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1. INTRUDUCTION

Based on the Junar descents of the Apolle 11 and 12 flizhis, it
was deemed desirable to add a capability to the LM suidance and tentrel
systen which would assist the crew during the last 100 feet of tho jurar
descent. A nes Po6 program vias implemented which, in the Autc mode, wis
designed to null the horizontal velocity automatically while lecaving
the astronaut free to alter the rate of descent through the 700 tuitch,
A description of the program change can be found in [1]* énd 2 description
of the new progrem can be found in [2]. Historical background cf the
factors inspiring the program chanue is contained in [3, 4], Sow por-
tirent datails of the ogeration of F&6 are given in [E]. A conull

review of the new P66 Auto Program is given in [6].

adtius Ly

The new P66 Program was introduced in a last minute remarnifacture
of the Apollo 13 flight software because of the overshelmingly favoralic
response of the astronauts during preflight simulator tests with an
unreleased version of the program. Wnile there is no flight veriiication
of its performance to this date (because of the flight problems encounteores
during the Apollo 13 mission and postponement of Apoilo 14), this pricras
has been subjected to considerable examination by Bellcorm [71. 51
{8, 2, 10], TRW [N], and MIT [12]. In these studies, simplifving
assumptions of various degrees were made to effect analytical sciuticrs
or computer simulations were used to closely model che progren. ire
gengral conclusion was that under certain conditions ihe system retionsk
couid hecome undesirable and that the system needed some impreverernt.
OPS engine throttle oscillations during the P66 Auto mode were ifentifies
as the main preblem,

MIT discovered that the main cause of the throtile osciilaticns
was the failure to account for the offset between the ¢.g. and tre I
location in the throttle command computations (PCti1052) [13]. It was also

* Brackets refer to References listed at the end of the repcri.
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realized (52t the descent engine lag (THROTLAG) should have realisticaliv
teen 0.08 sec. instead of the program value of 0.2 sec. Furthermore,

an atlesst to improve the performence by varyina the gain (LAG/TAU) has
resulted in its value being reduced from its previous velue. These
crogram ctanges required evaluation of the modified PEG performance,

The MSC 6 degrees-of-freedom powered descent (6DPD) functionzl

sirulater has long been used as an economical and efficient progrem whickh
% 3ives results consistent with those of the MIT Bit-by-Bit simulator.
: incorporating the program changes mentioned above into the 6DPD simuleticr,
it wes Ceemed appropriate to alse implement some updating simulater
changes. 10 minimize the required simulation modifications, only those
significant changes which directly affected guidance and control of the
L™ were isplemented, instead of a complete update reflecting every change
to the lunar landing programs. These rmodifications are:

(a) < x r correction (PCH 1052) [13]

L b} LR Update Cutoff at 50 feet (PCR 988) [1]

: (c} The limit in iR Velocity Read test changed to
6000 fps (from 2000 fps)

(d} Incorporation of the new Two-Segment Altitude

| Keighting Functions (PCR 1028 and PCN 1039) [14, 15)
: (e} THROTLAG changed to 0.08 (from 0.2), and LAG/TAU to
| 0.23 (from 0.4133)

The version of the 60PD program used was the one incorporating all the

revisions up to those described in [16] and the modifications listed
sbove,

In order to eveluate the per{_rmance of P56, a set of seven runs
was propused [17] and made:

(a} A nouinal run to provide a baseline for comparison,
(b}  Four runs to stress the system by ROD exercise, velocity
errors, and target redesignations, and

AL A LA
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\
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(c) Two runs to test the result of rermoving a certain
nonlinzarity in the throttle command computation
under rominal conditions and subseguent POD gxarnics,

This document presents a study of the results of these runs end
attempts to evoluate the PE6 performance under varicus stringent coroio
The criteria for evaluation are satisfactory transients in attitude anz
attitude rate errors and throttle oscillaticns, and acceptable inercses
in flight time ard fuel consumpticn. The organization of the material in
the rest of the document is as follows. Section 2 defines the runs
made by specifying the conditicns prevailing, options used, and ransivers
made. Section 3 consists of the presentation, anmalysis, comparison nd
discussion of the run results. Secticn 4 contains the conclusiorns.
Finally, the references are iisted.
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2. DESCRIPTICN OF THE RUNS

This section characierizes the seven runs made on the 65P0

functional Simulator by specifying the initialization data,

conditions, options used, maneuvers made, etc,

Initialization Data

Total Weight = 33,500 lbs. at PDI

Center of gravity locatien:

cox | 186.343
CGY = - 0.124 inches (LM coordinates)
€67 0.388

Inertia Matrix:

IXX va IXZ 19421.332 - 108.805
1= Tyy IYY IYZ - - 109,835 22807,132
sz IZY IZZ - 650,880 10.486

Altit.de = 51110 ft,

Opticns Used

Fuel slosh effects are simulated.
A1l errors, misalignment, etc. are zero.

Terrain

Mission H2 Terrain Profile (Nominal Fra Mauro) is used.

Jargets

kpollo 13 targets are used. These are as follows:

terminal

Target Altitude rate (fps) Altitude (ft)
High Gate -165 - 7012
Low Gate - 18 509
Toucthdown =1 (4

2-1




The Apsila 14 trejectory is almost identical to the Apollc 13
radmgignated trajectory [20). Essentially, the Apollo 14 tra-
‘ectory enpreacnes the landing site at a higher altitude and

with ¢ nigner altitude rate as described below:

Target Altitude rate (fps) Aititude (ft®
tiigh Gate -153 7602
Low Gate - 20 653
Touendéomwn - 3 5

However, at the time of making these runs, Apolio 14 data wer rot
available. It is enticipataed that the differences between in
two traiectories are not severe enough to alter the results

gualitztively.

Co-ments About the Simulation

i

<
e
a2

A window up maneuver is done in a11 th= . uns,which should have
been celeted from the program. However, this should not affect
the cuimparisons betweer the runs.

In this simulation, lunar descent fs terminated when the altitude
drops below 12 feet.

The granularity in the flight time s ¢ seconds even though the
tire interval for the throttle coomand computaticn in P66 is

cne second. Hence, the altitude test is made every ¢ seconus.

cifications of the Runs

RUN Homina)

BN 2 ROD Exercise

» 1 KiD pulse at T° + 10 sec. (To = time of P66 entry)

+ 1 RDD pulse at Fo + 11 sec.
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+1 ROD pulse at 7+ 12 sec.
-1 XD pulse at 'lo + 14 sec.
-1 R pulse at T+ i% sec,
-Y ROD pulse at ¥ + 16 sec.
RUN 3 velocity brrors
At 10 sec, & 2 fps error is introduced in each of the
forward and lateral velocities,

‘
;

pra—
sl iyl kbl

At To + 3 sec., one + R00 pulse §s comanded.

PR

RUN 4 Up Range Redes{cnation

At To + 10 sec., the landing site §s redesignated ta be
100 ft. uprance, {i.e., 2Z = -100 f¢.)

ST TR

: RUN 5 Lross Range Redesignation
! At T, + 10 sec., the landing site is redesigrated to be
< 100 ft. cross range, more specifically «¥ = 100 ft.

FuN § Nonlinearitly Removal

5 in the Throttle Corzand Foutine the nonlinear term in

efp computztion is dropped. Fore specificzily, referring
to the paae 5.3-114 (Figure 3.4.7-1) of [1£] the last term
in 'rp eguation is critred,

RUN 7 konlinearity Removal: ROD Exercise

Same as Run 6 with ROD Exercise as in Run 2.

1 T N |
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3. PERFORMANCE EVALUATION

This sectien presents the results of the Runs 1 tnroush 7, and o4
2 run which was mada bafera the incorporation of the sirulator radiés
nentioned in the last section. That run will be dosignated as Fun D
dnradified,  (Mare will ke montioned aboui this run urder the discussits
cf Run 1.) The presentaticn of the run results is accesplished by plots
of some important variables and tebles showing the values ¢f a set of
important varizbles at selecied instants of time. The variadbles chosen
for the plots are attitude and attitude rate errcrs, and environment

thrust. To obtizin a plot scale which clearly shous the thrvst oscillaticns,

a plot of the environment thryust in the last 100 seconds of the descent
is given for each run, Such a plot 15 designated by the word "Enlarged”,
The presentation cf ¢sta in the tables is 2s follows:

Tabie 1 - Key Variables

This teble shows mass and altitude &t initializaticn,
F64 entry, P66 entry and termination. It 2lsc shows the
tlight time, and the RCS and DPS propellant consu=ption.

All the rusbers are taken directly from *he corputer
printout, except for the propellent consusptions in PEL, wh
are obtained by linear extrapolation.

Table 2 - Terminal Quantities

This table shows the horizontal and vertical velocity
at the end of the descent flight. These data are taxen
directly from the computer printout. It also shows the
peak-to-peak amplitudes of the oscillaticns in attitude
2nd attitude rate error, and environment thrust. These
values are taken from the pertirent plots. Lastly, the
flight time is also given for the sake of completeress.

Rl e
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Table 3 - Worst Transients in PGé

o ————

A1l the data in this table are cbtained from the
pertinent plots. The peek to peak values of tne oscillaticns

in attitude and attitude rate error, and environment
i thrust are shown along with the time of occurrvence (expressed
4 as the elapsed time since the P66 entry).

The rest of this section is devoted to the discussion of the run
results arranged serially by the run number, starting with one. First,
the specification of the run is repeated (from Section 2), and the
particular purpose of the run is mentioned. The pertinent plots are

e o

DY IR IR

) listed. The discussion draws heavily on the comparison presented in the
= tables.

P 3.1 Run ) Nominal

The purpose of this run is twofold: (1) to check the medifi-
cations incorporated, and (2) to provide a baseline for compaerison
of the subseguent run results.

‘

} E To check the modificaticns incorporated, this nominal run (1)
i 1 is compared to an alwost nominal run (0), which was made earlier

: on the €DPD functional simulator and was satisfactorily compared
to a run made on the MIT B85 simulator [19]. In Run 0, the only
deviation from nominal conditions was that a ROD pulse was
commanced at To + 12 seconds.

g B e b

The flight tine in Kun 1 (Table 1) is 4 seconds less than that
in Run C. Since the time of P66 entry in both the runs are equal,
this 4 seconds difference is in the P66 program duration. As
the following analysis shows, this difference is due to the reduced

rate of descent in Run 0 caused by the ROD pulse commanded at
To i 12 seconds.

T
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Estimatizn of P86 Duration

- —————e i

The simplifying assumptions made in the following analysis are

P {alir .
as follows:

{a) At the time of Peb entry, the rate of cescent is 3 fps.
{This is substantiated by the data.)

“b) The RCD pulses effect the change in rate of descent
instantaneously.

Ly

Run 0
To = 6064 sec,
1 ECD pulse comanded at TO + 12 sec.
Total height descended = 80 ft. (Table 1)

Heicht descended in 12 seconds during [664,676] 6 3 fps = 36 ft.
Time needed to descend the next 44 ft @ 2fps = 22 sec.

Total time required in PGS = 22 + 12 = 34 sec.

Actual time taken = 34 sec.

Run 1

Ho RUD pulse commanded.

Total height descended during P66 = 87.1 ft.
Time required @ 3fps = 29.03 sec.

Actual time taken = 30 sec.

Thus, the longer flight time in Run 0 is predicatablie and valid,

Comparison of the propellant consumption indicates that the
DPS propeliant consumpticn in P66 of Run 1 is about 75 1bs less
than that of Run 0. The primary causes are shorter duration of
P66, and less thrust oscillations.

The plots for Run 0 are given in Figures 1 through 6, and’those
for Pun 1 are given in Figures 7 through 12, A comparison of the
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corresponding plots in the two runs shows no difference up to tire E

¢ T, sec (time of P66 cntry).

) The terminal auantities (Table 2) in the two runs are corper-

able except for the descent rates, which are different Lecause of
the RCD pulse, and the thrust escillations, which are reduced 20.
’ in Run 1 because of the P66 Auto Prearam modifications.

g

Wi

From Table 3 it appears that the P66 entrance transients rezch
their peaks in about 5 seconds. The maximum thrust transient in
Run 1 is less than that in Run 0. The worst case attitude and
attitude rate error transients in Run 1 are slightly greaier than
those in Run 0. However, the plots show them to be isolated instances
not altering the average errors appreciably. The enlerged plots
of the environment thrust (Figures 6 and 12) show that in Run 1
the oscillations progressively diminish in magnitude and reflect
a definite decaying trend, unlike those in Run O, £

N g

iy it

4 el e

SO
it

In surmary, the performances in Run 0 and lare almost
identical up to P&d; in P66 the thrust performance in Run 1 is e
better than tnat in Run O with no degradation in spacecraft
control performance.

3.2 Run 2 ROD Exercise

This run is characterized by a stringent ROD exercise; all
other conditions are nominal, Before initiating the RCD cormand,
2 waiting period of 10 seconds after PG6 eniry was allowed to 1et
the P66 entrance transients die down. The ROD commands erercised
are described by:

1 ROD pulse at T_ + 10 sec.
1 ROD pulse at T
\ 1 ROD pulse at T
g -1 ROD pulse at T
-1 ROD pulse at T
-1 ROD pulse at T

. A N o B - - -t .

+ 11 sec.
+ 12 sec,
+ 14 sec.
+ 15 sec,
+ 16 sec.

e © © o © o
il

b P L B et
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The trrze positive pulses (correspunding Lo a dacrease of 2 ips Uy
deseent rate) were intende:d! to ~ ke the LM almost hove {tor
cerde},  Tuan, the three regative pulsi, restore the descent

rata, his exercise, apart froo stress testing, 15 expzcied to

inciease the f1icht time, as the following analysis shows,

Tota) height descended in PGE = 87.5 ft,

Height descended in 10 sec. during [To, To +10] @3 fps = 30 Tt =
tzight descended in 1 sec. during (To+ 10, T o+ NJe@2fps = 27
Hejent descended in 1 sec. durin: [Tc +, T4 12 @1 fps 1 ¢, :
Height descended in 2 sec. durina [To + 12, Ty ® 141 @8 0 fps = 0 ft,
Heignt descended in 1 sec, during [To + W, T, ¢+ 15) @ 1 fps 1 ¢t
Helgit descended in 1 sec. during [To +15, Ty + 6] 8 2 fps = 2 ft.

Totel 16 sec. 35 ft,

The next 51.5 ft @ 3 vps will take 17.16 seconds.
Thus, the theoretical total time needed in P66 = 33.16 seconds.
Actual time taken = 34 seconds.

Anather significant difference is that the DPS propeliant con-
sumption in Run 2 is 38 1bs. more than that in Run 1. 1his diiference
is explained by the ROD exercise and the consequent longer flight
time. The increase in RCS prcpellant consumption is negligible.

The terminal values of the velocity, and attitude and attitude
rete errors compare well with the nominal if the longer flight lime
is taken into consideration.

The plots for this run are given in Figures 13 through 17.
The attitude and attitude rate error plots (Figures i3 througn 16)
arc nearly the same as those of the norinal (Fiqures 7 through 10).

The ROD exercise does not seem to cause any increase in the
trancients in attitude and attitude rate errors,

»
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The (enlarged) envircnment thrust plot (Figure 17) shows
the PE6 entrance transient and ROD transient, distinctly. The
arplitude of oscilletions does decrease after these rather leras

transients but a definite decaying trend is not apparent.

in sunmary, the ROD exercise causes transients in thrust, an

increase in LPS propellant consumption, and & change in the flight
time of an accountable amount.

RUN 3 Velocity Errors

This run is ntended to stress-test the P66 Program., invrcugh
this run and Run 4 and 5, an attempt is made to simulate the efiect
of (intentional) rotational errors since the simulation doss not
permit direct introduction of rotztional errors.

At the time of P66 entry, a 2 fps error is introduced in
each of the forward and lateral velocities, f.e., &¥, = LVZ = 2 fps
at To' Three seconds later (i.e., at To + 3 sec.) one positive %00
pulse i¢ commanded. The velocity error injection is anticipated
to stress-test the automatic horizontal velocity nulling fcature
of P66 Auto, and the ROD command is expected tc reduce the descent
rate, thereby increasing the flight time,

It may be noticed that before the Peb6 entry, this run is
identical to Run 1 (nominal). Hence, the key variables are the
attitude error transients, the attitude rate error transients,
the flignt time, propeliant consumption, and thrust transients
during the time interval between P66 entry and touchdown.

The flight time in this run is 10 seconds longer; &1l of
the increase being in the P66 duration snly. The follokiny
analysis shows that the entire amount of increase is accountsble

i
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=
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solely by the ROD exercise.
y oy

1 positive ROD pulse is applied et T0 + 3 sec,

Tetal neight descended during PE6 = 62,7 ft.

Hejunt aescended in 3 seconds during [IC, T0 +3]@ 3 fps=0ft.
Time needed for the next 73,7 ft 6 2 fps = 36.85 sec,

Total theoretical time needed = 39.85 sec.

Actual time taken = 20 sec.

The breakdown of the propellant consumption in Teble 1 indicetes
that all the increase occurred during P66. The increase in DPS
propellant consumption is 97.2 pounds, which is explainable by the
P00 command and the conseguent increase in the flight time. Tre
increase of 3.8 1bs, in RCS fuel consumption can be attributed to
the injection of the velocity errers,

The plots for this run are given in Figures 18 through 23;
the last plot shows the Y component of the (environment) velocity.
The inclusion of this plot (Figure 23) is to show that the particular
velocity error introduced at T tends to reduce the load on the
velocity nulling program. That is, the error reduced the Y-corpon-
ent of the velocity-to-be nulled. This factor may contribute to the
reduction in the amplitude of some of the worst transients in
P66 (Table 3); nemely, attitude errors, and the V-axis attitude
rate error. The increase in U-axis attitude rate error may be dus
to the appropriate sign of the error injected in the forward
velocity. However, the conditional explanations remain unverified,
A rerun with the errors established in a “"worse” manner would confirs
the explanation,

Except for what has been mentioned above, the plots of attitude
and attitude rate rrrors compare well with the nomipal. Among the
terminal quantitics (Table 2), the difference of 1 fps in vertical
velocity i due to the ROD command; terminal horizontal velocity

'
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-
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of 2 fps (in §lace of zero desirehblic) results

velecity errors; ard the myuch on

13 to the axtra 10 <ezonds
1

E HRL ' CEY

transicnt, visible in Run ¥ (74

{Figure 17), is rast prominent in tnis Run (Fidur
terniral guantitics compare well with those &7

The ROD pulse cwmanded tefere the extinction
entrance transient czuses the envirenment thrust oscillations

i LY

nomine

of the noreei

increase in amplitude (Table 3) in such a way that §¢ arpeers

25 1f the entrance transient has increased.

In surmary, the porfgroance of this run in

TR » 3e
2% y2t

explainable end acceptable. However, for scme part of tne

perforuance, only & cuagitiona) explanation can be providest,

PN 4 Up PFance Kedesiqnation

In this run the landing site {s "redesigrated

rante, 10 sec. after PEo entry.

100 ft. up-

The redesignation cagabiitty s

not availzble in PEh. However, by =3king a mingr pr73ran chengs

in the &0PD Functicnal sirulator, & pseudo-redesizraticn 15 rade

possible. The chjective is to perturd the nominzl erfermance

¢of PLE Autc mode,

Ir order to make this run, 3 minor proaram cheo
the €DPD functional Simulator; namely, the Attitude
was allowed to functicn in P66 (as in P64).
coordinates which are fixed at the time of Fe6 entr’, ere not alitmes

A Aa {e
3@ was nace i

{cmmand FoUiInEg

ligwaver, the Luidinge

.

to change. Thus, the rede.ignetion is merely estabiished 1o

cause changes in the attitude and attitude rate, crientation of the

window pointing vector and thrust vector.
nation will be referred to as pseudo-redesignatior

lienceforth, this redesia-

The plots for this run are given in Figures 24 through Z8. A

41l
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crparicen of these plots with the plets of the nominal run {(Fiiures 7

throuch 12) indicates that the amplitude of oscillations (in
attituds error, attitude rate error, ond thrazt) s less iz
sturtly after the pscudv-redasionation, however, this reducticr

15 rot constant with vespect to time so that the decaying trend

of the transients is affccted; {or exemple, the thrust cscillatices
{Figure 23} first decay and then {ncrease to approxirately the
response noted in the noninal run.

The flight time is not changed but the propellant consuat oo
s slightly reduced (0.4 1b. in [PS, 8.6 1b, in LS}, The ter—iazi

FE

guantities, and the worct transients in PE6 are azcaptanle,

An explanation of tne performance of this run can be proviges
by tne prujected effects of the program charce wadae, The Attitude
Command Keutine atiempts to redefine the window pointing vecter,

The FINDCCUX Routine cormands the attilude rates and the desired
attitude based cn the thrust peinting vector and tre wWindow poirting
vertor. lowever, the direction of the thrust vector is redefined
in P66 Auto by fts horizontal velocity nulling festure. This
sequence of events, initigted &t tre beginning of PEE, is repeated
every cycle.

The deviations from the nominal are noticeadle only after the
pseudo-redesignation. The reason is that the chzange in the window
pointing vector is very small duiing [Io, To * 1G]. hoticeable
deviaticrs from the nominal first occur a few seconds after the
pseudo-redesignation. It is likely that an appreciable change ir
the windts pointing vector wakes place. [xamination of the LM
position at the time of the attempted redesignation indicetes
thet the amount of redesigration lecates 'the landing site far below
the bottom of the window edge'. This condition invokes a limitieg
process in which the window vector is pointed in the direction of

3-12
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the 7-axis of the guidance frame to avoid excessive spatecraft

reorientaticns (pages 5.3-95 and 5,3-107 of {151}, The chanze in
the desirved winduw nointing direction s qufficiont to af<act
spacecraft response. Morcover, tie timing end directicn 2f U
desired chance cause g disvupticn in the thrust oscillaticns ang tn2

angular response cbserved in the neminal run. ihe disrupticn in the
thrust oscillations momentarily reduces their amplitude.

In susmary, the pscudo-redesignation produces acviations fro-
the nominal in attitude errors, attitude rate errors, and thrust,
But the amount of deviation is small.

RUN 5  Cross Range Redesignation

In this run the pscudo-redesignation is in the €ross range
irection. The amount of redesignaticn is 162 ft. in tne +¥
direction and it is initiated at To 4+ 10 sec. The program change
mentioned in Section 3.4 is appliceble toc this run also.

The performance of this ;un is identfcal to that af Run 4
because of the magnitude of the pseudo-redecignation. The coen-
ditions of this run just prior to the pseudo-redesignaiion are
identical to those in Run 4. The cross range pseudo-redesignaticn
exceeded the 1imit and the window pointing vector is set in the
direction of the Z-axis of the quidance frame. Hence, the taroet
direction is identical to that of Run 4 and the runs exnibit
identical results. Therefore, the evaluation of Run 4 is directly
pertinent to this run and no plots foer Run 5 are included.

RUN 6 Honlinearity Removal

This run is characterized by the removal of the nonlincar
term in the ¢f computation in the Throttle Command Poutirne.
Theoretical analyses of the P66 performance have often used this

3-13
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ctep as @ simplifying assurption. The objective of this run is to

investigate the effects of this assumption.

o It may be moted that the cnange in the Throttle Cormand
foutine affects the entire powered descent flight; consequently,
the comparison of this run with the nominal cannct be confined to
P66 alone.

From Table 1 it is seen that in this run the times of P64 entry,
P66 entry, and run termination are identical to the nominal. How-
ever, the mass and the altituce at these instances are slightly
different. The censumption of 575 propeilant is 1 lb. less than nominal
whereas the consumption of RCS propellant is up by 9 1bs. Excess
consumption of FCS propellant in PE6, however, is up by only 1.2 lbs.
The terminal quantities (Table 2) are comparable except for the pesk-
to-peak amplitude of the thrust oscillaticn, which is about 247 less
than nominal. The worst transients in PES (Tabie 3) are almost
corparable.

The plots for this run are given in Figures 29 through 34. The
overall comperison of the plots with the nominal in attitude errors
and attitude rate errors is good. So far as the thrust oscillations
are concerned, the peak-to-pezk amplitude of the worst transient
is up by 4%, This, in conjuncticn with the 247 reducticn in the
pecak-to-peak amplitude of the terminal thrust cscillations, indicates
@ faster rate of decay of the thrust oscillations in FPE6. it appears
that if the nonlinearity is removed only from P66, then a more desiratle
thrust behavior will result without an appreciable increase in
consumption of RCS propellant. This conclusion is based, however,
on the assumption that the differences in the P66 initializaticon
with and without the nonlinearity removal during earlier phases
of the descent (P63 and P64) do not influence the results.

3-14
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In summary, the performence of this run is acceptanie, 7!

e
sssumption of neglecting the nenlinear term seems justifietle in

P6o under normal conditions.

8UR 7 Konlinearity Remaval: ROD Exercise

This Run is the same as Run 6 except for an ROU extroise o f

which is identical to that of Run 2. The cbjective cf thiz rum 13 2

determine the effects of the nonlinearity removal assuniion
under a stringent R0OD exercise. Additiorally, the vurco o it
also to invaestigate whether this simplification can wit stane
a stringent ROD exercise.

From Table 1, it is seen that this run takes 4 seconds loraer
than Run 6. By an enalysis similar to that in Section 5.7 3t
shown that the increase of 4 seconds in flignt time is expected ifor
the particular ROD exercise. Another observation is that the
additional expenditure of UPS propellant due to the ROD exercise
is 37.8 1bs, which compares well with 37.9 lbs. for the same ROD
exercise in the nominal case (Run 2, Section 3.2, and Table 1).

This run can be anzlyzed from two different points of
view: effects of ROD exercise with the nonlinearity removal
(comparison of Runs 7 end 6), and the effects of the nonlinearity
removal on the ROD exercise (comparison of Runs 7 and 2). Plots
for this run are given in Figures 35 through 39.

A comparison of Runs 7 and 6 reveals that the ROD erercise
with the nonlirearity removal causes an expected additicnai
expenditure of DPS propellant; makes an expected increase of &
seconds in the flight time; and produces transients in the thrust
oscillations. .However, this does not cause any appreciatle
difference in the attitude errors and the attitude rate errors.
The thrust oscillations in P66 do have a decaying trend, ard
this, in conjunction with the longer flight time, causes
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the peak-to-peak amplitude of the terminal thrust o-cillations
in Run 7 toa be 42% Yower than that of Run 6, Ouber terming)
conditions (Table 2) in Run 7 compare very well with those of

14

wun £,

A coaparison of Runs 7 and 2 brings out the effects of the
nonlingearity removal under identical ROD exercise conditiens.
The peak-to-peak airplitude of the worst thrust cscillations in
P66 in Run 7 is over 24 less than that in Run 2. UForeover, the
thrust oscillations in Run 7 are almost monotonicslly decreasing
(unlike those in Run 2). The peak-to-peak amplitude of the tewminzl
thrust cscillations in Run 7 is 63, lower than that in Run 2.
This makes the behavior of the P66 thrust osciliations in Run 7
far better than that in Run 2.

These inter-related compariscns suwogest that the removal
of the noniinearity from the Throttle Command Computation greatly
irproves the transient behavior of the thrust osciilations in
FEE. The significant differences in thrust osciliaticns between
this run and Run 2 (with the nonlincer term intact), indicate that
the theoretical results obtained by dropping the nonlinear term
would be puor approximations of the real response for the ROD
exercise,

In sunimary, the performance of this run in P66 ‘s much better
than that in Run 2. In view of the conclusion reached in wun 6,
it appears that if the nonlinearity removal is effected only in
P66, then a better transient behavior of thrust oscillations, even
under ROD exercise, can be achieved at the cost of the RCS propellant
censumption of about a pound. However, this conclusion is again
subject to the reasonable assumption that the small differences
in the P66 initialization caused bty the nonlinearity removal in
the earlier phases (P63 and P64) do not alter the results. This

conclusion can be verified by making an additional run.
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4, CORCLUSIONS

On the basis of the simulation results the following congivaions

can be drown:

(a) The modifications introduced in the GOPD functicnsd
simulator update and improve the program. In perticular,
the transient behavior of the thrust oscillaticn unde-
nominal conditions in P66 is slightly improved. ‘o

unacceptable control/guidance/slosh interactions ro it
from the program modifications under the test coniitiiins,
(b) A stringent ROD exercise in P66 under otheiwise no 12l

conditions causes large oscillations in thiust,
thrust oscillations do not exhibit a monotonic decey.

{¢) The removal of nonlinearity from the Throttle Corrmand
Computation, if effected only during P66, has been shiwn
to improve the thrust oscillations problem even under &
stringent ROD exercise. However, the improvement cestis
about a pound of RCS propellant.

Assuming that the small difference between the lunar descent
trajectories of Apollo 13 and Apollo 14 [20] does not affect the
results qualitatively, it appears that the thrust oscillaticns in Péé
still remain a problem. The last conclusion seems to offer a procising

means of attenuating the severity of the thrust oscillatien.
1t should be emphasized that to effect the improvement suggested by

this conclusion, the program change required in the Throttle Comand
Routine is quite simple.
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