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INTRODUCTION

To insure & high probability of success of the LEM/CSM lunar orbit
rendezvous, proccdures must be developed for monitoring of the primary
CéN system, monitoring of the trensfer orbit, and providing for backup
navigation and control in the evenl of & partisl or complete primary GZI
system failure, Some progress has already becn wade tov:ied establiching
these procedures, Studies have been conduveted by the NASA and at
contractor feecilitice (references 1 to 4) relative to both Gemini/Agena
rendezvous meneuvers and to LEM/CEM Junar orbit rendezvous in vhich
monitoring end backup control requirements have been investigated, Al
of these studles have been ueeful in providing Inforuutilon that can be
either extrapolated or applied directly to the lunar rendezvous maneuver,

More recently, the Guldance and Control Divislon conducted a simlation
study cf the Junar orbit rendezvous lo evaluate control modes vhich could
possibly backup the primary guldance system (reference 5), This particular
study assumed a direct-ascent flight p' 1 for LB{/CSM rendezvous end the
exislence of an on-board rendezvous radar in the IFM, The present study,
described herein, is based on a parking orbit mode of rendezvous termed

the concentric flight plan (CFF), It could be implemented with elther o
rendezvous radar (RR) or a LEM optical rendezvova system (LORS), The
purpose of thie simulation was to (1) determine the best braking schedule
for the CFP, (2) evaluute possible backup control modes for tue CFP assuning
an optical tracker, end (35 compare the A V performance of backup control.
modes for the LEM using the oplical tracker with that of the Lk using the
rendezvous radar, :

SCOrE OF S1TUDY

For this study it vas essumed that the primary systewm had failed prior to
the transfer injection maneuver and that the transfer injection end

nidcourse correction maneuvers had been made with the AGS uvsing MEFN navi-
getion data,

The backup control modes were evaluated for the terminal phase of
rendezvous, FEach transfer was initlaled et an approximste range of
60,000 feet and teminated &t a range of the order of 100 feel with &
range-rate of less than 1 fps, An illustration of the nominal CFP and
the portion studied in this simulation is given in figure 1. The basic
asswaptions used in this study were (1) the CSM coulu be seen from the
LEM by the unaided eye at a range of 15 n.m, because of the luminus
beacon ou the C8 or sunlight reflected off the CSM; (2) sufficient
ground tracking was avallable to allow MSFN to update the LE{ with relative
range to CSM, relative range-rate, sand iransfer eltitude prior to the
temminal phase; and (3) the LiM spacecvalt vas atiitude st=bllized using
the abort guidance section (AGS) inertiel reference systenm,
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SYMBOLS

Azimuth end elevation angles of the CSM with regspect

to the LIM body axlis system, degreee

Buler angle transformaticn matrix from inertial to
Li1 body axls system

Inverse of [H].

Body trenglation thrusts transformed to lhe inertial
exes, 1b

Farth gravity, 32.2 rt/8002
Universal gravitation potential, 3.44 x 1078 £4/1b-gech

Specific impulse of RCS jet fuel, sec

Specific impulse of ascent engine fuel, sec

Moments of inertis of LR ebout its prineipal axes,
slug-f1°2 '

Producte of inertia of LEY, slug~ft2
Attitude feedback gain

Rate feedback galin

Attitude controller gain

Attitude control moment arms, ft
Characteristic jet damping moment arm, ch - ZASCXP : ft
Mass of LE4, slugs

Mass of moon, 5.,02085 x 1021 slugs

Attitude control moments of LEM, fi--1b

LEM anpular rates about its body axes, deg/sec

Inertizl position veclor of LEM, ft

Components of Ty L.
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Inertial position vector of CSM, ft

Range vector of

L™ with respect to C3M, ft

Laplace operator

LEM RCS thrmsters

Ascent engine thrust, 1b

RCS thrust, 1b

Total thrust elong the LEM X, Yoy %, axes, 1b

Characteristic velocity, ft/sec

Location of LM
LEM body exes
Components of
Components of K
Location of LIM
Location of LEA1
Location of LM
Location of LM
Location of LEM
Location of LEM
Error signal
Pitch, yaw, and

Pitch, yaw, and
LEM body exes

Pitch, yaw, and

c.p. along the Xb axis, ft

along the LB body exec, ft

along the inertial axes, fi

cg along the Yy exis, ft

cg along thé 2y exls, It

leg pads along the Zb axis, ft

RCS jet plane along the Z, exls, ft
sscent engine attachment point, ft

ascent engine exit plane, ft

roll error signels

roll error signals transformed to the

roll angles, degreces
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(ec,'qrc, ﬂ;) Pitch, yaw, end 1oll commanded engles, degrecs
A Central angle to CS8 measured from landing slte,
degrees
Tl Time deley of RCS jets, scc
75 Time delay of reference attitude feedback signel, sce
w Angular velocity of the CSM locel vertical, rad/sec
BSCRIPTS
o Initial value
t With resepet to time

"Onc dot over a quentity denotes the first derivative with respect tc time
and two dots over & quantity denctes the second derivative with respect to
time, An arrow over a quantity denotes a vector,
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DESCRIPTION CF SIMULATION

Genoral

The LB and CS{ were simvlated in six and -three-degreas-of-frecdon,
regpectively, using generel purpose computing equipment coupled with a
fixed-base similator cockpit contalning the pilotl controls cad instrument
digplays and an out-the-window display. A block disgrem of the computer
echanlzation is shown in figure 2. The translatlon equations of motlon
of the LEM relative to the CSM were mechanized on a digital differentlal
analyzer (DDA)., A gencrel purpose digital computer was utilized for inpute
to and outputs from the problem and for controlling the operatlonal modes
of the DDA, The rotaticnal eguations of motion of the LEM relative to an
inertial set of exes vere mechanized on an analog computer, Another analog
computer was used to continuousiy compute inertiel-to-body &nd body-to-
inertiel trensformations, vwhich in turn, were used to compute target
line~of'-gight information, The analog computers recelved inertial
position and veloclty data from the DDA through digltal to analog
converters, The jet select logle wes mechanlzed using speclal purpose
electronics,

A virtval image oplical display syslem was used to present en out-the-
vindou display of the C8M to the pilot., For the purposes of this study,
the CSM was represented by swall light source in the dlsplay until a
relative range of 1500 feet was reached, At this range, target growth
became apparent and continued to increase until it eppearcd as a 10-footl
square plenar surface at zero range. Inertial veloclty data were fed to
the epecial purpose digital display computer to econtinuously updale the
1 target position, Control of the terminal rendezvous was maintained by

§ the pilot through monitoring of the flight instrunents end visuel
displays.

Equations of Motion

The relative motion of the LEM with respect to the C8M was expressed in
six-degrees-of-freedom and was represented by translation and rotation
equations of motion vhich were derived for an inertial coordinate system
centered in the moon &s shown in figure 1. The moon mode) was considered
to be spherical and noanrotational, The Zy~axis is directed positive away
from the landing site (landing site vertical), the Xy-axis is parallel to
the landing site horizontal polnting west, and the ¥y-axls completes ilhe
right-handed set, A detailed block diagram of the trenslation equations
of motion are shown in figure 3.
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j The rotation equations of motion, as mechanlzed in the attitude control
system, for the pilch, yaw, end roll axes are ghowr in figures 4, 5, aend
6, reapectively, The body axes are defined for the LE{ in figure 7 and
the Buler angle sequence used to reference the LEM body exes with respect

to the inertlsl reference was 0, ¥, #.

Simmlated LEM

The LE{ mass was given an initlal valuve of 159 slugs and changed as
attitude end translalion fuel was consumed, An Isp of 275 seconds was
used for the RCS jets, Ascent engine thrust was not used, Detalls of
the moments and products of inertia used in the shwlatlon are glven in
Appendix A,

Cockpit Displeys.- LM flight dieplays used In the study were: range,
range-rote, attitvde and attitude rate, 10S angles, LOS engular rates,
AV, percent fuel remaining, and event timer, An MK9 gunsighl wes used as
e coilimated reticle and was boresighted along the X-axis, A 5-diglt DVM
was uced to similate the date entry end display sssembly (DEDA) of the
abort guidance section (AGS). A photograph of the controls and displuys
of the simulated LEM cockpit is glven in figure 8,

Translatione) Control.~ Translation control was cblained ucing only the
RC3 jels, Signals from the LEM translation control stick were applled to
e jet select logic box, On-off thruster firing with a thrust bulldup and
delay time constant of 15 milliseconds was used to.simulate the actual
reaction jet response, Translation acceleralion was 1,25 fps® using two
jets, A two-position switch ellowed four jets to be used when desired,
vhich gave an acceleration of 2,5 fps? in the directlion of the minus
Z-body axis,

Attitude Control.~ Since the primary system was essumed to have failed,

the attitude control modes simulated were those normally availeble with

the LM 808, i.e., (1) NORMAL (PRMerate command attitude hold),

(2) PULSE (minimum impulse-open loop), and (3) DIRICT (on-off-open loop).

These modes of operatlion were implemented by directing signals from en

‘ Apollo ettitude controller to the jet select logile and signal modulation

! box., The attitude control accelerations for pilot piteh, roll, and yaw
were 24.7, 42,7, and 21,0 degrees per second por second, respectively,

using two RCS jets., The moximum attitvde rate was limited to 20 degrees

per second in NORMAL mode,
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Abort Guidence Segtion.~ Two possible configurations were simulated, Both
assuned that the AGS could pe:rform the rendezvous transfer injection and
could make midcourse corrections using en externs) navigatlon source,
However, in the first configuration it wes assumed that the 2GS dld not
have the capabilitly to compute renge end runge-rate for pilol display,

In this configuration, a continuous estinantion of range end renge-rate

vas obtalned by the pilot using elapsed Uime, as displeyed on the DIDA,

and flight charts, The second configuration assumed that the AGS could
continuously compute range and range-rate for pilol display. Thece two
quaontities conld be selected on the DEDA using a two-positlion toggle switch,

Rendezvoug Radev,~ The simulated LFM RR presented displays of range,
range-rate, LOS angles, and 108 rates, These radar quantities were
displayed to the pilot only for the backup control mode vhich assumed
the RR as the LEM on~board navigation source, The current error model
of the LEM RR was used, the most significant error being a 0,2 mr/sec
unc. rtainty in the LOS rate,

Data Acquisition

Data wore obtulned for each run by a digital printout of pertinent
variables every 60 geconds, The variables recorded were: (1) components
of relative position vector of LEM (X, ¥, 4), (2) components of relatlive
velocity vector of LM (X, ¥, Z), (3) renge (R), (4) renge-rate (1),

(5) azimuth rete (1), (6) elevation rate (I), (7) relative velocity
change due to thrust (AV), (8) clapsed time (t), (9) ettitvde fuel

used (W), end (10) frenslation fue) used (Vp). In addition, two
variplotlers were used to obtain histories of R versus R and X versus Z
for each run,

CFP TRANEFER ORBITS STUDIED

Three different transfer orbits associated with the concentrie flight
plan vere used as a basls for the study., They ar. as follows:

1. 140-degree transfer from 65 n.m, circular orbit to €0 n.m,
circular orbit (nominal launch-irtercept velocity of 29 fps¥)

2. 140-degree transfer from 30 n.m, circular orbit to 80 n.m,
circular orbit %1ate launch-intercept velocity of 74 fps*)

3. 140-degree transfer from 118 n.m, circular orbit to €0 n.m,
circular orbit (abort from powered descent-intercept velocity of 54 fps¥*)

¥The value oﬁ/b used in the simulation 1,729344 x 1014.
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Figure 9 illustrates the relative path flown by LBM for the transfers
cited ebove, The transfor paths are referenced to the CSM locel verticel
reference frame, The initial conditions for the sbove three intercepi
transfers are given in Appendix B,

Initial Condition Frrors

For this sludy, it wes assunmed that the primary system had falled prior
to the transfer injectlon maneuver and that the trunsfer injectio. and
midcourse correction maneuvers had been made with the AGS using MOFH
navigetion data, Thus, it was poesible for certain position end
velocity errors to exist at the beginning of the terminal phase.

To simulate the MSFN navigation errors involved, random component initial
condition errors were generated wsing the MSFI error covarlance matrix
obtained from MPAD, (These errors are comparable to MSIN performance

[ given in MPAD memo No, 66-FM4-48,) The following standard deviatlors
were obtained from this metrix:

! O} range = 333 feel
range-rate = 0,320 fps
U/?ln-plm".c LOS -~ 170 feot
olin-plz.nc 108 rate = 0,16 fps
&’out-of-plane 108 = €13 feot
(}’out—of--pla-.no 105 rete = 0,75 fps

} perpendicnlar to range vector

} perpendicular to range veclor

To » certain that the backup control modes would be evaluated for worst
casc MSFN performance, random component error vectors were gencrated
which were approximately 4.5 times as large eas those given above,

BACKUP CONTROT, MODES INVESTIGATED

The following PNGS-AGS configurations were investigated:

Cese 1.~ The primary navigatlion sensor for the LM was LORS; however, it
wvas assumed that MSFN was the only remainin~ navigetion source for stale
vector updates, This assumes a failure in LORS or LGC plus a CSM-AGC,
C8-8XT, or SCM-VHF failure, For this cese, the AGS did notl have the
capability to compute and display range and renge-rate to the pilot for
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terminal control., A bloeck diagrem of the backup control mode similated
io glver belows

. .
; R,R & K
| update e
4 MSFN .‘:. e lvilﬁlq}.w?:“}';- thrust at elenged time points
&t 00,000 [-- L oontrol yhingk ut. olonges Line RoinLe
feot 108
rate

Att, Stab, je——3 reticle

The control proccdures used with this backup control mode are as follovs:

LOS-fate Control - The procedures glven below are used to monitor and
control the LOS-rate continuouely except during range-rate braking

mancuvers,
Procedure =
Task
: — T 2 £E - = o e I R N R Bl e
1. Center target in reticle vsing spacecraft attlitude control;
put speceeraft in attitude-hold control node,
2. Determine elapsed time (using event timer) required for targel
i : I ” = ~ ' k.:
! to drift to 50 mr circle of reticle,
{
’ 3. If the olapsed time was greater than 250 seconds go back to

procedure no, 1; if elapsed time wes less then 250 seconds,
to to procedure No. 4.

4o Determine 108S-rate magnitude using figure 13,
5e Determine correction required in 10S-rate magnlitude using

figure 14 (use of this chart is explained in DISCUSSION OF
BACKUP TECHNIQUES),

6. Roll spacecraft (pilot roll) so that LOS motion is parallel to
spacecraft vertical or laterel axls,

7 Center target in reticle using spacecraft attitude control,

8. Make required LOS-rate correction using spacecraft translation
contro). (AV is monitored using AGS AV indication),

9. Go to procedure Yo, 1,

L S e M " A 2
et sl i s - amb i Wb Ml S N .
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Renge-Rate Control.~ Make range~rate braking moneuvers at elapsed tine

points indicated in figure 10 (use of this chart is explained in
DISCUSSION OF BACKUP TACHNIQUES),

Case 2.~ The configuration of thie backup mode was the same as for case 1
excepl that il ves esssumed the AGS had the capablility to integrate the
trajectory thereby proviaing a display of range and range-rale ca the
DEDA, The system simulated is glven in the block diagram belows

R’ ﬁ' .
o Jupdate s |R, R manual range ‘
MSFN | == 4GS fotud pllot thrust at cunge gates
at 60,0‘;’3 DEDA p po— control oo - J—
feet LOS
. rate
g AMt, Stab, |-y reticle
F The control procedures used with this backup control mode are as follows:
I 108-Rate Control,~ The procedures given below are used to monitor L0OS-rale
g continuously and make correcticas at range gates.*
i' PmcedllY‘(‘!— = gt T o par =
; No, Tusk -
1. Center target in reticle using spacecraft attitude control; put
spececralt in attitude-~-hold control node,
2. Determine clapsed time (using event timer) for target to drift

to 50 mr circle of reticle.

et e 4 -

3. Make 1LOS-rate corrections as required (i.e., vhen timed 108-
rate is above 0,2 mr/sec) at each range gate given in

figure 15, This chart gives the thrust direction (referenced

to LOS) required for & combined LOS-rate and renge-rate
correction at each range pate, Detalls of the use of thig clart
are given in DISCUSSI ON OF BACKUP TECHNIQULS,

¥Make LOS~rate corrections between renge gates only when it
eppears thot the range-rate will drop below the range-rate
specified for the next range gate before that range gate is
reached,

Range-Rate Control.- Make range-rate braking maneuvers as required at

each range gate given in figure 15,

DTN -
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Case 3.~ This backur control mode assumed that the LR contained a RR,
It wvar also assuned thet the ICC had failed po that the RR displays
vere used directly by the pllot for manunl control of the teiminal phase
of rendezvous, The block dingram of this system is shown below:

RR Re R, A, £, A, F ‘br;ilﬂt l manal it thrust _at_range gates
dis ;Alﬂya L—....._' control F==ss

LOS-rate ard range-rete corrections are made at range gates using a chart
sinilar to that of figure 15. Deviatlions from this chart are explalned
in DISCUSSION OF BACKUP TECHNIQUES,

E TEST SUBJHCTS

ey e

Three test subjects flew a major portion of the simulator runs: an
enginecr-pilot with 2500 hours aircraft flying time and 1200 hours
similator time, an englneer with approximately 1000 hours simuletor
timc flying LM end Geninl rendezvous but no aircraft flying experience,
and on engineer with 10 hours simulator prior to this study., After the
test matrix was corplete, five astronauts made several femiliarization

rang each,

R Ny, g e

TEST MATRTX

The test matrix used In the simulation is glven in sppendix C, Runs were
mace for the CFP transfers discussed earlicr using 1, 2, and 4.5  MSFN
errors generated randomly,

PR MG L il

In addition to these test cascs, several runs were made using the case 1
backup control mode for e critical failure, First, it was assuned that
the PNGS oblained a navigation update using LORS just prior to the ascent
naneuver, Then it was assumed thal no navigation update was availlsble to
the LM after ascent injection, Thus, the LEM PNGS operated open loop for
the remaining thrust meneuvers of the CFP and the ascent er.sors were
propagated to the beginning of the terminal phase of rendezvous., Thie
error propagation resulted in standard deviations for range and range-
rete of 10,000 feet and 16 fps, respectively. These propagated errors
vere used to generate random initial condition errors for the 30 n.mil, to

€0 n.,mi, transfer,
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f PISCUSSION OF BACKUP TECHNIQUES

MSFN - No AGS computations (Case 1)

For case 1, it was assumed MSFN gave the LE{ pllot an update of range,
i range-rate, and transfer altitude at the beginning of the tewminal phese,
Frem this point on, the pilot continuvously obtained current estlmatas of
range end renge-rate vsing slepsed time from the start of the problem and
the range/range-rate time higtory chart shown in figure 10, This technique
is based on the fact thut if adequute line-of-gight rate coutrol is main-
tained, the reonge and range-rate for an intercept transfer can be propared
beforehand in chart form ag function of elapsed time from a set of initial
conditions for difrerent transfer eltitudes, Figure 10 is such a chart,
Thus, the first range-rate braking maneuver was made when the elapsed
time reached that indicated by the intersection of' the dashed line shown
on the chari and the range/renge-rate time history corresponding to the
particular transfer being flown, At this polnt, the range-rate was
reduced to 25 fps using the A V indication of the AGS, The next braking
mancuver came after the pilot determined an apparent target growth which
was progremed to begin at & relative LIM-CS{ range of 1500 fect, Thus,
the second breking maneuver usually occurrcd at a range of the order of
1 900 feet, The range-rate was reduced to 5 fps, agein using the AGS AV
' indicaetion, The final 5 fps of range-rate was cancelled vhen an estimated
range of 100 feel or less was reached,

T —

To determine what LOS-rates were required for efficlent transfers, time
historics of LOS-rate versus range vere studied for the different CFP

, transfers., These time histories are shown in figure 11, It can be

; secn that the 10S-rate epproaches zero as range approaches zero for all
the transfers given (only true for intercept transfers). Aleo, it can be
scen that the outer limite of all the LOS-rate plols can be represenled
by the dashed lines as shown, Satisfactory LOS-rate control could be
maintained by keeping the LOS-rate within the arca bounded by these
dashed lines, These limits would be used as shown if 1t were possible

to determine the LOS-rate exsctly. However, because of sengor errors,
the control limite must be modified, depending upon the magnitude of
uncertainty in LOS-rate., For the backup control mode under discussion,
the 1L0S-rate was determined with the use of a MK9 gunsight used as e
collimated reticle, By making sightirgs vith this reticle and compering
the LOS-rate oblained with the true LOS-rate given by the simulation cou-
puter, it was found that the LO3-rate uncertainty was usually below

0.1 mr/sec, Thus, the upper limit on LOS rate was maintained at 0,2 mr/sec
fron 45,000 feet to O feet range.

To monitor and control the LOS-rate down to the 0.2 mr/sec linit, the
pilot continuously timed the 10S-rate with & reticle pattern as shown
in figure 12, Because the limit ecycle motion wes simulated, the pilot
had to estimate when the center of the limit cycle was coincident with
the intersccetion of the crogs hairs (the deadband of 10.3 degrecs is
approximately equivalent to +10 mr). The pilot then recorded the time
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required for the target to drift to the first clrcle (50 mr redius), Agein,
the pilot had to er ‘mate when the center of the limit eycle fell on the
circle being used (ror high 10S rates, the 100 mr radius circle vas used),
The chart shown in figure 13 was then ueed to detemine the LOS rate in
mr/sec, Finally, the pilot used the chart shown in figure 14 to determine
the 108 rate correction in fps if one wes required (that 1s, Lf the timed
LOS rate was above 0,2 mr/sec). The pilot used the chart in the following
nenner:

1. find intersccetion of timed LOS rate with range corresponding to
current range estimation (range estinated using elepsed time from start
of problem and chart shown in figure 10);

2, record 10S rate in fps for this intersection point;

3, follow constant range line down to intersection with dsshed line;

4. record LOS rate in fps for this intersection point;

5., difference between the two 10S rates is the correction required,
The pilot then made the correction in the dircction of target drifi,

O g I e g I e ey i

lhen simulator runs were made using the 30 to 80 n.m, transfer vhere
escent errors had been propagated to the beginning of the terminal phase,
this backup control mode vwas elso used, However, one sgignificant change
was nade in the backup mode configuration. No MSIN update was given 1o
the pilot at the beginning of the terminal phase, Thus, the only informa-
tion the pilot had concerning his range end range-rate were the nominal
values given in the churt of figure 10 and the knawledge that errors In

: rarge end range~-rate were defined by & range = 10,000 fect end o range-rate =
16 fps., In this case, figure 10 would have to cover the elapscd time frou
the transfer mancuver, Because of these large uncertainties, the first
renge-rate braking maneuver wes made at an estimated range of 18,000 feel
rather than 10,000 feet, Also, the range-rate was only reduced down to
an estimsted -63 fps instead of -25 fps, This sssured an intercept
velocity of at least -25 fps in the event the errors in range-rate vere

= 3¢g” on the lovw side, The LOS rates were controlled in the manner

g indicated above,

MSFIl-AGS Computations (Case 2)

The configuration used in this case was identlical to case 1 except that
the AGS was assumed to be able to integrate the trajectory and provide
range end range-rate through the DFDA, Because it was possible to
displasy either of these two quantities at any time, the range-rate
braking manecuvers were made at range gates rather than elapsed time
intervals, The chart shown in figure 15 was used to combine the 10S-rate

o |
£
B
-
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end range-rate corrections into one burn., The mammer in vhich this chert
vas used 18 as follows:

1. After the current LOS-rate and range-rate have been determined,
locate the intersection of these two quantities for the upconing renge gale,
This intersection determines the correct LOS angle to be used for the
upconming thrust maneuver, An intersectlon above the 45° line indicates
that the vertical jets should be used if the 10S-rate is parallel to this
axis or the lateral jets if the 10S-rate 1s parallel to the lateral
gpacesraft arxle, For intersections below the 450 line, the longltudinsal
jete are alwuys used, This allows the LOS angle to always be malntained
below 45°,

2, Control the attitude of the spacecrafi to the required azinuth or
elevation engle,

3. Thrust in the required direction until the 10S-rate and range-
rate have been reduced to the lowest value given on the scales for the
current range gate,

However, 1OS-rate corrections were also made between range gates when it
appeared to the pilot that the renge-rate would drop below the range-rate
specified for the next range gate, A collimated reticle was again used
for 10S-rate determinstion and the rate was reduced lo 0,2 nr/sec et each
range gate as shown in the chart, It should be noted that elthough the
chert glves range gates all the way from 120,000 feel range, the first

two range gates do not epply to the CFP., All nine range range getes,
however, are used for direct ascent transfers, The last range gatie is for
a range of 100 feet, At any range gate, the range-rate is conirolled to
that value indicated at the left end of the range-rate scele for that
perticular range gate. Seven range gates erc used for the case 2 backup
mode conpared to three range gates for case 1 because of the difference

in determining range &nd range-rate, If the type of braking schedule

used for case 2 backup mode were used for case 1 backup mode, then for some
transfers, a braking maneuver would be made as far out as 60,000 feet range.
If this were dene, then the range/range-rate time history chart (figure 10)
could no longer be used for the remainder of the transfer, Since, for

the case 1 backup mode, the first range-rate braking maneuver is delayed
until an estimated range of 10,000 feet is reached, the pilot cen use the
chart all the way into the point where target growth becomes epparent,
Delaying the first braking manevver until 10,000 feel range elso assures
the pilot that the closure rate is high enough to insure en intercept

even if the LOS--rate control is not precise. In case 2, the abort

sensor assembly (ASA) senses any breking maneuvers made, and thus, the

AGS is able to provide current range and range-rate no matter where the
braking maneuvers are made, Because of this, the braking maneuvers can

be spread over a greater range to allow for & more comfortzble braking
schedule,
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Rendezvous Radar (Casc 3)

This buckup mode required g chart similar to the one shown In figure 15
for vector summing of the R and 10S-rate corrections, The only difference
in the chart used for this backup mode from the one used for case 2 vas
that the LOS-rete was controlled dowa to 0,3 mr/sece for all range gates
from 60,000 feet instead of 0.2 mr/scc for all range gates from 45,000
feet, The reason or this is that the LOS-rate uncertainty using readar

is 40,2 mr/sec which is 0,1 mr/sec higher than the uncertainty using a
reticle,

DISCUSSION OF TEST RESULTS
Range-Rate Braking Scheduvle for CFP

Prior to this study, it was known that the most economical range-rate
braking schedule for any rendezvous transfer was one vhich does not
increase the range-rate unnecessarily atany of the range gates, However,
other factors must also be considered. First, the AV required at any
range gote is limited by the acceleration capability of the spacecralt,
and the allowable thrust duration of the engines, Secondly, the total
AV required for the terminal maneuver should be divided epproximately

s equally between &ll the range gates used to allow time to monltor the
I08-rate between each range gate, '

For the CFF, it was found that a very good braking schedvle could be
oblained simply by constraining the renge gates and assoclated range-
rates to fall on the range/range-rate time history plot for the nomingl

! CFP transfer (65 n.m, - 80 n.m,)., The reasen for using this transfer

was thal, of all the transfers possible which circularize betwsen the
altitudes of 30 n.,m, and 65 n.m., this one has the lowest intercept
velocity. Resulls indicate that the same braking schedule will be
equally economical for all the other transfers because the range-rate
will not be increased at any range gate, Of course, as the closer ranges
are approached, the range/range~rate gates deviete from the range/range-
rate time history of the 65 n.u, -~ 80 n.n, transfer so thr! the intlercept
velocity will be O fps instead of 29 fps. The range rate braking
schedule which evolved from this study (for manual control) is glven
below:

PU———— v T - U Ea—
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Range-Rate Braking Schedule*

! Range Ran(ie-ﬂate
: (feot) fns)

! 120,000%% 130%%

90,000% * 100% ¥
60,000 70
45,000 €0
é 30,000 50
15,000 35
5,000 15
s 1,000 5
100 1

3 ¥It should be noted thatl a y of 1.72934/ x 101/" vas uged in deternining

' this braking schedule, The current value of 4t for the moon (offricially
documented by NASA) is 1,73 x 101% end thus, the above braking schedule
shiould be slightly modified for actual LE{ flightls:

¥¥Uged only for direct ascent,

A V Performance of Backup Control Modes

Effect of MSFNl Errors.~ A summary of the AV performance obtained for the

three backup control modes investigated is gilven in figure 16, The bar

charts indicate the average AV used by each buckup control mode for

| each of the three transfers flown, The averages and standard deviationes

i shown were calculated only for the runs made with 1 and 2 d MSFN naviga-
tion errors, Individual data points are plotted for the runs made with

4.5 g’ MSFN navigation errors,
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For the 65 to 80 n.,n, transfer and 30 to 80 n.m, transfer, the chart shous
that the AV averages and standard devieticns are very nearly equal for
all three backup modes evaluated, On the 118 to 80 n.m, transler, the KR
backup mode used, on the average, 11 fps less AV than the backup mode
where only MSFN date were used with charts end e retlele, This, however,
is not a significant saving by itself as it amounts to ebout 5 pounds of
fuel, With the exception of three of the 10 data polnts, the cases using
4.5 @ MSFN errors required 3 to 13 fps more AV than the average for
the 1 o cases, For the 65 to €0 n.m. transfer using 4.5 & errors, one
of the runs made with MSFN/AGS required a AV of 66 fps which vas 26 fps
over the average, In examining the data obtained, it was determined that
two bad 10S-rate corrections were made on this run vhich accounts for the
increase in A V. The other two runs not egrecing with the rest of the
data were runs made with RR for the 30 to 80 n.n, tmnsfer using 4.5d”
errors, The A V used in both of these runs was below the AV everage
for RR and 1 & MSFN errors, After exemining the data for these runs,

no discrepancy could be found, Thus, it eppears that the pllol nmerely
made two very good runs in succession,

Effect of Propagated Ascent Errors.- Five runs were made for the 30 to 80 n.n.
transfer where ascent errors vere propagated to the beginning of the
terninal phase, As stated carlier, these errors resulted in stendard
deviations in renge and renge-rate of 10,000 feel and 16 fps, respectively.
The average AV used for these runs is also Indicated in figurec 16, As
shown, the average AV was 128 fps with & stendard devietion of 13 fps.
This ig an increase of 34 fps over the average AV used where MSFN
navigation wae used for midcourse corrections and pilot updating, This
increase wus cavsed by two factors: (1) large uncertainties in renge end
range-rate (pilot allowed for 3 ¢ errors in range end range-rate) and
§2) actual errors in range end range-rate., For this parlicular transfer
30 n.m, to 80 n.m.), the intercept velocity is 74 fps. 7o insure an
intercept velocity of 25 fps with the trajectory errors thet were
possible, the range-rate had to be controlled in such & manner that caused
the range~-rate to be high for the transfers flown with zero errors or
with errors which increased rather than decreased the range-rate, Because
of this, the C8M was passed up in three of the five runs made, In these
three runs, the target was passed up 500 feet, 1000 feet, and 3500 feet;
however, the pilot had no control problem in getting back to the target
other than using slightly more fuel than usual, FErrors as large as this
would require the transfer used be constrained to the group of transfers
wvith an intercept velocity of 70 fps or higher,
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108-F2~2 Control.~ The study indicated that 105 rate could be controlled
patisz"s2torily vseing a reticle, timer, and charts, This method of control,
howevsr, requires an attitude stabilized vehicle using an attitude deadhind
of tz= order of 0,3 degree, Vhen rader 10S-rete Information was uned, 1t
was p-:slble to use the 5-degree attitude deadband durlng non-thrusting
periczs, Several ruas were made using the 5~degree deadbsand in this manner
and 1t was delermined thal approxinmately 5 pounds of attitude fuel could be
saved for the terminal phase, For ell the runs made (exeluding the 5¢
deadtznd runs) the attitude fuel ussge averaged about 28 pounda,

CONCLUSIONS
This study resulted in the following conclusions:

1. A very adequate control of LOS-rate can be maintained using a
reticls and timer with the LIM attitude stabilized if the CSM can be
seen vlisually.

2. With proper LOS-rate control, the pllot can obtlaln a very close
appioxination of range and range-rate through the terminal phase of
rendezvous using a range-rate time history chart for CFP trancfers and o
timer. This requires that an uvpdate of range, range-rate, end clrcularize-
tion altitude be given to the pllot by MEFN before the terminal phase
begins,

3. If visual acquisition of the target and MSFN track%ing are possible,
the termina) phase of rendezvous can bes accormplished with as much confidence
end proficiency using a reticle, timer, AGS AV information, AGS attitude
stabilizatlion end rendezvous charts as it caen with rendezvous radar or LCS,

L. With en increase in A V usage (but still within budget), the pilot
can adequately control the terminal phase of rendezvous without any naviga-
tion updates even when standard deviations in range and range-rate of 10,000
feet and 16 fpa exist,

5. Although a complete task analysis was not conducted, it eappears
from the simulations conducted that & single crew member could couplete
the required control tasks and chart reading with adequate residual time
to maintain & minimal (emergency) timeline of radio communications and
systems monitoring,
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: APPENDIX A
Chargcteristics of Sirmlated LEM
The LM siimdated for the purpose of this study had the following
characteristics:
m, = 159 elugs (initiel)
- = 1476 slug ri? (constant)
= = 2557 slug £1°  (constent)
R s 272/ slug r1? (congtant)
Iyy = -13 slug 12 (constant)
Iyz = =4 slug It2 (constant)
b = =173 slug £4°  (constant)
icg = 0,0333 ft (constent)
ch = 0,0500 ft (constant)
Ecg = 0,000 £t (congtant)
zp&ds = +14.23 ft (constant)
RS = 0,00 It (constant)
| Mep = 41100 ft-lbe (r01l)
Meq = 41100 f1-1bs (piteh)
Mer = 41000 ft-1bs (yew)
Tx = 4200 lbs
%, = 4200 1bs
T, = 4200 lbs (4 jets can be used which will give a thrust of

+400 1bs)

Igp(ROS) = 275 sec
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’ APPRIDIX B
| Initie) Conditions for Nominal CFF Transfers *
: slers
| TRANSFIR PROBLM VARIABLES
: el A -1 s ........'_,_,___1 '_-—.—:'“'““"‘."“"’~.—.—---w-.—----... = ~_.;-..-r_ e
. Xy Yy 21 X1 Y1 73 R f 2
, (feet) (reet)| (feot) (1'ps) (rps) (fp\) (fect) (fpn) (degrees)
1; 65 n,, ==p €0 n.n,
! trensfer -38,623 O | =34,494 | +54.77 0 +41,0 |54,529 | ~67.7] +107,2

(-45° longitude L,8,)
30 nyn, == 80 n,m, i

ey g 21,848 | 0 |454,005 [ #45.4 | 0 | 71,5 [58.257 | -83.3] +52.3
(0° longitude L.S.) s . Y ’

118 n.m, =% 80 n,m,
= transfler +41.737 0 [|=23,257] ~53.1 0 +13.3 47,779 | -52.9] +102.,1
(=45 longitude L.S.)

P

The 77 exis elways represents
the landing site (L.S8.) locel
{ vertical end the X7 axis polnts
in the direction of CSM orbital
motion at the L.S., The Yy axis
completes the right-handed set.

0° 1on;:::;;T>>

-45° longitude e
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Case 3

Transfer Backup Control Mode MSFN errors used| No. of Runs
Cage 1 (MEFH update- 3 -
R/R time history churt 2¢ 5
ﬂ<’&).( = ST 2
" = Case 2 (MSFI update~ 1¢ 3
6)!’&:;53 T | 4GS aisplay of R,R) 2d p
‘ ot 35 ¥
1¢ 3
Case 3 (RR) 2d 2
3¢ i
10 15
Cage 1 2d 5
dop 2
30n.,m 1o 80 n,m, 2
Cuse 2 2d 2
trensfer : = T - s
3
2
2.

O D — - ——

118 nm, to €0 n,.m,
transafler

Case 1

Case 2

Case 3

o An
'
!

be5¢

30 n,m, to 80 n,m,
transfer

Cage 1 (no MSIN update-
R/R time history chart
used, )

Propagation of
ascenl errors
renge=10,000 £
Irange=16 fps

;
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FIGURE 7 - GENERAL CONFIGURATION OF SIMULATED LEM
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FIGURE 9 - LOCAL VERTICAL PLOT OF LEM RELATIVE POSITION FOR CFP TRANSFERS
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FIGURE 12 - RETICLE PATTERN
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