1.247|
JPZ -0.151 €8

2) Theoretical trim angles for initial c.g.
location (no thrust/c.g. offset)

JPY = | 1.247 de
JPZ -0,151 &
(’ : Simulation Options Exercised:

1) Compliance effects of DPS mounting structure
2) TFuel Slosh effects (0ld linear slosh model)
3) RCS jet deflectors

-

Fuel Loadings:

DPS fuel loading = 17,588 ibs (100%)
APS fuel loading = 5,078 lbs (100%)

Ullage Used:
1) Type = two jet (6, 14)

2) Duration = 8 sec

B Timeline
pi*J%T The following is a list of the major events and their times of
B occurence. |
i :é} Time-Seconds - Event
:jg;g_ 1) 205.0575 Ullage Initiated
T 2) 212.5605 DPS Engine Ignition Command
ST 3) 213.0565 Ullage Completed
£ 4) 717.0752 Enter Visibility Phase Program, P64
N 5) 861.2918 . Enter Automatic Terminal Landing Phase
' Program, P65
6) 890,5565 IM Stop Button
7) 891.1395 DPS Engine Off
8) 891.3566 Touchdown Confirmed ,

The total time between ignition and lunar touchdown was 678.7961 sec or |
11.31 minutes. The plots presented in Figures 1 thru 14 consider only the
time interval from ullage to lunar touchdown.

Results

Figures 1 thru 16 are plots of the various LGC and Environment param—

eters pertinent to this test case. Table 1 indicates the magnitudes and
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times of occurence of certain key variables., Table 2 preseits a summary
of the RCS activity. Data for Figures 1 thru 14 was obtained every fifth
DAP cycle or 0.5 sec while data for Figures 15 and 16 were obtained every
DAP cycle,

The LUMINARY 1B DAP 1is essentially the same as the LUMINARY 1A DAP.
The only significant change in the area of powered descent 1is the change
from a 1.0 degree deadband to a 0.3 degree deadband for programs P64, P65,
P66, and P67, The deadband for P63 is still set at 1.0 degree.

The response for Run H1-1.0 during the Braking Phase Program P63 is
very similar to that of the LUMINARY ‘1A simulation runs. (Reference 2)
The start-up transients were damped quickly and attitude errors were held
with the 1.0 degréé deadband quite easily. Noticeable slosh oscillations
started building up about 200 seconds into the burn for the roll axis and
about 300 seconds into the burn for the pitch axis. The slosh oscillations
are rather small at first and have a frequency of approximately 0.5 Hz.
Soon the GTS-slosh-RCS combination begins to interact and the amplitudé of
the oscillations begin to grow. The peaks rates for the roll axis reagh a
peak-to-peak amplitude of 3.43 deg/sec and the pitch rate peaks out at an
amplitude of 3.8 deg/sec. The higher frequency slosh osciliations are
superimposed on a low frequency oscillation of approximately-0.15 Hz.
These same characteristics were observed in the Apollo 11 preflight simula-
tions and an analysis of this instability was reported in Reference 3. It
should be pointed out that the exact behavior of this phenomenon is very
sensitive to the slosh model; however, results of several simulations pre-

dict the same general characteristics.

The Visibility Phase program, P64, was entered 504.5 seconds after
ignition. The pitchover maneuver started approximately ome second after
the start of P64. The commanded pitchover angle was 3’ Jegrees and the
peak angular rate about the pitch axis during this maneuver was 11.5
deg/sec, Figures 15 and 16 are expanded plots of pitch and rqll rates
respectively during the pitchover maneuver. It can be seen that there
is very little overshoot in the pitch axis during the maneuver. The

oscillations seen in these figures are caused by slosh. It is interesting
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to note that the estimated rates, OMEGAQ and OMEGAR, lag the environment
or actual rates, OMEGAY and OMEGAZ, by almost 90 degrees phase angle at
the slosh frequency. This is one of the contributors to the slosh insta-
bility which was mentioned earlier, The rate amplitudes dropped signifi-
cantly in P64 and P65 after the deadband was changed to 0.3 degree. The
rate errors about the U' and V' control axes reached steady-state peak-to-
peak values of 1.0 deg/sec and the amplitudes of the attitude errors were
about 0.8 degree peak-to-peak.

The change to the 0.3 degree deadband caused a significant increase
in the number of RCS jet firings in P64 and P65. The RCS propellant
consumption duriﬁg P64 and P65, exclusive of the pitchover maneuver, was
about 13,7 pounds compared to 7.3 pounds for the LUMINARY 1A DAP with the
one degree deadband., Another way .of looking at this is by comparing
average RCS propellant consumption rates. The consumption rate for the
1A version of the DAP in P64 and P65 was 0.0416 1lb/sec while the 1B DAP
bhad a consumption rate of 0,104 lb/sec, which is an increase of about
150 percent (the pitchover maneuvers were included in the calculations
of these rates)., At first glance, this increase in propellant consumption
rate appears somewhat high, however the actual mission impact is really
very small, The reason for this is that the actual amount of propellant
being consumed for automatic control is quite small, An increase from
roughly seven pounds to fourteen pounds does not severely impact the
RCS budget. It should also be kept in mind that the propellant figures
obtained in the simulations are very sensitive to the slosh model. Also,
the GTS-slosh-RCS interaction and phasing can cause variations from run
to run. Two runs which have only minor differences between them can pro~

duce RCS propellant consumptions which differ by 15 to 20 percent.

The performance of the LUMINARY 1B, DAP is considered satisfactory
for the nominal descent test case. The vehicle -oscillations present during

powered descent are not considered to be excessive based on this test rum,

The ﬁagnitudes of the slosh oscillations were reduced when the deadband

was switched to 0.3 degree.
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3.2 OFF-NOMINAL DESCENT, RUN Hl-1,2

Test Description

This run was similar to Run Hl-1.0 except a three-sigma position error
(0.3 inch) was used for each RCS quad., The direction of the position error
was such as to increase the control effectiveness of the X-axis firing jets.
Jet number 1 was also failed off undetected in P£3 prior to the pitchover

maneuver and remained off for the rest of the run.

Test Objective

Evaluate the DAP performance in an off-nominal descent sequence. Ob-
serve the effect of a falled-off jet on the pitchover maneuver and assess

the effect of the RCS quad position errors.

Initialization Data

The off-nominal descent test case begins from a nominal descent orbit
with the following parameter values just before igunition:

Initial Vehicle Weight and Configuration:

IM-alone, descent and ascent stages
Total Weight = 33125,061 1lbs

Center of Gravity Location:

CGX 187.068
CGY - \ 0.086 inches (LM-coordinates)
CG2 L 0.721 |
Inertia Matrix:
F 1 1 ] 23028, 303 -94.058 - -616.228
XX Xy xz
f]=jr.. 1. I - ~94,058  25026,685 -272.780
yx yy yz | )
| A | -616.228 -272.780 . 25054.128] slug-ft
'zx zZX zz‘ o
Initial Attitude and Rate Errors:
PERROR | 0.75
QERROR |- = 0.5 deg
RERROR | ' -1.0
OMEGAP'] 0.006
OMEGAQ = 0.011 deg/sec
OMEGAR | 0.004
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DPS Gimbal Angles:

1) At beginning of simulation

[m] N [1.247

JPZ -0,151

2) Theoretical trim angles
location

gpY]  _ [ 1.247]
JPZ -0.151

Simulation Options Exercised:

deg
for initial c.g.

deg

1) Compliance effects of DPS mounting structure

2) Fuel slosh effects (old
3) RCS jet deflectors

linear slosh model)

4) 3 sigma RCS quad position error
5) Jet 1 failed off at pitchover

Fuel Loadings:

DPS fuel loading = 17,588 1bs (100%)
APS fuel loading =" 5,078 lbs (100%)

Ullage Used:

1) Type = two jet (6, 14)

2) Duration = 8 sec

Timeline

The following is a liet of the major events and their times ¢~

occurrence,

1)
2)
3)
4)
5)
6)
7)
8)
9)

The

or 11.6 minutes.

Time-Seconds Event
205,0575 Ullage Initiated
212.5605 DPS Engine Ignition Command
213,0564 Ullage Completed
685.0000 Jet number 1 failled off
717.0797 Enter Visibility Phase Program, P64
861.2888 Enter Automatic Landing Program, P65
906,5566 LM Stop Button .
907.1398 DPS Engine Off
907.5568 Touchdown confirmed

total time between ignition and lunar touchdown was 694.9963 sec

The plots presented in Figures 17 thru 30 consider only

the time interval from ullage to lunar touchdown.

Results

Figures 17 thru 32 are plots of the various. LGC and Environment param-

eters pertinent to this test case. Table

3-23
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times of occurrence of certain key variables. Table 2 presents a summary
of the RCS activity. Data for Figures 17 thru 30 were obtained every fifth
DAP cycle or 0.5 ser while data for Figures 31 and 32 were obtained every
DAP cycle, '

The response of the DAP in P63 for this run is essentially the same
as Run Hi1-1,0. The contrel effectiveness of the RCS jets has been in-
creased approximately 0.5% by the 30 position er.or. Since the DAP has no
knowledge of this, the calculated.jet on-times are slightly long, thus pro-
ducing some increase in rates and limit cycle frequenciles. It is interest-
ing to note that the cumulative jet oii~time in P63 is actually less than
the corresponding portion of Run H1l-1.0. The reason for this lies in the
‘81osh~GTS=RCS interaction. Large slosh amplitudes generated by the GTS
can eventually reach levels that cause RCS jet firings to occur. If the
RCS jet firing is in-phase with the slosh, the slosh amplitude can be
significantly increased. The large slosh amplitude thus produces an over-
shoot in the RCS response. Figure 5 shows that a lavge amplitude, low
frequency (#~0.19 Hz) pitch rate oscillation exists from T = 540 sec until
T = 715 sec. The corresponding portion of Figure 21 shows that the oscil-
lations for the off-nominal case are not as sustained and thus produced
fewer long duration RCS firings. The phasing between the RCS, GTS, and
slosh can cause variations from run to run. It should not be miscon-
strued that increasing the RCS control guthority would be a solution

to this interaction problem,

The pitchover maneuver for this test case was performed slower and at
a lower rate than the nominal case because of the failed-off jet. Figure
22 shows that a sizeable rate was induced in the roll axis during pitch-
over. This was due to the moment imbalance caused by the failed Jet and
the cross coupling between the axes. The pitchover maneuver was accomplisghed
satisfactorily and the remaining portion of the burn was very similar to
the nominal.case. The DAP tried to use Jet 1 a total of nine times during
the period in which it was failed.

Satisfactory DAP performance was obtained when a single jet was failed
off undetected and the RCS quads were misaligned. The magnitudes of the
vehicle oscillations obtained for this run were comparable to those ob-

tained in the nominal run.
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3.3 LANDING SEQUENCE WITH RHC LATERAL REDESIGNATIONS, Rum H1-1,3

Test Description

Automatic landing including a three click lateral redesignation via

RHC in P64,
at the beginning of the test,

Test Objective

DOI has been completed and LM is in proper descent orbit

Evaluate the DAP performance during a descent sequence in which a

three click lateral redesignation is performed during Fé64.

Initialization Data

This run staffed from a checkpoint restart in the nominal descent

run and thus had the same initialization as run H1-1.0.

Timeline

The following is a 1ist of the major events and their times of

occurrence.
Time-Seconds Event
1) 205.,0575 Ullage initiated
2) 212,5605 DPS engine ignition command
3) 213.0565 Ullage completed
&) 717.075% Enter Visibilitf Phase Program, P64
5) 782,56 Entered first click redesignation
6) 786.56 Entered second click redesignation
7) 790.56 " Entered third click redesignation
8) 859.2903 Enter Automatic Landing Program, P65
9) 888.5563 LM ztop button
10) 889.1393 DPS engine off
889.5564 Touchdown confirmed

11)

The total time between ignition and lunar touchdown was 676,99

- seconds or about 11,3 minutes. The plots presented in Figures 33 through
46 consider only the time interval from the latter portion of the pitch=-

over maneuver in P64 to 1lunar touchdown.
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Egsults

Figures 33 through 46 are plots of the various LGC and Environmental
parameters pertinent to this test case, Table 1 indicates the magnitudes
and times of occurrence of certain key variables. Table 2 presents a
summary of the RCS activity. Data for Figures 33 through 46 were obtained
every fifth DAP cycle or 0.5 second,

The three redesignations were entered by the simulated astronaut at
four-second intervals about midway in P64, Figure 38 shows that the tran~
sient due to the first redesignation had just about died out when the

second redesignation was entered. The same was true for the third. The

‘peak angular rates for the yaw and roll axes during the redesignation

were 2,20 and 1.75 deg/sec, respectively, The DAP performed well! in
maintaining the specified deadband with respect to attitude and rate
errors about the control axes. Very little, if any, overshoot was
obtained in angular rates and attitude at the completicn of the redese

ignation,

Slosh was not excessively excited by the redesignations. The only
noticeable buildup was in the yaw axis where the slosh rate amplitude
went from a peak-to-peak amplitude at 0.15 degree per‘second before the
redesignations to 0.35 deg/sec afterwards., The slosh amplitudes in the

other two spacecraft axes remained about constant.

The total angular redesignation obtained in this run turned out to
be about 7.4 degrees. This averages out to be about 2.5 degrees per
click., This is slightly high since the expected angular deviation caused
by a lateral redesignation is approximately 2.0 degrees per click. The
above numbers were calculated from the spacecraft position vector at the
time the first redesignation was entered, the posifion vector of the
actual landing site, and the position vector of the nominal landing site. -

The three pbsition vectors in inertial reference system are as foliows:

At Time_of_Redesignation At Landing Site Nominal Landing Site

1373945.8 1374318.451 1374344.024
977984,737 | m 976925.517 { m 976953.210 | m
412933.644 1412637.,122 412486.520
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The preceding calculation of the redesignation angle is not exact
{nasmuch as it was assumed that all of the redesignations occurred at
the same time. 1In the actual simulation, the redesignations were sepa-
rated by four-second time intervals., The DAP performance was satisfac-
tory throughout this simulation. The guidance commands were executed
properly and the DAP maintained good attitude control throtughout the

period of redesignation.
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4,0 CONCLUSIONS

From the analyses and results of the ten simulations made, it was found
that DAP operation and guidance interfacing in programs P63, P64, P65, P70,
and P71 were nominal. Fuel slosh effects continue to be present in the de-
scent sequence but are reduced in amplitude in P64 and P65 due to the new
0.3 degree deadband., The predicted fuel sloshing is not considered a seri-
ous problem. Successful completion of lunar descent under conditions with
frozen DPS gimbals were obtained. Run H1-1,6D did not land due to a problem
in the simulafor. However, the results prior to the landing difficulty were
valid. RCS consumption was found to be very sensitive to initial thrust
misalignments at the time of fallure, Proper deadband sequencing was veri-
fied for late use of abort programs P70 and P71,
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