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1.0 ' INTROLDUCTION

The purpose of this document is twofold:
(1) To present a narrative description of the IM/AGS flight ecuetions as
presented in Reference 1 and modified by Reference 2.
(2) i To présent derivations that are not obvious and additicnal insight into
/ various portions of the guidance equations.
This doquent is designed to cowplem=nt the equation documents (Péfcrences 1 and 2)
and is if‘c?r informstion purposes only. There is no plan to u];.)d&te the document for
each misdion. '
The document is basically composed of two perts:
(1)] A general narrative descriplion where technical details ére kept at a
mininum and only logie flow end minor technical points are discussed.
This section also conteins a functional block disgram of the computer
showing inputs end outputs end a description of the coelliptic sequence

of manesuvers.

(2) A detailed discussion of various portions of the guidance equations
-along with derivations of the equabtions where sppropriate. A small
section on orbital mechanics is presented in the Appendix so that the
derivations will be as self contained as possible. For deeper insight

into these areas a list of references has been prepared.
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2.0 MISSION DESCRIFIION

The mission Tor which the Tlight cquations ave designed is the coelliptic
rendezvous of the IM with the CSM; with eborl initialion possible at any time
after separation of the IM from the CSM. To illustrate all the various man-
euvers required; Figure 2.1 shows a coeclliptic rendezvous flight profile with

abort from the lunar surface.

- LEM ORBIT

- CSM ORBIT
RENDEZVQUS

ORBIT
INSERTION

MIDCOURSE
CORRECTION

Figure 2.1

Coclliptic Rendexvous F 1 ight Profi le
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The CSM is in a circular ortit et an eltitude of ebout 80 n mi. The orbit in-
sertion maneuver is targeted to drive the IM {o & desired aliitudz, altitude rate
and horizontal velocily with zero crossplane velecity. The IM than coasts until
abgsolute time tigA’ which brings the IM aboul 90 deg around the orbit from orbit
insertion. At that point tre Coelliptic Sequence Initiate (CSI) burn is perforimed.
The magnitude of this CST burn is determined by an iterative technique whereby
trial values of the horizontal burn magnitude ave aasuned end s resultant error
functioﬁ evaluated. The error function is the differencé bztween the desired
central angle difference bebween the TM and the CSM wt the desired time of direct
transfeg and the computed difference that would te achieved uvsing the trial value
of the horizontal_ﬂclocity. Successive values of the CST burn are chosen to drive
the error function to zero.

The coelliptic (CDH) burn is performed gt the predicted time of the IM orbit
apofocus (or perifocus). The maznitude of this burn makes the IM orbit coelliptic
with the]CSM orbit.

The Terminal Fhase Initiate (TPI) burn is verformed at the time the desireq
line ol sight (eLOS

specified, and the rendezvous point is the predicted position of the CiM (or offset

) between the LM and the CSM is achieved. The transfer time is

from it). By means of an lteration on the semi-latus rectun (p) of the transfer
orbit, the orbit which passes f{rom the present position to the rendezvous position
in the specified iimc is determined. Once the orbit is determined, the velocity
impulse'needcd to achieve the cdeslired-trajecltory is calculated. The midcourse
maneuver is obtained in the same manner. .

Aborts may occur anytime after separation of the IM from the CSM. The sequence
of events followed after the abort depends upon the abort éituationg That is, if
the abort occurs vhen the 1M is near the lunar surfdce the above secquence of events
would te desired. If the aborl occurs when the IM is high above the lunar surface
it may be desirable to begin Immedialely with the coelliptic sequence. Finally,
there is always the possibility of doing a direct transfer to rendezvous. This
can be accomplished by utilizinz the direct transfer modes availlable., Bullt-in
mission planning capobilitics are aveilable vhen these modes are employed. These

capahilities ahd scmz restrictions are discussed in Section 6.3:7:5s
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3.0 COMPUTER INPU”” CULFgTs AND OVERALL FUHUTIONAL DIAGEAI

ol S T I e S

]

‘An overall functicnszl block dizgrem of the XH/ACGS is shown in Figure 2.2. HNot
all functions displayed on this disgram sre consldered in this document, Only those
concerning the flLLLt equations are discussedu Thoge concerning computer oparatious
such as load and verify routines, telemctry, (SE service routine are not covered in
this docuganb. )

!
The functions of the computer progran are ettitude reference, navigation, abort

guidance .including attitude conwzndeg, Engine OH/OPF conmand end data display. These
| ! . -

Z i .
functions must be perfornzd based vpon tha following inputs:

~
. ﬁatj, ﬂ}vr, bwzi - strapped down gyro inputs along IM X,

Y, % body axis respactively. These inputs are in the form

of pulses and 1 pulse represents an angular increment of

o, =
2 radisnes.
AGS SENSORS <

nvxi’ bvyi’ évzi - acceleromzter %nputs along IM X, Y,
. 7 body wiis respzctively. These inputs are in the form
. ~_0f pulees and 1 pulse represents jiO fps.
O _ O - FGHS Buler angles, these inputs are in
an!\RY tgt fop] Of_‘ lsey nd 1 nlse 1o e fg 4 "-15 d_
. GUID;’\IICE e rm LJU .,:e...l 9._ P‘.l = L lt.pI'Qan bS] d-’T X d m
° AND
NAVIGATION
SYSTEM '
L EL’ tL' St EE’ tE © KGNS ephemeris data: I signifies
IM, E signifies CSM
~ 7
Eﬁ - Z body exis direction cosines stored in the computer
when the radar measurcwent is obtained (815 = 1)
R##% - Relative range frowm CSM to IM at the time of taking
RADAR DATA ! the rzder measureent
R - Renge rate between CSM and 1M i
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EXTERNAL =
INPUTS
(, n'“ | i -"‘\I
i CALIBRATION iQ______‘s__F
CONSTANTS
ABORT SENSOR ~
ASSEM3LY - v
uo :
o GYRO AND IN FLIGHT AND
= — i
PULSCG\R{ER%ASLF(\;;CLD L IMCREMENTS  Aa Ch R Aa , ACCFLEROMETER Bl LUNAR SURFACE
COMPENSATION cEAQus&T:_xgoEq
'EQUATION .
VELOCITY © |NPUT PROCESSING COM?,S&}B%NS pripls it s e >
PULSE REBALANCED INCREMENTS AV, | & .| © GYROCOMPENSATION . oy
ACCELEROMETERS (3) "I T T ®| © ACCELEROMETER , ———— e FDAI (ATTITUDE) B — e — P DISPLAYS
COMPENSATION o @ NAVIGATION 0
INITIALIZATION : @ ATTITUDE ERRORS 5 ,
DATA 3 - I
PGNS ATTITUDE ATTITUDE REFERENCE NAVIGATION
£AB , tAD , +AU . COMPUTATIONS COMPUTATIONS .
PRIMARY GUIDANCE P —f—————& N : QUTPUT
AND NAVIGATION PGNS NAVIGATION @ DIRECTION COSINE UPDATE ij @ LEM NAVIGATION HARDWARE
SYSTEM {PGNS) DATA © ALIGNMENT By © CSM ORBIT PREDICTION
P © PGNS/IMU 0 AGS CLOCK AND TIME
S e LUNAR INITIALIZATION © EXECUTIVE e
Epesie HE @ BODY AXIS © NAVIGATION © SELF TEST e 5 FAILURE)
i INITIALIZATION © GENERAL PURPOSE : ””O INST)
. DATA INPUTS | ‘e RADAR UPDATING SUBROUTINE
| © SOFTWIRED \ INPUT = b e
| PROGRAM | HARDWARE NAVIGATION :
|© CALIBRATION PGNS DOWNLINK Gl T "
CONSTANTS : > DATA INPUT DERR
© TARGETING DATA y | PROCESSING LEM AND CSM
' STATE VECTORS
GROUND EQUIPMENT » %
(BTME OR ACE) GSE ©SOF™ “EDPT “°aM
DISCRETES < e TAPE LOAD |, JOCAL  JION ATTITUDE
= % ROUTINE CONSTARNTS » DATA AND o ERRORS
O TARGETING DATA COMMANDS ij (TO DISPLAYS)
(DEDA)
CEsS ‘ lr
DISCRETE SIGNAL 5 :
e . : ATTITUDE ERROR
gt el INPUTS INPUT DATA ABORT GUIDANCE COMPUTATIONS
: , : 7
$ ARCRLSTAGE - S e e o gg%-lgL:.lI\;’sTEléché;DEZVOUS %o NS ATTITUDE
© ASCENT ENGINE ON @ Csi LT S > ERRCIJE:JiNGLEs
© DESCENT ENGINE ON © CDH © ATTITUDE HOLD ATTITUDE ERROR-
& AUTE DISCRETE bl © GUIDANCE STEERING ANGLES oy O
© FOLLOWUP DATA COMMANDS © EXTERNAL AV (AUTO) H
. © ACQUISITION STEERING
‘\]? : LM CONTROL
DEDA X S . DEDA INPUT . STEERING _ - ELECTRONICS
INPUTS/QUTPUTS - E PROCCESSING EQUATIONS (CES)
© RADAR DATA
e NAVIGATICN DATA - 11&' EACOJgE’ROL
© TIME INITIAUZATION | e pree: o] s E i - T
© MOCE CONTROL DEDA OUTPUT SUBT‘SI;E’SSEE&];ION
L PROCESSING CONLEANDS . - ENGINE ON/OFF
e . i > NTR IC ' S
" i e Pl SIGNALS
DATA FOR [ i = l
OUTPUT N TELEMETRY OUTPUT ~ - — — P INSTRUMENTATION
S DATA PROCESSING 7" L RHMERIANG
INPUT/OUTPUT PROCESSING e T -
‘_“_.«n r*-’d“‘ T —— W e - TR cmuul
Flgure 2.2 AGS Functional Block Diegran



&

DISCREYE STGITALS

from CES cvbop? ot 8. e Bugline G (8 q = 1) or OFp (ﬂl = 0)

e A¥S ¥rgine O1 (B, = 1) or OFF (B, = 0)

panel B follcer up signal (83 = 1);
ne follor up (83 = 0)

coi 3 stule Fode Cone
trol suitch on ine SI- enio C'h ) Attitude hola or
ghyvaant panol i

from tutton on
Instyuvent panel

]
N

X siava (f}s = l}

from bubtten on ;
(“} _ fnstruxent panel 86

2]
7
o
L
i
]
o
L2
4
—
T3
y
i3
-
L

i
4
o~ I inrat conztents
i

i J 5 J, inyab exd targebing constanbs

DEeA <

i, ¢

including IX end CSH epliemaris data

&

3 radar ranso i e (fps) input es J‘l T
g b3

R rafar Yor: {nﬂ) input s 2

.. YDA Contyol) Sitoliess - oze below




DED4A CONTROL SUITCHES

s d AGS PFenction Szlocclor (SGQ)

98
1
i

= O
= K
= 2

? o
'I"‘ OO i
00

ta
1

2]
§

2]
t
(o3

(&0]

]
SOO i
S

0{) ot

n »
fl ;
-~ O\

g’ 8 =0

o7

o
i
fst

rag e

=0

— e — et = |

v esmm, o e

Exteimal AV Refercnce (S

Attitude Hold
Guidence Steeving

108 ARequisition

10 Aldgn

Innar ALign
Body Axis Align
Calibrate

Inflight
Accelevoeztor
Calibration

cr.r)

External AV vector fined in uU—l’ \'

coordinste frwmaz.

are sel To Z22ro.

|
05552-6976-TC0D
Tege T |

Irertial Reference lMode

4

Yy }_Il Jocal

Sensed veleocity increments

Exteynzl AV vector $ixed in AGS inerbtizl frame.

Sensed veloelty Increwsnts sre sccumulated.

Guidance Mede Selector (SJO)

Orbit Tusertion
CS5T laucuver

Chi Fonouvver

Divect Wrensfey, estyenant Inpuks Ty

Bivewt Yronefer, estronavt inpuls ©

nernn) AV

ize



P e L

b

e wes wl,

gy

i T

WAS

Engine Select (8

Sll

S.. =

11

Inflight Se

95}
i

b
ra

52
o
t

. N
i
R
1l

m .
—
no

i

Stors landing Azimth and set Iumnar Surface Flag (8

813 =

813 =

Iavigation

51!;
Slh =

81y =

Radar Dats

C

-~ W

(0]
1

“11

Descent Fropalsion System (DES) or Reaction
Control Sretew (RCS)

Ascent Progulsion System (AFS)

Control (812)

reget evior indicstlions
test specocosfully couplebed
logic test feilure

nzunry tost failuwe

lozic snd memory test failure

No store

Stovae

Initialization (slh)

0
1
2

(5,,)

Initializaticn conplete
Initinlise 1 and C3M using IGES data
Initinlive CSM

using DDA data

no rafdor dabs

store 1M 7 pxis direction cosines



The
the

via the DEDA and telemairy.

5

- CDH Apsidsi Crogazin

i

316 ¢

S =1

[
[

Elliptical or Circuler Crhit logle (8

i SlT = 0
S 1

1,_{ =

ez Selection (316)
perfosic COH wancuvey abt firet erossing of IM orbit

line of spsides

perfozn CUY waneuvey ot second crossing of I orbit

apsides

lT)
elliptical orbit Jogic

circular (noer cireulnr) orbit legle

S

Altitude rete rezdout (355)

S

: 55 ©
S = 1

95

privary outputs of the I§V%GS arve the ettitude crror gignals B , E

engine OE/OFF signals.

o

celect altitude rate readcut forr lunar missions

celect pltituds rete yeadoul Tor earth nilssioms

; E end
x Ty e
Tn wddition 1zny quantities oye available for inforwation

Refeaonce 1 contelns o shorlb list of these quentities.

overall list will be presented in the Prograxzad Pquotions Docunent.
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4,0 COORDINATE SYSTEM DEFINITIONS

Prior to luner lending the wmoon centered incrbial coordinate system used by
the AGS system is delined in the following rpanner.
The ¥ axis passes from the center of the moon through the nominal
lunar landing site. The Z axis ig defined in the downrange direclion
parallel to the CSH orbit planc and obtained from the equation
Hc x El wvhere Hc is the unit vector p&rﬁ:ndiCular to CSM orbit plane
and Hl is the unit vector in the direction of the X axis. The third
component is defined in the dircction of the cross product of the
ebove tvo.
After landing on the moon and prior to liftoflf a new coordinate system is es-
tablished which is defined exactly as sbove except that the X axis passes through
the nominal leunch site rather than the nominal landing site (inertially different
because of the moons rotation). f an InfTlight alizn is performed the coordinates
may be oriented in any orthonorral manncr so long as the X7 inertial plane lies
within 80° of the IM orbit plane. Reasons for this restriction are discussed in
Section 6.3.7.5.1. _
The IM vehicle bedy axes dcndted by Eb’ Xb’ Eb are oricented as shown on
Figure 2.3. The direction of the arrows sbout the vehicle body axes unit vectors
indicate: positive angular rate {P,Q,R) and displacament'(wx, Yy s az). The )

direction of the arrows along the mxes indicates the direction of positive trans-

lational acceleration and velocity (V b? VYh’ va)'
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Figu e 2 3

Veh icle Refcerence Axes
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5.0 COMFUTATTOIIAL CYCIES

The IM/ACS major computabtionsl cycle ig 2 sec Iin duration. Tn this period of
time, the equations updete navigation, solve the remdezvous guidsnce problem; perfomm
inflight self test, end 1f reqguested, align the Inertiel fromes of reference. This
major 2 sec cycle is Lroken into 100 segronis. Bach segment takeg 20 msec of time
to complete. _ .

Every;EO—msec semeent 1s diflﬂed into two paris, The Tirst portion of the 20 msec
segment contains equations cslled"20 msoc COmpututiOHS"whiéh must be caleulated snew
every 20 msec. The second portion of the 20 msec time scgmont is reserved for the
calceulation of either of tvo different getsy of equiations. ‘

One set of equatfons must be completely recalculated every 40 msec. This set
1s called the"LO msec computations! This nome 1s not to be construed to mean that
the calculations take LO msec to complets; they actually teke only sbout 5 msec.

This set of equatlons 1is recalculated In the second pert of every other 20 msec
time seguent, thus assuring thaot this sct of equations is recalculated every 40 msec.

The other sct of equations must be nevly culculated every two sec. 'These
equations are called the"2 sec computations) and are too large to f£it Into the second
portion of the 20 msec time segment. RBecavse of this Tect, the 2 sec computations
are split into smaller groups of equelions. FEasch group of equations is swall encugh
to be calculated in one of the remalning 50 parts of the 20 msec time segment.

The diagriu below illustrates the segmeantation of the major two sec computational

cycle.
- B T S
w ) ow a, @ 0| w© ) i
aB1 HlgHiol |aft 8 -
Qg ! Q [T ) R Mo b0 LN 1
@ 4> 1 43 W@ o B w4 gy 30 O 1
d o 9 . By e L&y v 1
Fo ool o o [ fio, ] B
. b= o oy o R~ e 1
[ I 7% 1 o3 (2l o i'.}, 1 (? {85 C..-) C‘-:l jan 1
NE B RN R MR '
o ! (9] ¢t o] ! 0 !
v f Q o # 1] ot 3] '
1 . . SR, SOV TR (. . N — Tt
B e T PUNNUNIUNU - S —— | W — v
. 20 mace A0 mrnce Z0 mszcco 20 ranvcc
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5.1 Timing of the Flight Bquolion Coms

Lol ions

In the equation flov disgrans of Refercnce 2, the 20 msee computations, the Lo
msec computations, and the 2 seec compulations are shoun in separvate diagrems. Unless
otherwise indicated the following [igures are those of Reference 2. Figuré

3.1 is a systems diagram of the Jogic connecling the three sects Of.pomputﬁtiﬂﬁs. The
important decision blocks in Figure 3.1, from the standpoint of the correct inter-
lacing and proper sequencing of the LO msec compniations and the 2 sec computations
are labeled ( ensures that the L0 msec computations and the 2 sec computations take
place in alternating basic 20 msec pericds. The 2 sec computalions are split among
the 50 unused parts. When Cycle B is selected by 7, the branch control decision
block routes the program Lo the propor sct of equations.

Figure 3.1 shows only those portions of the logic and Lhe equations vhich are
hardwired. TIncluded are all of the 20 msce computetions, and the L0 msec computations
and only portiors of the 2 sec computations, including Branch 50. The remainder of
the 2 sec éomputations will be fitted by the programmer into the remairing unused
portions of every obther 20 mscc_cyclc between Pranch 3 and Branch 50.

At the conclusion of the computations in & particular branch (except Branch 50),
a dummy variable Q is set to the number of enother branch, and then at point (:) of
Figure 3.1, the branch control is set to route the program to this block of equatiorns.
This means that the next time € routes Lhe program to Cycle B, the branch control
switch will route the program to the Block of cquations.seleeted at the end of the
previous 2 sec computation. An exception to this sequenhing is Branch 30. Counter
B0 counts the nunber of 2 sec computations. TImmediately following the block labeled

Initial Starting Routine, note that y,. is sel equal to zero and branch control set

10
to Branch 50. This ensures that the first breanch of the 2 see computations will be
Branch 50. Branch 50 is unique among the 2 sec computations branches in that the
first thing done in this routine is to set branch control to Branch 1, and pass from
this routine to Branch 1 without going through point (?). Every time point Gi)

is passed, the k10 counter is advanced. Vhen = Lo, branch control is set to 50,

%10
This ensures that no matier vhal eguabions of the 2 s2¢ computations are performed
in the major 2 sec cycle, the navigation uplate cquations will always be performed
at equally spaced intervals. The first Branches 1, 2, arnd 3, the last Brarch, 50,
indicate the order which the computations vwill be performed. As previously stated,

to 49.

all remaining 2 see compubaticns sunt be prozeagcned In Broane
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2.2 Paslc Block Conputetion

5.2.1L 20-Msec Computations -

The most Important block in Figure 3.1 from the stendpoint of requ
lating the duration of esch baste 20-msec block of compubations i decision
block 1, which ensures that 20 mszconds of real time have passed before
a new bﬁsic 20 msecond eycle beglne. ’

The maJor clessification of cquations processed in ¢acl of the three
deIGrCDu computationsl blocks is listed below.

The 20-nse cond compuictions consist of:

(1) Gy;o dety processing end compenentlon (corvections)
(2) Accelerometer dete processing end compensation
(3) Attitude direction cosine updating
(4) FGNCS downlink date Inpob rouciue
1(5) Telom=tiry output
(6) 1MU or boldy exis align compubsations

5.2.2 LO-Msecond Compubations

The 4O-msccond computatlons conaist of:
(1) Thrust end velocity vector inerementing
(2) Attitvde control and englne OH/OFF selection logle
(3) oOutput AGS ettitude ervor signols
(k) Output AGS main engine cormends, Hence, the engine OFF
cormand has ¢ 4O0-msecond timing resolﬁtionp
(5) FDAT computetions: these ore outpubts to the astronaut's
ettitvde indicator on the instrument b anel.
(6) Inmmar elign loop: Junor align is & digltal seyvo loop
nulling sttitvde evvor slpnol, with e eompling perded of
LO mseconds. ’
(7) DEDA end Externel Discrete scupling (CES, G ase)
(5) formality end orthogonslity corvrecetions for dirsction
- _ctoslnes
(9) Decrensnting of veloctty-to-be-gained to engine shutdovwr

(10) GSE service routine entrence.
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9.2.3 2 Sec Computalions

(1)
(2)

(3)
(&)
(5)

(6)
(7)

(8),

(9)
(10)

(11)

(12)
(13)

(1%)

Decision logic for ACS puidance fTunciioning _

Navigation updating from previous 2 sec cycle, i.e., the integratioh

of velocity and position (dctection of ullage) _
lnitialization of LM and/or CoM ephenerls, iT DEDA or dovnlink
initialization requested . ’
Calibraticn using a 2 sce sample dete servo loop for nulling gyro
nonfg-sensitivn drift, when DEDA requested. During inflight calibration,
accelerometer biss is alsoc nulled.

Radar data prbﬁessing; reestimation of the M ephemeris
Computst ion of landing gzimuth on command via DEDA

Computation of orbit ingsertion

Computation of Coelliptic Sequence Initiate (€ST) vurn
Comp?tation of Coelliptic Mancuver, CDH Burn

Selection of best of trial values for CB5L burn and CDH burn by
evaluation of the error function

Caleulation of direct intercept trénsfer orbit (TPI) using
p-iteration routine '

Computation of an External AV maneuver

Computation df velocity-to-be-gained, V,, and desired vehicle
thrust direction

Computation of eltitude, altitude rate and body Y-axis velocity

every 2 sec and interpolated for output every 200 msec.
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6.0 DESCRIPTION OF FIOU CLnuwa

This section conteins the navretive deseription of the flisht equations. Unless
othervise spoeified oll {icures mentionad refor to tlhosc of Refercrhee 2. The blocks
o’ equations contalned in do . lines esre those progremsed in the hardwired memory
of the computer.

6.1 20 Msec Computetions -

6.1.1 Sensor Inpub Processing

The 20 mscc comlvtaticp begin on Pigure 3.2. AL the top of the page e check is
made on At to Insure that the equétionz are cslculated every 20 msce. FGNCS Euler
Angles, Gyro Data end fAccelerometer Data are plckad vp end gppropriately stored.,

The first calculations are to compute the velocily incremenls over a 20 msec cycle.
The acceleromzter daeta 1s in the foym of pulses and an accumulatlon of 640 pulses
per 20 msec indicates no acceleration. The equations subiract 640 pulses (1K7) from
the number of pulses accumulated and the remainder is the net pulses around & zero
acceleration. The net number of pulses iz then maltiplied by the eppropriate scale
factor (1K18, 1K20, 1K22) to convert pulses to ftfsec. These scale factors can be
varied eccording to ASA calibretion measuremz=nis. In & zero g environment the
accelerometer moy not output exactly 640 yulses so this bins is compensated by the
constants 1K19, 1K21, 1K23 for each acceleronclber respzcetively. These numbers are
also obtained and varied during calibration. .

Following calculation of the velocity increnents a chcch is made to determine
if the equations are in the inertial reference mwede or the slign and calibrate mcde;
The latter mode 1s entered if SOO = 3.

6.1.2 Align or Calibration Mode - 2

If in the align mode the equetions determine which specific submode and act
accordingly.
6.1.2.1 D Align
If en IMU align is being done (S Sgg = 3) the logic flow proceeds to the top of
Figure 3.9 (point (i\\ where the direction cosine OtLho:Oin;lntj corrections
(By, Eg,

to radians by the conversion constant 1K25. Opcration on these engles yields

E 3) ere zeroed. The FGNCS Fuler enzle inputs (mul ES) are Lhen converted
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the desired direction costiene The remaining

AR 1 o L - .. .0
THY Tren? F13p’ T3t Tsen® P3an
direction cosines arce obtained tovard the bottom of the pege. Detalled inform-
ation on the IMJ 2lign equations 4g tontoined in Scelion T.1.2. The quantities
ha ba.

i rem’ 33 rem’ d
will be discussad later. Sufflce 1t to gay that vhen eny aligowent is performed

1, 2;, 3 erc theﬂ aet equald to zoro. These quontities

these equetions are rzerosd. The lozic flow of the equetlons ig then gt polint (EE)
|
which is the same as if the inertial reflervence mode had been selected (SOO <3).

/) 6-1.2.2 Duar Allgn

If the Junar glign mode has beon galected (SOO = It) ou Fizure 3.2 the logic
flow 1s to the gyro compensation block. Imner slign is discussed in detail in
Section 7.1.3. ' '

The lunar align nmode mechanized in the Tid AGS 15 the beckup elignment system in
case the FGNCS is inoperable after the 1M has successfully landed on the lunar surface.
If the FGNCS is operating, the lunar elignient is performed by going into the iU
align equationse )

Basically the lunar slign equetions compute the [A] transformation matrix
(matrix of body exis cosines) vhich relstes the vehicls body axes to the computational
inertial reference systew, so that the X, ¥, Z computationsl jnertial framc coincides
with & selenocentric coordinate frame. This selenocentric coordinate system is de-
fined with the ¥ axis along the Junar local vertical positive outwerd from the lunar
center, with the Z axis direction concepluclly obtained by crossing the unit angular
momentum vector of the CSM orbit with & unlt veetor slonz the X axis. The lunar align
equations mechanize a lov gain filter to compute the desived [A] matrix from the com-
pensated acceleromater output for leveling snd en ezimuth reference update constant
&5 for the azimuth reference. These equations are computed in the L0 msec com-
putational cycle end are shoim on Figure 3.8. Detailed discussion of the equations
is presented In Section T7.1.3. -

For luner elign to function properly the direcction cosines nust have been stored
soon after IM touchdovn on the lunar surface by the setting of Sl3 = 1. ‘

6.1.2.3 Tody Axis Alimn

IT the body axis align mode (SOO_: 5) has been selected the logic flow 1s to

point (::) on Fiﬂura 3 S where the direction cosgsines are initislized as

ll = 333 8y 13 = USJ = Q. The rem=ining direction cosines are com-
puted from these near the boltom of Lhn vege. This slignment procedurc forces the X
fnertial exis to lic along the X body exig, the Y inertic) axis to lie along the Y
body axis and the 7 inertial axis to lic along the 7 body axis. This alignwent rust

0.0

be constrainsd that the X7 inertial plane lies within 80" of the IM orbit plane. De-

talled discussion of the wade is ceniainud in Section 7.).1. The logie flow agailn

errives al point (%3(ﬁ‘?igurc 345
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6.1.2.t Calibration Subnodes

If the equations are in a calibrate mode (SOO = 6,7) then the lunar surface flaé
621 is checked to see if the IM is on the lunar gurf&&e (621 = 1) or in flight
(621 = 0). In either event the logic flow arrives at the gyro compensation block
of equations and as in the inertial referznce mode to point (EE) on Figure 3.5. The
actunl calibration equations and techniques are discussed in Section 7.2 of this
OB should NOT be set to 7 when on the lunsr surface.
6r1.3 Inertial Reference Mode

report. S

If the equations are in the inertial reference mdde the logic flow is to the gyro
compensation block at the bottom of Figure 3.2. The purposc of these.equations is to
obtain compensated velues of the gyro inputs. In order to achieve greater accuracy in
the equations a form of double precision is used in thcse calculations. For con-
venience, the following discussion is concerned with the X'exis gyro. The equations are
similar for}the other axis except as noted below.

The double precision operates ws follows., The guantity awx — is calculated at

-30 :

a quantization level of 2 . In caleulating ﬁqy (the compensated incremented com-

-16

ponent of rotation about the X body axis) only that part of &yx — that exceeds 2

.=16. Then & is recomputed for
rem[é 2 X rem

use in the next computing cycle as A - b -16. Thus the part of Ax
= X rem x rcm|2 e X rem

not used in the present cycle is retaincd for use in the next ecycle. Tne three

is used. This part is dcnoted by ﬁax'

equations under discussion are -

1

1 il
B o The Kéh3 (deryg '.Ki) Ky WV

= Ay
X rem X rem

1 L
ho{x n KE (&yxi - Kr) ¥ A?XA + oy rem|> 2_16
Aﬁx rem &Gx rem &7x rcml? 2_16

These equations do the following: The raw X axis gyro output (aﬁxi) is received
in the form of pulses, 1In eny given 20 msec computing increment & zero angular incre-
ment, would be indicated by reception of 640 pulses (K;). Thus a negative angular in-
crerent would be detected if less than 610 pulses were reccived per 20 msee and & posi-
tive angular inerement 1f more than 640 pulses per 20 msec were received. Multiplication
of (ﬂﬁxi - K%) by the constant 1¥2 converts the pulse count Lo radians. Multiplicatlon
of the angular Incrowant 1K2 (Fﬁ - K%) vy the consternt 1X3 forus & correctlon for the
attitude rate scale factor error of the X gyro. This quantity has added to it the

gyro drift compensation constant 1Kl end the guantity 1K1b (6Vy)_ This latter term is
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the correction for X spin exls moss unvalance. Thils correction term is required because

an Imperfect gyro when accelerated vill give indicgticns that Lhe attitude 1is changing

even when it is not. Terms such as this do nol appzer in the Y or Z gyro equations

because error analyses have indicated them to be oeessary. {w}; —— is then formed
A Wl

a3 the summation of all the terms Jusl discussoed énﬂ that part of éwy — of the previous
-]‘:’ £ =

computation cycle that did not exceed 2 radians., Note that éwx — appIars as a
=318

summation of coryection terms to the yew gyro input. To obtain the compensated gyro
' . . -16
of Ay that exceeds 2 radlans
e X rem
is added to the raw gyro input converied to radiang lKé(hﬂyi - K%)]u In addition the
| .
aligument error Aﬁxﬁ is added. This last term is uwsed vhen a lvnar align is being per-
formed and is zeroed when any other mede is cnocred. lMollowing this calculstion the
]

faYe" term is sct up for the next compating cyele by sublracting from Ay that
X rem - X rem

: -16 ) ) "
part of &?x — greater than 2 + The flow logic then proceeds to (#A) on Figure 3.3.

On Figure 3.3 a check is made on the mzenitude of the angular increments per 20

input used in the navigation eauatlons (&wx), the part

msec to 'determine the desired scalingz on verious quantities. Scaling at 2—9 is neces-
sary to gain brecision in updating the divection cosines. Scaling at 2-6 is necessary
to obtain the required dynamic range of rotetion aboubt each axis (i25°/sec). Switch-
over of the scalinz occurs at epprOAiU“ie}y °/sec. The 1M usually rotates at a rate
less than 5°fsec s0 that the desired precision is obteined. The logic flow then
proceeds to on Figure 3.L.

Figure 3.4 contains the ecquations to updete six of the nine direction cosines based
upon the compensated gyro inputs as Jjust discussed. Error terms (El, E 37 33) are used -
appropriately to keep the direction cosines orthonormal. In addition diTtLLlOH cosine
remainder terms are added to improve the computsalional accurecy due to the higher
1’ F2 and E13 are then set to zero. )
Regardless of the mode of the equations (Figure 3.2) 21l logical paths arrive at

scaling used on Figure 3.3. E

the point on Figure 3.5. Here the remaining direction cosines a?l’ dnns 8.23 are
calculated from 8117 8yps alB’ a, 30, a33 vhich were evaluated plev1ou°1y in & manner

depending upon the mode of the CQU&EEOHs, Yith these direction cosines the velocity in-
crements obtalned along IM body axis (from the escceleromsters that ere mounted on the
body axis) are transformed to X,Y,7 inerltial coordinates. These velocity increments
are denoted by &VxSJ avys, ﬂ?zs respectively. This group of equations are the last
computed in the 20 msec subeycle. AL the bolttom of Figure 3.9 thc"decision 15 made

to procecd to the L0 msce computations or to the 2 second computations. These paths

are alternately selocted. 3



059Y; - -6076 -TG00
Fage 20

6.2 4O Msce Computations

]

6.2 Updating Accumnlated Velocily end Coleulstion of Velocity-to-be-Giineg
At the beginning of the 4O mscec subcycle the components of the vectors Ed and AV
nre computed. A discusslon of these quintities &nd several ascocinted quantities is

now presented. Appropriste definilions ore:

Kd 1s the accunulated velogity vector updsted every Lo msec
HD is the esccunuleted velocitly vector which is vpdated (set equal to

Hd) every 2 secconds _ '
!G is the remaining velocity to be galned vector (computed every 2 seconds)
is the total veloclty that must be gained and cquals the sum of the
velocity evlready pgained ED and the remaining velocity to be gained EG.
This quantity is calculsted every 2 secconds. '
Qgg is the velocity to be gained vector that is updoted every L0 msee and

is computed es Eg = X5

The followving chart sbows the relationsbhip belween these cuantities. For simplicity
the quantities that ere updated every LO msec are depicted as being vpdated con-

tinwously. Also for simplicity the vector notation on the quantities is dropped.

R " e 17 o 4 —— T ..__,--L-ur__-.....\-A-\.r-—.-.-v.-.-—._?,._.,_..__,.__\..-,-.—. 6

““ -~ V.,V
‘\\\\\ Z S BY D
\'4 -~

g - -
a -

B o - av
velocity S W t

! >

T e i L

b ) bd b

Time Enzine Cubtoff
Figiak 2.4

Rccuaulated Velonity and Veloeity-to-be-Guined Dingram
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The nquancities are caleulnted Lhis vy so that the engine may be shut off based
uron current inforantion (AV ) rather than information that mny be up to two seconds
& ;
old (v, ). Note that since V_ gchould-increase by the szuwe smount that V_ decresses
. - =1 " : G
every two secconds the quantity V. rewsins constoab. Tnus, the veloecliy remsining
-z.l:; 2y -
to be pgained (caleulated ernch LO msee) is readily computed as

I Y =V .V
f ‘._-?15--{; & "4

¥ . ! o L
1 . (ﬂ/ﬁg,. A e W
! velocity to-be- cons bant velocity already gained
| go ined updnted every 40 msec
|

In the Tirst block uvn Figure Yl the aurncity Vi (for exsmple) is computed as
|
' de - de ' hvx,n ' Avx,n-L
which in words mesns: seb the z component of velocity nlrendy gained eaunal to that
gained up to b0 msece ngo plus the velocity ghined in the latest 20 msec compubing
cycle plus the velocily grined in the second proviouvs 20 msec cycle.
| 6.1 Establishing Vshivle Status |

1 1

Folltowing these calculaticns, the stebtus of the [} discretes is checked.

Fvery b0 msec the B discretes nre exanined {o determine the approprinte mode of
oreration for the computer., ’

Severnl checks are made Lo deteritine the status of the 1M vehicle. These
checks mscertanin whether the descent seclbion hag been glaged or whether the vehlcle
is on the lunsr surface. The [Cirst chock is on thé 52 flng which 1s equal to one Lf
the descent section has been strged. If the 62 flag hns not been set to 1, then the
f, discrete is checked to see if the ascent engine is on &}2 = 1). If the mscent
engine is not on, then the status of the vehicle is essumcd to be the same 23 in
the previous LO msec cyele. However, 1f the ascent engine is on, then 52 is sct
to 1, meaning the descent section s stnged and 52] is set to O, meaning the IM
is not on the surfsce of the Moon, 800 is seb to 1 so that Lﬁﬁ vchicle goes into
a guidance steering mode of operation. This is donz for the following reagon.

Frior to lift-off from the luner surface, & lunar align msy be performed. It is
desirable to perform this align vutil pominal liftoff time. Thus, instead of making

the astronaut take the equalions oot of the lunar align mode (switch S from b to 1)

00

it 1s done automatically. This is also & safeguard agalnst en undesirsble

engine cutoff since the cquations comuand engine OI'F (explsinzd below) when SOO # 1L,
The remzinder of the flov in Lhe LO rnec svbeyeldes i functionslly displeyed in

Figure 2.4 (this document). Inils dingran is vory vselul Tor considsering the result

o

-

of’ various switch sebtings.
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Figure 2.5 - AGS Logic Flow Diegrem
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Regardless of the logic Tlow path Just taken, a check is nade on SOO to sce
if the system is in an inertial reference mode (SOO < 3) or in the align and
calivrate mode (SOO > 3). If in the align and calibrate moﬁ&, zero attitude
errors arc output. If the specific mode is lunsr align (SOO = 4) a check is
made on 8. (abort stage). If an abort stege is occurring, the equations switch

)
out of the lunar align mode by setting 3., to 1 and go to the atiitude hold

019)
equaticnsL If 85 = 0, the logic flow proceeds to Figure 3.8 where the lunar
align cal;l:ulat ions are done. The logic flow then vproceeds to point on
Figure 3.1( where the engine discrete ig set to OFF. @I:) is alsp the point to
which the logic flow proceeds.if any of the -olther aligh or calibrate modes are
operating; The check of SOO against 4 vl the bottom center of Figure 3.6 deter-
mines which of the above pzths arc taken.

6.2.3 Steering Modes

"Prior to discussing the logic in the center of Figure 3.6, the various

steering modes are cousidered. The result of all steering mode calculations are

ol

attitude errors about the IM body axes denoted by Ex’ Ey and Ez' Derivation of
the equations for these three quantities (in the various steering modes) is con-
tained in Section T.k4.1 of this report. A general descripbion of the equations
is given here.

6.2.3.1 Attitude Hold

The ‘object of the "sttitude hold" equations 1s to generate steering
‘commands such that the vehicle maintains the inertial attitude existing when
the attitude hold mode is first entered. This 1s done by utilizing the.é5 check
et the top center of Figure 3.6. When the atbitude hold mode is first entered,
65 equals zero. This causes Lhe desired pointing directions XD and ZD to be

established as the present pointing dircction of the vehicle Xb and Z, respectively.

b
In addition, the flag 6. is set equal to 1 so that in the future the operations of

5

setting Eb = 55 and gD = gb are bypassed. The attitude crrov signa}svare then

computed as

g= =4y iy
By= -2y« X
By L "3y

wvhich are all zero the first tlie throush the gititude held computations.
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6.2.3.2 Guidéngﬁ_gigggiqg
The object of the "guidance steering" mode of attitude conlrol is to orient the
IM thrust vector along the desired thrust vector. Tne TM thrust vector is actually
oriented differently depanding upon which engines eve being used. The RCS.engines
are mounted along the body axes so thelt if thrusting is done with the X axislﬁhruster-
the thrust vector will be along the X body exiz. If the DPFS engine is being used

the thrust vector is again along the positive X body axis. However, if the APS
engine is used the thrust vector is displeced from the 1M positive X body axis by
approximately 5 degrees downward (tovard the posilive Z body axis) in pitech and

2 degrees toward the positive Y body axis in yaw. Thus, steering commands must be
generated depending upon which engine is used. These equations are derived in

Sectior 7.4.1 and are

r

28

=
})2

tea)
i
'
| B

"

By = & ™ S

vhen the DPS or RCS engines are used. These equations appear at the bottom of Figure

6'1-

3.6 following the logic path S = 0 and &_ = 0. They appear slightly different there

11 2
but are equivalent to those above. For exsmple, £ is calculated as
Ey:hy-l(gfb-;gD)_ _ o

which ia words means, "put into cell E_ the previous value of Ey minus the value
gb * ED"' The previous value of Ey is zero (set to zero at the top left center of
Figure 3.6) end X, = EbD so that the resultant velue of Ey is

By =%y " K

These equations drive the positive X body exis to the desired thrust direction and the
positive Z body axis perpendicular to the engular morcntum vector of the CSM orbit

pointing toward the lunar surface (down).
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If the APS engine 1s used the attitude error equations are (following the

at} o e 4
path of S,; = 1 or B, = 1) _ )
Ex w1y ¥
L
By = LTh(fh an (“ " Xp)
I RZ e ..‘8 (E(b * (1{ :an

|

In the eqdation for Ex the DEDA input consteoat has been added to &llow S band com-
municatioq during the Oihit insertion phase of the Junayr rnlssion rcggrdlcss of the
landing site chogen. J° is entered in degrees end should be limited o less than 40°
due to accuracy limitetiong. A positive velue of JlP will drive the §051tive L Z
body axis toward the negative CSM engular momentum vector. Care should be exercised
in using this parameter if the deslred ihrust dircction of the 1M is nesrly colinear
with thn C M angular vomﬂnuum VP(uDI. In this situation the attitude error equations
(for nonzero valveg of J ) will try to drive the Z body axis to a physically un-
realizable position thus causing the vechicle to continuously roll sbout the X body
axis. If this situation occurs st all it probebly would be in the final phase of
the mission where & value of Jh = 0 should be ubilized.

The logic check on the switch 8. . followed by the check on 82 at the bottom of

1L

Figure 3.6 appcars at first glance to be redundant since Sll should be switched to 1

when the APS engines are used (82 = 1). This logic has been inserted because 8, 1s 0
until the APS engine is turned on at which tims it is set to 1. Thus up until this
time the deslired steering would nol consider the canted engine. In order to over-
comz this the switch Sll has been inserted sco that the correct steering will be done
prior to the initistion of the APS burm. For long AFS burns the insertion of the

Sll switch would not be necessary; however for ghort duration burns inelusion of

this switch is mandatory.
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6.2.3.3 Acquisition St

The' purpose of the "acquisition stcering” mode (SOU = 2) of ettitude control is
to point the positive Z bedy exis of the IM in the computed direction of the CSM. This

mode is used prior to takinz redax deta. The error equaticns are computed Bs

/ g =W <« X
, RS |
f T )
/ Ly = X5 " Zep
/ / rd e J e T
P Be=-L * 4y

where ng is the desired polnting dirccelion of the IM Z body exis. In this mode then,
the Z axis ig oriented in the dircction of the CSM end the X body axis 1s oriented
perpen@icular to the angular morontum vector of the CSH. I the CSH is ahead of the
IM the X body axis will be ebove the loczl IM horizontal planc and if the CSM is
behind the IM the X body axis will be below the local horizontal plane.

6.2.4 Steering Mode Decision Ingic

The remainder of the logic in Figure 3.6 is now considercd. At the upper left hand

side of the page the follow-up flag 83 1s checked. Consider the situation where 83 =: 0.
A check is then made on the "Auto" discrefe A). If 9, =0 (attitude hold) the fleg

620 is set equal to 1 and the sttitude hold equations are then computed. 620 is used
on Figure 3.7 to control the loglc flow. The result of 620 being set equal to 1
maintains_the Engine ON/OFF discrete in the stotus determined by 91 or Q2' That is,

if either Rl or 82 equals 1 the engine discrete 1s set O, if not then the engine

discrete is set OVF. .

Back on Figure 3.6 if the B), fleg equals 1 (xather then O &s just discussed) then
the "abort stage" discrete ﬁs is chiecked. Consider first the case where no abort stage
is commanded (85 = 0), Jmmediactely following this the lunar surface flag 621 is
checked. If on the lunar surface (521 = 1) zero ettitude errors are sent to the auto-
pilot and the logic flov procoods to point (?é) on Figure 3.7 where again the engilne

discrete is determined by the status of f. and 8 If not on the lunar surface

1. 2’
= 2 o iscerete (8 L& ack=d., B o - i § R A5 s 21
(52l 0) the abhort discrete (,6) is cheel If B = O then egain b, I8 s2t to 1
and the logic flow proceeds to attituda hold. If the aborli discrete is 1 then elther
attitude hold, guidance stecering or ecquisition steering is done depending upon the

- setting of SOO'
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The only other alternatlive repaining Is 1f na abort stage comwand, L.e.,

B, = L. 1his appears In the center of Figure 3.6. 1Lf the TM ic on the lunar sUr -
face, SOU is set to 1 and the logic low s Lé the etiltude hold equations. This
came logic flow repents every MO msee until the "staging recognition and remove
Llunar surface sigﬁnl" logic on Lthe left-hand side of Figure 3.6 is exercised as
discusced above. That is, vhen the sscent engine comes on (B = 1), & - is set
to zero so that following the B5 = L chock a2t the center of Lﬂu page, the check on
521 now sends the logic flow downward toward the RE checke Oince 32 vas set to 1,
the logiec flow proceeds to the “6 counter chock. ”6 is incremented by 1 every LO
msec, The vehicle stayvs in attitude hold until U exceeds BK32 at which time the
logic flow proceeds to the guldance steering equations. IFf the sbort stage had been
set in Flight with the sscent engine off (Bd = 0), then the us logic would be by-
mssed (until 52 = 1) and the nominul guidance steering continued. The purpose of
the Ug logic is to allow the vehicle to autonstically be In attitude hold as the
vehicle lifts off the Jlunar surfrce snd during staging. After a prescribzd amount
of time (controLlud by hK}d), the vehicle will orient to the attitude defined by
the guidance steering cquations. i

Consider now agaln the check on 53. In this 1nsthncé, let the AGS be in follow-
up (B =1). If ﬂ = 0 (altitude hold), then the attitude errors are zerced and the
logic flow procendr to @ on Figure 3.7. If ﬂl:. =1 (auto), then 8 is set to 1
and the attitude errors src computed for display parposcs Thesc error signals are
inhibited by the autopilot so that the vehicle will not-act on them but they nay be
used for display purposes.

6.2.5 Enginc ON/OFF Iogic
As already indicated, there are four exits from Figure 3.6. fThese have all been

discucssed above with the exception of the exit to (gg} when 5. e is zero. (§E> appears

on Figure 3.7. If A, is zero and the mode of the computer (000) is not in "guidance
steering", then the engine is commanded OFF. If, hovever, EDO = 1 (guldance steering)

8 series of checks are made to determine the proper status of the engine discretes.
First, the ullage counter is checked. If this counler bis nol accumulated to the
value 1K9, the engine discrete is set OFF. If ug @ 1K9, then & check is made on the
velocity-to-be-gained in the X body dircction. Jf this (8s computed every 40 msec)

is greater than the velue K25 (engine shutdown 1m.nlqc), the engine digscrete is set

ON. If less than L4F25, e cheeck on totsl velocity-to-be-geincd is mede egainst Lx26.
The total velocily-to-be-gainzd is here denoled by L?G. This 15 an duniny varlable set
equal to VG neexr the end of cach 2 sceond congubirg inerciapv. I éVG = LKz,

the engine discrete is eet OH. I

e

less thon hxe6, the sttitude
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hold mede is entered, Sll is set to zero, the ullage counler iIs reset to zero and
the engine discrele is set to OFF. The alttitvde hold mude of operatlon ls entered
prior to engine OI'J because the residunl Uﬁ_vcctor could peint in sny dircetion and
1f is not desirable for the vchicle X bedy sxils to Lry to peint in this erbltrary
direction.

The!value of LKXP6 has been tentntively set % 1G0. The reason for the check of
Eﬁ}againét LK26 is to geard against the situation (thot way oceur in sn abort) when
the vehicle attitude is poorly orviented and the velocity-te-be-ghined is large. In
this 0&5? hvgx (the quantity that is uscd to ectually shut off the engine) could be
pegative yet the desired comdition is for the engine to be OH. The check of AV
against LK26 insurés that the desired condiEions oroe cbimined.

The remainder of Mgure 3.7 kas to do with oulpulting DEDA wvords and gencrating
quantities El, E3, ElB. Tnese three terms sre usec fov the orthonormal corrections
to the direction cosine watrix as derived in Section T.3.1 of this report. fhe
femaindcr]of the L0 msec computations are done on Figure 3.9 where sin ~, cos m,

sin vy, cos y are computed for the IFDAT and sent to the D/ﬂ converter.,
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6.3 Two Second Computations
The: equations utilized In the 2 second computetlon interval are selected by
the logic on Figure 3.2( called the "Executive Brench". The sclection of cquations

which has the following scttings.

depends pr%marily upon switch Slh
0 Initializetion Conmplete
Initielize T snd CSHM via Downlink
/ S = , . :
;} 2 Initisalize IM via DEDA

3 Inttislize CSM via DEDA

If the switch setting for Slh is c¢ither O or 3 the eqhations utilized in the 2
second computations are those beginning on Figure 3.12. This Is the usval mode of
0peration. If however, Slh is 1 or 2 then only the eguations that appear on Figures
3.10 and 3.11 are solved In the 2 sccond cycle. In obther words no guidance com-
putations are done in the 2 second computation intervul when Slh is either 1 or 2.

Prior to discussing the initialization equations it is eppropriate to explain
the navigation techniques for the CSi and IM,

6.3.1 CSM Navigation
The CSM position and velocity at any time isc determined by utilization of a

subroutine called the "Ellipse Predictor". This subroutine (explained in math-
ematical detail in Section T.L4.2 of this report) has the capability of accepting
positiondénd velocity of a vehicle at any time, say tE’ and determining the position
and velocity of the vehicle at any other time, say tE % Ti’ Here Ti can be either
a positive or negative number. The prediction of position and velocity is based
upon the assumption that the acceleration due to gravity is of the form k/r2 where
k is a constant and r is the distance from the center of the attracting body. This
form of the gravity model will hereafter be called "spherical”. For the CSM,

ephemeris information in the form of Yoo V., and ?E is stored in the computer. Here

Ty is the CSM position vector at the epoch time tE end KF is the C8M velocity vector
at the epoch time t Thus, if it is desired to know the position and velocity

E.
of the CSM at say the present time t then the CSM pesition rp, and velocity V., are
]

=)
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hy

input to the "ellipse predictor" subroutine along with the tinz intervael

tb =t - tE' The oubpub of the ellipge predictor is then called z, and V_, the

position and veloclity of the CHl at ﬁin: t. HNole thol ihe ¢poch polnt ig not up-
T YE and LL
arc, maintainad. The only time the epoch polnt for the C8H 15 changed is when new

dated to the present tim= but rathor that the orlplnal vaelues of »

epheneris data is obtelned via doynlink or DEDA or vwhen the epoch point is greater
than 1 orbit o0ld. 1In that ceasce the epoch positlon end velocity is updated (booi-
strapped, Figure 3.13) one full orbital period. Thils is done so that the quantity
timz does not exceed the computer scaling.
6.3.2 I Navigution

The "ellipse predictor" subroutine as discussed above dozs not take into
account any acceleration of the vehicle othzr than that due to "spherical" gravity.
Thus the technique used for CSM navigaetion 1s not valid for IM navigation since
the 1M vehicle goes through verious thrusting pheses. IM navigation is done by
integrating the equations of motlon of the vehicle in a central force field. 1In
this way external sccelerations (athcr than gravity) can be entered when appropriate.
The only time the ellipse predictor subroutine is used for IM navigation is when
new IM ephemeris dats 1s obtaincd and this data must be uplated to the present
time. Of course for the updating to be valid no IM thrust acceleration can occur
between the time of the ephemoris polnt and thre present time.

6.3.3 Navigation Tnitielization

Reference is made to Figure 3.10. If SlJlr is 1 then & CSM and LM ephemeris
update is to be perfommad uvtilizing information obtained from the IGC downlink
via DSKY command. This information is converted to the corréct format and stored
in the DEDA cells. The quantity tb (to be discussed below) is sct to zero. If
Sll = 2 then the IM ephemeris is to be updated via DEDA inpuis in the form of
constants 131 thru 1J7. HNo new CSM datas is obtained at this time.

Slh is automatically set to zero so that in the next 2 second computing in-
crerent the normal guidance cguaticns vwill be utilized. Also the present time,

t, is increuwsuled by 2 seconds. The following quantities are obtained for the IM
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orbit from the "orbit pw1¢nhuL35 subroubing' tha

o

apponrs on Figure 3.15. Tnis )
subroutine competes orbital eleiants from equations deseribed in Appendix A of this
document. | | |

r - distance of I from the center of moon

ga - gend major axis of IM orbitl

T - IM mean orbital rate

1C - preduct of IM eccentricity and cosine of ccéentric onomaly

S - product of LM ecccentricity end sine of cccentric anomaly
Definition of these terus is contained in Appendix A

Figure 3.11 indicates how the 1M epheméris dotu 1s updated to the present time.

First the quantity Ti is ecaleculated vhich is the tirxe ilncrewent from when the
deta was valid to the present time. IFf the vebicle is on the lunar surface (621 = 1)
then. the position vector is updated simply &s

e v VLT
~ =0 =01

Yo=Y

If, however, 6 is O then the present position and velocity of the IM is obtained

21
via the ellipse predictor as indicated previously. Tolloving these updating cal-
culations several quantities are calculaled for use in the next 2 sec computing
increment. '

Thls completes the initinlizelion routine and no additionnl computations are
done in the present 2 sec computing increment.

6.3.h Navigation Equations Description

A

Ir Slh is nelther 1 noxr 2 then the Lwo sccond computations begin on Figure 3.12.

The purpose of the equations on this page ¢ to oblain the IM position and vcloc1Ly

based upon the scnsed acceleronster AV'is and sttitude, eccuimlated &urmg the 20
3
2 <

msec computation cycles.

If the IM is on the Junar surfac (0 = 1) the accunuleted velocities (Ed)

and the gravity integral ATG ere set anrl Lo zero and the "navigation update"

equations entered. If not on the lunzr surfece, thrust acceleration is
obtained by differencing esccumlated velocity along the X body exis this cycle
with that 2 seconds sgo and dividing by 2. As explained DbO?C'de is '
the accumlated thrust velocity elong the X body exis velid gt the
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present tims and VDK ig thot volid 2 scconds in the past. The thrust acceleration;
B is checked eagainst constant 4X35 (.2 pr' ¢« Ir e, = hX35, the u:?nwo counter (us)
is increased by l. I &, < I¥35 the vllage counter (U ) is =et to zero. ﬁvé is the
sum of the absolute valuts of the compooenls of sensed wciocity luring the 2 sec
compututioﬁ interval and is checked avaipst the constent 1X35. IF avg < 1K35 it

is as quw*d that no thrusting ng oceurred end the accuwnmlated sensed velocities

(acoeleereter biases) are set to zero. Morecover F& is s;t ecueal to V
The first equation in the group of cquations norked "Mavigation Upldue on

Figure 3.12 pertains only to the "extemmal AV" guidsnce mode of operation end will
be discussed completely below. Sulfice it bere to nole that ﬁzv is the accunulated
thrust velocity in inertial coordinates ond the equation updates the value every 2
secondét En is set equal to Ed for vse in the calculntion of & in the next 2 sec
comput ing increment. Next the IM velocity vector 1s vpdefed to the present time by
the relation

Vo= Vo4 AIG + OV

e U
where again EES is the aceurmlated senscd velocity in incrtial coordinates over the
last two seconds and the term BTG tekes into eccount the effect of gravity on
velocity. ézg 1s equal to 2 (since 2 sec 1s the compubing increment) tiwes the
average value of acceleration due to gravity in the previous computing cycle which

is assumed to be the value of acceleration one second ago. Piectorially

Assume to be pverarze valus

Lol
Gn
G ~ e
n-1 e i
..-—-"t_"“.-._——‘—'—._’-_._-‘_——__ = ‘
Acceleration 3
due 1o
gravity G
e Mease -"“,h”mv.,ﬁdﬂ,“mw”n:wnm_”,m"hm.,m.""“"“hu_ﬂﬂ__h-,,:“;m,
_ ; o _“_/ noys
1 6t
\__._.._______\,..______._.__.__JL___ e g sl A
2 pee 2 soc
yicusy 2.6 .
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1
2
multipiied by 2 sec to obltein velocity the expreesion

ﬂ'\- T ’; - I
L ““n T Zn-d

Thug the sverage valve of G is conputed to he [G + G - Gn J)]‘ When tﬁis is
= oy =i -h-l

is obtained. The vector velue of G is obtained by the ecupression

uwr
+ SRR, |
€73 !
x

where U, is the radial unit vector — of the IM.
=] T
The value of the L position vector is updsted by teking the old position vector
and adding to it 2 times the average value of the velocity vector during the previous
two seconds. Thus
V¥ =¥

-1 -~ -1
£"l+2[- 2 ------- Jw.{ﬁ.}fn_*hgn_l

Following these computations I is ealculasted for later guidance purposes and ﬁ is
calculated for display purposes. In addition time is increms=nted by 2 seconds.
The logic flow then proceeds to Figure 3.13 where the CSM orbit parameters sre
comnputed from the ephemeris data.
6.3.5 CSM Orbit Ferareters
Recall that if Slh = 3 a new CS5SH epheweris point is to be input via the DEDA.
At the top of Figure 3.13 a check on Slh is made apgainst- 3. If it is 3 the new-

informafion 1s entered and the quantitics t_ and Slh ere zeroced. The same orbit

parameters as determined for the IM on Figu?c 3.10 are not obtained for the CSM
from the "Orbit Paramcter Subroutine” on Flgur& 3.15. Next the CSM epoch bootstrap
is accomplished if required. As indicated previously if the time since the CSM
epoch, i.e. .

t,o=t -ty | | _ .

is greater than 1 C8M orbital period then the epoch time is inereased by 1 orbit.

This is accomplished at the bottom of Figure 3.13 where 1 iz the CSM orbital

C51
period. -
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The Jogle flow then procceds Lo FMigure 3.14 wbore the caleulatious sre done
to call the "ellipse prediction subroutine'" and obtein the CSM position and vel-
ocity (Ec and yc) velue &b the present time. Yhese guantities are then wsoa for
the radar filter, Figure 3.106. .

6.3.6 Rader Filter

Prior to discussing tbe equation [{lowv 16310 of the radar filter a general
descriptign of the radar operation procedure is discussed. First, it must be
understood that the radar and the AEA are separate equipment uvnits and in no way
can raﬂar!information be accepted sutomatically by the AFA. Angle informétion is
obtained in the computer by "saving™ tlhe 7 body axis direction cosines (a3l, a32,
333) at the time that the radar glmbel angles are zero. This time is indicated to
the computer when 815 is et to 1. At this same time the astronaut must read the
range tape meter and witnin 30 seconds enter radar renge via the DEDA. This is
entered aslmanual constant JlB. Feplicitly then the procedure is as follows:

(1) The astronaut sets SOO # 2, This commands the 2 Lody axis of the IM

?0 be pointed in the estimated direction of the‘CSH‘

(2) The astronaut sets the mode control switch to "attitude hold" ({3h = 0)
and by means of the "hand control" the astronzut orients the LM until
the radar gimbal sngle on his sttitude display are zeroad. At this time
the Z body axis is pointing toward the CSM. When the "hand control" is
taken out of its detent and Gh = 0, the AGS computer avtomatically enters
the "follow-up" mode (53 = Tks ’

(3) When the gimbal angles have been zeroed the astronaut enters via the DEDA.
the appropriate code that sets 815 2 L _ :

(4) “Radar Range" is read from the tape meters and entered as J18 via the DEDA.

This entry should be made wlithin 30 seconds after taking the radar point.
The radar filter (Figure 3.16) is a simplified Khlmqnlfiltor. Derivation of the
equations are contained in Section 7.3.2 of this report. Brieflys the filter operates
by assuming that knowledge of the CSM vosition and velocity is perfect. LM position
and velocity is then updated based upon the navigation estimate of LM present position

and velocity, the radar measurement, and the relative "eredibility" of these two

quantities. This "ecredibility" is expressed in the equations by the teruws Pll’ Pl?’
2 s
P22 and o . Definition of these terms are:
Pll - navigation position error varisance
P]P - navigation position; velocity error covariance
P22 - navigaticon velocity crror variance .
2 . L 2 - ) P - - ,_2 S
o - sum of the navigation yposition and radar~ measuremant error

variances



05952-6076-1000
Poge 35

To see how the eguation logic works refcrence is pade to Figure 3.16. In the
first block of computations the relative range vector R betveen the CSM and IM is

computed along with its r=gnitude. The desired 2 body axis direction (EbD) is also

computed. -In addition relative rance rate, R, is computed for usc in the range rate
filter (described below) end for display purposes. Bypass the check on R** for the
. b ic normally zero except when radar data
127 Y1z A BERR BREEE
is being taken. That is, when 5. is set to 1 (direction cosines are to be stored)
Iy :

| ir
612 is elso set to 1. This is done in the DEDA rovtine and is jcated at the

bottom of Figure 4.6. VWhen & 16 is zero end no radar updating is being done, R¥*

moment gld proceed to the check on 6

r—h

(the radar range mumrnrcumnt) ie set to zero. The losic flow then proceeds to point

@ on Figure 3.17.

Assume, however, that a radar measurement is to be made. Assume also that the
astronaut has lined up the Z body axis of the IM pointing toward the CSM and he
enters the code setting 515 = 1. At this timec he notes the radar range on the tape

meter. 612 is set to 1 sutomatically and 315 = 1. Following the flow disgrams it

1s seen that a quantity 4t is computed. This quantity is the time elapsed since the
previous radar point. Assume this to be the first radar point taken. Then tl is

117 Pl2 and PE? have no nmeaning

sinece they have never beon initlalized. In this casce Ot overflows (in tle check

following the Pll’ Pi?’ PER caleulations) and the quantities Pll’ Ple and ng are
initialized. If this was not the first redar point then the caleculations of

Pl Brar P
the time of the previous rzdar point to the present tira. In this case, sssuming

zero and At is some large number. The caleunlations of P

would be valid. These calculations propigate the error covariance from

£

. 10
the time since the last radar messurement is not U1du3 large (1055 than 2 seconds),
no overflow occurs and the block el the botlon center of the figure is entered.

Here the weighting is deterinined (w. end w ) based upon rance and the magnitude of Pll

and PlQ' In addition the tins of the radar measurenznt is saved as Ll (for uge in the

calculation of At et the next time o measurement ic taken) and 815 ig set to zero. For

later purposes the relative range vector R is stored ss R¥ and W, is stored as
}:’L pO < l
' 4
wl. This completes the roadar computztions this 2 second cycle and the logic flow
_as previously proceeds to the block wheore R¥¥ is set equel to zero. Note that the
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navigation updete bascd upon the radsry measuremnzonl hos not boen performed yet. Thie

18

is done in the 2 second computer cycle that the astronant caters redar range as J

into the DEDA.

Fach succeeding two second computiug inéremont (until the navigation update is
made) the logic path followed after entering al the top of the page is that of
612 = 1 and SlS = Q. Here Hl is updnted to teke into arcount the fact that #ﬁe
navigation update is not beinz performed at the tims of taking the }ad&r reasure -
ment. If the range measurcwront has not been entered then the logic flow leaves the
radar Tilter pasge as described ebove. In the cycle that the radar measurement, R¥*¥,

is entered to the compubter, R 1g greater thoan zero and the computetlions at the

right center of the page are performed. Thie is where the navigation updating occurs.

The quentity 8r is computed which is the difference between the estimated relative
range vector at the time the redar uneasvremont was taken and the actuel radar
measurencnt. This quantity is then veed in conJunction vith the filter weights wl
and HE to urdate the present estimate of IM position and velocity. This is done

by the equations

I
fi

wlgg +

Vo= Wor+ V

in

Note that the radar meagurement taken ot some prior point in time is being used %o
update the present 1M position and velocity. Of course the accuracy of this
technioue diminishes as the time between taking fhc radar measurensnt and perfbfming
the update increases. Studies are presently being conducted on the maximum allowable
duration between these two events. Until these results are oblained a time limit of
30 seconds has been placed on this proczdure. hfter the updating has occurred the
magnitude of the error covariances are decreased since the estimate of position and
velocity has been improved. Moreover & is set to zero so thet the radar filter is

12
not entered again until anothor radar point is to be taken.

The astronaut also has the capability of cnteiing into the computer the radar
range rate obtained from & tape wmeter. This entry decs not nszed to be associated
vith the range measurement discussed above. When R¥% is entered the IM velocity
vector V is updated in the logic path followed when R £ 0. The logic Tlow then

leaves the radar filter computetions as uvsunl.
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6.3.7
After lenving

r Yilter page, the logie iloir proceeds to Pigure

3.17 whare the sctval gwidrnce equebion celevletions begine

e

Entering et the top of Figure 3,107 seversl eelicvletions ore perforuad

to obtain paraneters of the I orbit. Ep?cifﬁv'11V, T2 horlrzontel veloelity

Vh, gemi-latus recbum p and cccenbricity sguared ({ } ereg compubed, From

the quantities el tnd p, the quantliy o o cong ntud virich+is the pericyntilon

of the IM orbit. Thils quunbtity Joler hes the velue of mean lvnrr redlus, JS,
|

subtrected from it. g then is uscd for dlopley puwrposcn. IF c” is greater
than 2_6, tha caleculation of q cun creeed 1ts sealling in the computer 8O
that q is Imareﬁ.y sct to the velue 220.

Immedlately following this severzl unit vectors ore generated, 'Baeed
upon the present position of ths ILi(gi = r/]1]) end the wnit vector, Yo,

perallel to the apngular momentum vector of the CSM, the horizoatsl vector

_‘{1 parellci to the CEM orbit plene 1s generatcd. From El and _}_{l then the thicd

unit vector Wl for tha IM ig ealevlated. The CSI erd CLH peneuver ave both
"in-plane” manecuvers po the quantities V} end ¥y ere seb equal to zero. These

quantities are calcuwletzd vhere needed in the other moneuvers., A dumny variable
£, 1s set equal to (present IM sltitude rate) cnd the flog & by 18 set to
zero. This flaz controls the leogic flow later in uhﬂ countions and is to be
zero in 211 guidance modes except "orbit insertion” vhere it ie set to the
valve 1. An angle, £, is compubced for displaoy purposes which ig the angle
between the Z body exdls end the M local horizontel pleone. '

Followlng these compubations, o serles of checks ere made on SlO to

determine the guldonce node of operation. The various wodes of 510 are s
follows:
r 0 ortit insertion ‘ *
1 CSst ’
e bl i1
S10 X 2 Cpl
3,k direct tremsfer (UPL, MIC)
= s b e PaY
. e 2 exnternsl '

The first check on SlO 1s poainst the value 5. If 810 is 5, the external

AV mode of operation 1s entered.
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When SlO is 5, the "externzl A" node ig cotercd end the first cheek
In this path is egeinst the cundity 8..,. Tha

must be 0. %o Insure thal iz iz so, S.. is seh to zere vhen gny other

8

o7 ;

guidoence rode 1s selected. Wnlez is the equabion Just to thz left of the

choeek of S ezalnst the volvs 5. fLsswdng 8§ o 15 zcyo, tho next check mode

is on the ul]rge counter. Uhe viloge counier wust cloo Love cp initiel valus

of 0 for the "externnl AVY mode of operation to work properly. This moans that

Lo .

the vehicle must not be thrusting In the positive X bedy axis direction the

cycle the externzl &V wode is enbored. The pext oio“‘ of cguations esteblish

the external AV msneuver to be performzd, Thie block s bypacsed once thrusting
I T g

has started, Prior to discussing this Initislizaticn; the two typzs of "exterasl

AV" penevvers poesgible cre discuvonch.

(1) BCS Thrusting with Venie

Aa‘v”~ for som:s reggon it 1s 1:5i'ﬂq to perforn & vonesuver with the

veh¢c1c attitude fixed fn inerticl space. Thils can be sccomplished

]

by setting the svitch S O to zero, 8. . to § end

o 10
pricte menenver constents (discussed below). This rancuver is to be

inputting the gppro-

performad with the RKCS engines since the E/OF? conzznd will be genera-
ted vhen the node szlochor (SOO) is not equsl to 1 (sce Section 6.2.5).
LS

. The manewver will be p&rformcd sepoarelely elong cach sxdie, IT thrusting

is done first elong the positive X ecxig, no further ection need be
taken by the estroazut to get the "external AV" mode operating
corvrectly. This 1is so hecbuce vhen thrusting elonz the positive X
axis occurs the vllege COuLtur Increments iteclf and the externsl AV

inttinlization equations ere bypassed os desired (S.., is set to 1).

o7

If, however, thrusting is performed glong one of the other exes or

aglong the negative X body exie; then no( nust be set to 1 Just prior

to the initistion of the m newver by the estronzut, In this situation

then the "external AV" initlelizetion equations erec egein bypassed as

desired whon the nmeveuver has begun.
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(2) ‘fhrusting with the Fositive X Body Axie in the Dircction of the

Desired Velocity-to-be-Gained

In this mode S 0 is set to 5 and S to Lo The vehicle will automatically

1 00
orient it“ulf to point in the correcet direction. No extra entry (on the
swlteh S ‘) is required and no constrainls are placed on vhich engines

can be uscd. .
In the "external AV" mode ‘Lhe desirecd mansuver is charecterized by the values
of the input constants 2831, 2672 and 28J3. A velue of 20871 characterizes the
velocity-to-be-gained in the IM local hovizontal direction parallel to the CEM orbit
plane with a positive value indicating a posigrade moneuver. 28J2 characterizes the
velocity-to-be-gained in the horizontal out of CSM plzne directicn with a positive
value indicating a direction opposite to the angular momentum vector. 2813
characterizes the velocity-to-be-geined in the IM local radiel direction with a
positive value indicaling thrusting toward the moou.
These components of velocity-to-be-gained arce resolved into inertial coordinates
and fixed once the mancuver starts ylelding an initial vclocity—tombengained vector

AV. égs, the accunmulated veloecity gained in inertial coordinates is set equal to

zero until the meneuver starts at which time the initialization block is bypussed
and the velocity to be gained vector is computed as

T ‘i..,Ar
Vo = &V Ug

or in words, "the velozity-to-be-gained equals the original velocity-to-be-gained
minus that already gained". The mugnitude of EG is thon oblained and 611 set to

zero. ©§ is another logic routing flsg (used in the CSI calculation) that must be

11
zero the first time the CSI caleculations are performed. The logic flow then proceeds

to on Figure 3.26. Here, until the velocity-Lo-be-gained is less than 5K26,
the desired pointing direction is compubed to be In the direction of the velocity-

to-be-gained

L By eYo

e . o

When VC becomes less than 5K25 the desired X body axis direction is not updated because

of the large attitude mwancuvers that moy cnoue from the indeterminate ecalculations

IS o A pamy i 1 along eal a o) 7 .s the
T EC/VG' The veloclty-to-be-gainzd along h vody axis (V. Gx? Gy’ ‘Gz) is then
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computed and used in the calculation of V as cxplained in Scetlon 6.2.1. Note
v

that 1if the vehicle is in "attitude hold" all the quantities (V ch) could
1

Gx’ Gy’

be non-zero. If however the vehicle is in "rendezvous steeving”™ (S... = 1) the vehicle
. = Q0
will orient itself such that V., = V, and V, =V e
Gx G Gy Gz
pleted concerning the lower portlon of Figure 3.26 is common to all guidance modes

: 0, Tne dlscussion just com-
and will not be discussed In the [ollowing subsections.
6.3.7.2 0rbit Insertion
RBeturning the Flgure 3.17 follow the logic flow dovn the left hand side of the
page. Assume that S % 1 and note that & is set to zero. Again this is so

10 11

because the first time the path 510 = 1 is entered 611 mist be zero. Assume also

that S . # 2 but rather that S y equals zero wvhich means the guidance equations are

10 1(
in the orbit insertion mode of operations.

This guldance mode has been designed to drive the IM vehlcle to a prescribed
altitude above the moon with specified values ol altituvde rate and horizontal velocity.
In addition, steering in this mode i3 such that the IM ig driven into the CSM orbit
plane at engine cutolf with an out of plane velocity conponent of zero. Of course, in
some abort situations 31l these coanditions cannol be achieved. Comments on these .
situations are contsined in the followlng discussion.

At the bottom of Figure 3.17 several quantities zre established. First 610 is
set to 1 to control the logic flow later. The desired final wvalue of horizontal
velocity V is set to the value of the input constant 24J. The present out of

z hT .
vlane component of poslition (y) and velocity (Vv) are computed and the desired

tinal value of radial rate (?f) is established. A detailed discussion of this
computation is considered below., Next the in-plane component of horizontal

is computed and the logic flow proceeds to (E%) on Figure 3.25. At

velocity, VnA’
this polnt the magnitude of the velocity-to-be-gained is computed from the followling
equation
: r “IPT R lefz
= & X = e =1 : =
Vﬁ L(Ehf ihA) * (rf FA) (vy) N
o 7 /\ \":, N .
,//’/// ‘& o
. ] '\ -
final inplane present final value of present value present value
horizontal inplane radial rate of radial rate  of out-of-plane

veloeity horizontzal velocity
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The quantity ¢ is compuied to determine i€ the tloust noneuver is to be posigrade

10 ' B

or retrograde. Bince § . == 0 the time to burn 7., is couputed. Derivation of this
equation is contained in S=etlon 7.h5.3 of this revort. ‘

Folloving the calevlation of TB the derired voluss of the derivative of radial

rate and th“ derivative of out of planc velocity ere computed. Jn addition; the

.:—‘-

predicted value of final radizl position end ovt of plane positicn ar ¢ computed.
Then sincé 610 equals 1L thz denired velvze of the second derivative of radisl rate
and the sécond derivative of yayw velacity ore coupubed. These calculations are
based upog the orblt inserbion guldsnce lowr vhieh is such es to mainteln ?g_and ;a
constent. Detailed discussion of this guidance lev 1s presented in Section T.4.3
of this répcrt. Following thesc computations the value of ?d is modified to ‘

account for vehicle motion ebout & spherical boly. The resulting value of ?d is

K
the desired vertical component of the thrust seceleration. The terms ~ ena

V2

~ are the gravitational and centrifugal accelacations. The Jogic flow then
| i s

proceeds to point {j;) on Figure 3.26. Note on Figure 3.25 that T4 and ygq are set

to zero when 610 equals zero. This occurs in el)l puidsnce modes except orbit ‘

insertion.

The purpose of the equatlons of Fipgure 3.26 is to generate the desired pointing
direction of the vehicle ¥ body axls and to obtain the velocity-to-be-gained along
each body axis. -

*p is defined as the sine of desired piteh angle and #y as the sine of the .
desired yaw angle. In general, these quantities are computed as the desired value
of radial acceleration divided by thrust zcceleration ond desired value of out of
plane acéeleration divided by thrust accelervabion respectively. However, when the
IM 1ifts from the lunzr surface or 1f an sborli occurs neazr touchdown it is more
desirable to thrust vertically than to follow the computed pitch pIOPllC. This is
accomplished by setting ¢p equzl to 1 and ?y = Lo 0. Then the de51{ed pointing
vector XbD is merely 91, the wnit vector in the redial direction.

The logic at the top of Figurc 3.26 is used to determine if the thrust vector
should be in the radisl direction or not. The first check is that of 1M a2ltitude
gbove the lunar landing site (r-5J) egainst the constent 210 (25,000 £t). If the
altitude is less then 21J 2 check is made of altitude rate (r) against the constant
223 (50 fps). If ris greater Lhan 22J the desired piteh profile is flown. If not
then the vebicle is comnandazd Lo thrust vertles)ly, Tihis lest eheek wetually con-
trols the time at wvhich the LM starts pilechlng over after the vertical rise from
the luner surface. For nominal micsions this occurs apnroxivately 12 sccondé into

the powvered flight. ' ' )
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Following calcvlation of tho desired pointing vecior X, the verious componente

ol
of velocity-to~be~gained are conputed s discussed in Szebiens 6.2.1 and f Fifadi
These components are meaningiuvl only noar cuboff. This thon cownletes the orbit

insertion celeulations for any 2 sccond compubing cycle.

Two ideas sbove have been glocszd over and sre cousidored here in somevbet
more detall. The first Is the celcuwlation of §f end the epccond 1o the calowlaticn.
and liniting of ¥, and ¥,. '

The value of Ef ig obtained from the cguotion

"_n, L I\ (I\ = I",)
and then limited between the values of 237 and LIXS s follows
_ !
| RS A

3 | . B
Then r, &5 & Tunction of Ffinal altitude appears as follows (for the DICP trajectory)

f
L
R e
Te (£ps) )
I ;
J23 m R S — ‘--_-.-.-_;.m.—._-.uq R ——— )
20000 LOOGO 60000
|
Injcctior

Fin:l pltitvde (ri. . 37 (£t
IIGURS 2.7

ALTTTUDE RATE V5. FIRAL ALTITUDE

The reascon for this type of function is es follows: When the predicted final value
of altitude is ncar the desired burnout altitude the altitude rate should be the

desired valve (J23). Howvever sowe abort situation nsoy erise where it is impossible
for the desired final altitude to be achieved. For example the low fast abort that

was discussed in Sectlion 7.l of Reference 3.
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In this type case, the object is to be on s rising (r > 0) .t.r.‘ajt-:ctor,‘,r at
the time of engine cutofl so thal at & ]_:;T;C:'I'Lim‘_-_- appropriate mndlfications can
be made to the orbit to ensure sale perleyuthion. Preseribing Qf as above
ylelds thiléls- condition. |

The éalculation of T

d

and Y are contained on Flgure 3.26. The equation
| H
contains the term J]C vhich is the desired [inel altitude at the time of

for Ty ,
orbit insertion. Darivation of this cquation is contained in Section T.4.3 of
this repo;t. The valuc of ?& is constrained to lie between the values of Kis
and zero. These valucs are chosen so s to limit the maneuvers of the vehicle.,
When ?ﬁ lies cutgide either of the 1imits, the eflect is that the equations give
up trying to drive the final altitude of the IM to the desired altitude but just
make a limited correction. The orbit insertion maneuver will continue, however,
until the desired velocity is obtained.

The equatlon for §a is similar to that of ¥ In this instence, the predicted

final value of out-ol-plane position error is usi& in the calculation. This
quantity is desired to be driven to zero. Again, §ﬁ is limited to the value

+ KEG' If the computed value of fa'is outside the limits, the equations give

up trying to drive the LM into the CSM orbit plane at englne cutoff but just
make a limit correction. The philosophy used in the simulations made to this
date has.been to steer out epproximalely 1/20 out-of-plane error if the sbort
occurs at liftoff. If the short occurs later during orbit insertion, only a
smaller out-of-planc position error is removed. Since the CSI and CDI maneuvers
are done parallel to the CSM orbit plene, any additional ouﬁnof—plane error is
removed at the TPI maneuver. For quantlitative purposes, tvo simulatlon runs were
made with the LM 2° out of the CSM orbit plane st liftoff (sec Reference 3), .
Section 7.2. In the first run constant KEG was set t? steer out 1/20 of this
error during orbit insertion and the remsinder during the direct transfer phase
(TPI maneuver). Total AV expended to effect rendezvous in this situation was
6368 fps. 7Tn the second sinulation run, the constant K?G vas set so that all 2°
vere elimin-ted during'orbit incertion. In this 5ituation, the total velocity
required to rendezvous wvas 6576 Tps. These résults indicate the desirasbllity

of the selected orbit insertion phllosophy.
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6.3.7.3 CS1 Roubine
Thne guldance routine under discugsion in this scetion is the CSL routine which

{s initiated on Figure 3.17. Shortly after the orbii inscriion maneuver is completed,

the astronaut switches 510 from zero Lo 1 end escertaine that the following targeting
constants have been entered:
tigA absoliute time at which the CS1 mancuver is to be performed
1 < -3 i o A 4 e . >
dJ absolule time at which the TPI nancuver is to be performed
J2 desired line-of-sipht angle betusen the LM eand CSM at time Jl.

‘..ll; r' I’
The purpose of the CSI calculation 1g to determine the magnitude of the horizontal

bura to be performed parallel to the CSM orbit plane st CST time (tigﬁ) such that
following the coelliptic msneuver (CDH maneuver) the desired line-of-sight angle (JE)
between LM and CSM willl be achieved at time Jl. By definition, coelliptic means that:
(1) the product of semiquJor exis and eccentricity of the LM trajectory equals the
same product of the. SM orbit, and (2) the line of gpsides of the two orbits are
aligned. For calculiation of these guantities, the semiwmajor axis of the LM orbit

is obtained as the semi-major axis of the CSM trajectory minuvs &r, where &r is the
distance between the two orbits on the redinl line passing through the IM at the time
of the CDH maneuver.

The ‘solution of this problem ig solved by an iteration technigque. In each two-
second EOmputing increment, three trial vaiucs of horizonlal velocity magnitude
increments, VH,
The magnitude of the successive velocity increments differ by the quantity é%.

are selected and an apjroprizte error function evaluated for each.

The value of the error function assocleted with each trial value of horizontal
velacity increment 1s examlned and the solution corresponding Lo the sdnlmum value

of error retained. : , N

The horizontal velocity mzguiiwde corresponding to the winlnum value of error is

used as the second of the three trisl values in the next 2-second counputing lnerement.

To ecause the iteration to converge to the correcet velues, the-following rule is used
to modify ﬂ%. If elther the first or third trial value of horizontal velocity

inerement ylelded the minimum cost, Incressc the yvalue of ﬁE (up to a limit) by a

factor 1.5. If the middle (second) trial value of horizental velocity increment

yielded the minimum cost, decroanse the veluz of ﬁr by & fsctor of 0.k, Thus,

it 65 Tolloswrs.

several sequences of the iteration woay o

P
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The maximum timz obscrved to date for the 1terction roubine to converge to

vithin 1/@ fps has becn 35 geconds, Thls sitvation was obloined under ecdverse

conditions. Usually it takes chboub 24 seconds to obtain tlie desired solution.

In order to simplify the discussion of the equation flowr logle, derivation
of many of the equationc hove been placed in Part LI of this report. The dis-
cussion begins with mission time sometime after oibit Insertion end prior to CSI.

!

The first time the logic follows the path S, . = 1, the quantity & equials Zero.
I _ :

10 11

This is sh@wn on Figure 3.17. 7his Initializes the quantity % end Vho' 511 is

then set to 1 and this block is no longer entered. Tho flov logic now proceeds to

on Figure 3.18 where the quantity Ti is compubed. This quantity is the time
reﬁéining until the time of the CST monmeuver whiclh is vsed in the ellipse predictor
routine to obtein the predicted position and veloecity of the IM at the time of the

CSI mancuver. This predicted posltion and veloecity is denoted by r. and V_ res-

> p)

pectively. TI is then set to T, Tor later use and the horizontal vnit vector

i

parallel to the CSM orbit plane, xlA’

at C3I time v11) be in this dircction.

is computed. “The velocity increment added

The next group of eguations set up the iteration routinc for the present
tvo-second éomputing increment. This block is entered only once per two-second
computing increment. The various quantities are:

1 - The variable used to index the three trial values of horizontal

velocity increment. This paramcter assumes the values -1, 0, +1.

The horizontal velocity increment assoclated vwith the index i = 0 is
greater than thot sssociated with the index 1 = -1 and less than that
associated with the index 1 = +J. This indexing then makes It easy
to control 06 in the next computing increment because if the index
associated with the minimum error this cycle (denoted by io) equals
zero then the quantity 05 should be decreased becsuse the middle
vaelue was chosen s best. I not, Lhen‘ég should be increased.

Cov This guantity is the minimum velue of error each two-second computing
increment, which is originally sel to the maximum value 23. Even
though the best solution of the three trizls per two-second couputing

= increment is saved for use in the next two-sccond computing increment
the value of errvor associated with this solution 1s notlsaved. Thus,

the three values of error are conpared sgainst esach other and nob with

%

eny from previouvs coraulbling evelos.
s i SRS
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VH - This quantity is the trial veloeity increment snd ig first computed as

bow | ' an - 1;_\
VH ‘ho Vh 6.

whe r(lel
tho is the previously determined (from precceding computer cvcles) best
}value of horizontal velocity increment obtained plus the LM horizontal
ivelocity in thal computing increment. The formulation has been done

(1n this way to make the solution valid after the maneuver hegins;
vy, 1s the present value of horizontal velocity

'156 is the difference belween trisl horizontal velocity-negnitudc—:s.
To understend what is taking place assume that the CSI calculations arve
‘being done for the first time. Then Vho = Vh from tﬁe initialization on
Figurce 3.17 and Ng = 2K5. The quantity Vp =V, -8 =V -V, -4 = -2,
Thus the first horizontal velocity increment used is -2KY%. As will be seen
below the second trial horizontal ve.oclty increment is obtained from the

first by the equation

] J .:. -
VH \E éb

or in tnis case

Vg = -2K5 + 2K5 = 0

Similarly, the thivd trisl value of V, is obtalined by adding ég o Vi

H H

Thusg, the first 2 second computing increment in which the CSI calculations
are done, the trial velocity increments are -2K5, 0, +2KS indexed by
1i=-1, 0, +1 respectively. The best of the three values OE VH is selected
and denoted by Vb end the qumntity Vﬁo used in the next 2.secon§ computing

Increment is obtained as

vho - vh * Vo

Also &, ig modified es deseribicd sbove. Thuis vhen the caleuiation for V
6 _H

is done in the next 2 second computing incremeni it assumes the value

= V - - D o= - - - \ '
U e " Mm% T Y, a1 T Y% T iy éﬁn

vhere n end n-1 heve been vsed Lo denote prooent values end velues valid
2 secconds previously. Asswie Tor the moment that V = Y
S I Y 16 : I [ h, -1 h, n
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F

-~ then

(o - A,
VH Vo 8}

i's the horizontal velocity increment used as the first triasl value.
/

As above, lhe sccond tricl va'uve is given by V. o= VH + éﬁ = Vb and

51
' hird b; = 4+ D o= LAY engnbering that ag
jLhe third by VH VH e VO 5 Renenbering that VO vas t?e

| .
Ibest horizontal veloecity increment from the previous two-second

It

comput ing incremsnt, it iz seen that in the present computing incre-
ment the searci is mgde sround the previous,best value. The process

continues in this way until the best value of VH has been determined.
This is characterized by #; shrinking to a presct value. It is not
apparent. in the sbove discussion why the valuecs of Vh have been used.‘
The reason 1s that once the maneuver starts we desire the iteration
routine to follow th: effects of the maneuver (malntain the correct

answer). This 1s done by effectively decreasing the value of VH by

the horizontal v=zlocity gained or approximately by Vn Ael Vh.
L] - ¥ -
r5 - predicted value of IM sltitude rate at CSI tinme.
FA - predicted value of LM altitude rate at CDH time. Thils quantity is

set to zeru because the CDH manecuver is programmsd to occur at either

W

Zapocynthion or pericynthion. The CSL calculations assume the CDH
maneuver is made Impulsively. During the CDH maneuver itself, however,
tne assumption of zero ?A-is not mede because the actual burn is of

finite duration and also may nol occur precisely at the line of .

apsides.

The next group of equations beginning with the calevlation of V. _ to the
22

calculation of Th are done to deteranine the time from the CSI maneuver to the

CDH maneuver for the trial value of horizontal vé]ocitv ineremnent under con-
sideration. This desived time is TA' The equation Tor X55 is the first egquation
to be solved three times per computing incremeut. That is, later In the flow logic,
directions will be glven to return to (f%) on this page. The time of the CDH
.maneuver is designated as either tne Firét or second crossing of the line of
epsides after the PSI maneuver znd is controlled by svitceh 916. Ir SLC = O, the
maneuver is to be performed at the first crossing and i1 ¢ = 1, the mancuver is

to be pe-Tomued at the gsecond crossing of wlhie line of
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The following possibilitics then cxist

= = 5 R I 0 b T i, .m0 T . R A 44 R b B i s S b e

5 i )
" ; h (D Maneuvere Oceur at
}5 | 916 % CH Meneuvere Ocecur at
o T N S B R &
: * R S
<0 0 ; pericynthion
:  <0 1 i espcyhthion
i .
=0 Q { apocynthion
;
= 1 i perlcynthion

When ;5 is close to zero elther one of {wo possibilities exlst
(1) Tne LM is on a near circular orbit in which case quantities such as
first and seccond crossing begin to lose their meaning
(2) The LM is either near apogee or perigee in which cagse the CDH maneuver
is to occur either at 180° avay or 360° away.

In either of the situations the switech Sl should be sct to 1 and Sl6 set to O for

CDH to occur at 1807 or Sl? set to 1 and él6 set to 1 for CDH to occur at 360°.
For (1) above it is obvious why this is necessary. The reason why it is necessary
in (2) i¢ now presented., Assume the CSI — beging just prior to say peri-
'cynthioﬁ and it is desired to perform the maneuver at zpocynthion and thus on the
2nd crossing of the line of apsides., Normally then SlT vould be set to O and 516
set to 1. If the duration of the maneuver 1s gufficlently long Tor the IM to pass
through pericynthion then this configuration of swileh settings would cause a dié-
continuity in the soluticn because now the sccond crossing ocecurs at pericynthion.
For this reamson 1t is suggested that if |}5i is swall then SlT should be switched
to 1. .

At the bottom of Figure 3.18 the time TA is vsed to predict the velue of IM
position and velocity g YS at, the time of the CI m=neuver. The logle flow
then proceeds to \EE/ on Figure 3.19. The calculations on this page are used to

obtain several quantities required in the crror function and to compute the various
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components of velocity reguirved to peviorm tue CIV moncuver. The first computations
on Figure 3.19 compute the CSM positicn and velocity ¢t the time of the CDH maneuver.

The desired quantlty from this Inforwation ig CS8L eltitvie rete, denoted by-fc and

£ gl A i S Rk
0. 18 g8t Lo zoro inuy

B’ i
flow. f‘c Iz then eslculated =nd stored in r

ly to control the following logic

[l

eventually saved as r
: B GT is then set to 1. The purpose
of the calculations on thes lover right of Figuare 3.19 is to obtain the value of

Ar which is defined as the distance difference bebveen the CSHM and IM orbits as
measured on the radial line passing thru the IM at the tlme of the CDH maneuver.
Thus to obtain this, the distance of the CEM nust be determined at the position

in the orbit specified. Since the LM can bz out of the CSM orbit plane the pro-
cedure used is to project the LM at CDI tiwme onto the C8Y oruit plane and the
compute the central angle between this projection cnd the CSM., This angle is
denoted by gf and division of ef by the mezan COM orbital rate yields the app-
roxinate tine Tg that E? and EY (¢Sl position end velocity et CDH) must be
propagated to be on the desired radial line. This propzgation 1s done in the
ellipse predictor and the output is again'd:notcd by Eq’ E?' From this then the
distance of the CSM from the center of the moon can be determined along with radial
rate. This is done at the top right bhand side of thc‘pagc. Then since §. has

T

been set to 1 the logic flow is to the left end the calculations performed to

obtain the followving quantities. =
O definition abave 5
o, semi major axis ol desired IM orbit equals seml major axis of | -
C3M orbit minus O
th LM horizontal velocity at time of CDH maneuver i
nL mean orbital rvate of desired IM trajeciory
" ﬁf desired altitude rate of LM at CDIl time - . '
Vf desired value of M velocity at CDH tiwne .
Ve desired horizonlal velocity at CDH time

After these calculations logle flow proceecds to (@?} on Figure 3.25 where the

velocity~to-be~gained during the CDH manevver is calewlated as VG. Then since 510
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equals 1 the logic flow returns to ?; on Figure 3.20.

The equations on Figure 3.20 evaluate the error function, store Lhe best
solution, generate the best valuc ol Lhe tine of CDH mancuver and control the iter-
ation. At the top of Figure 3.20 {he quantity.b3 is calculated. b3 is defined
as the desired central angle bLatween IM and CSM at TRI time besed upon the desirved
line of sight angle J2 and Ar. The error function is the ebsolute value of the
dlfference between h (the desired) and the asctual central angle that would be
achievad }f this tli.l trajectory were flovm. 1t is this function that is mini-
mized. Dérivation of b3 and the error function C is contained in Fart 1T of this
report. The remainder of the iteration logic oporates as follows. Assume the
first of three trial values of horizontal vclocity megnitude (indexed by 1 = -1)
is beling considered. Thz check ol C zgainst CD will be Jess than zero because
CO was set to its maxirvm value at the hc;inning of the twd second computer cycle
(sce Figure 3.18). This solution then is stored in the block to the right of the

H

(C-Co) check and ‘lo is set to 1. Then since i equsls -1, V. is incremented by A4
as explained sbove and 1 is increased to 0. The logic flow then goes back to <§3

on Figure 3.18 and a new trial solution is obtasined. Back on Figure 3.20 if the
error value for this trial is less than the previocus value ol error then the new
solution is stored and i0 set to 0. If (C-CO) is pgreater than zero no new solution

is stored. Again i is checked and since 1 = 0, VH and 1 arc sgain incremented and

the logi& flow again returns to (E?i on Figure 3.18. BPack egain on Figure 3.20

the same procedure is followed. This time, howvever, when the check on 1 is made

the flow is to the right. The direction to point the 1M X body axls is obtalned

A

from the sign of v, and uscd as previously stated. if is set equal to *, for
later purposes and the magnitude of velocity-to-be-gained during the CSI maneuver

is obtained as the magnitude of V . The best tiue of CDH maneuver 1185 is then

computed as igﬁ\ + 'J‘ whor« 'J‘ 3‘5 the best valus of TA' Then, 1f i (the index
of the best SG]utiOn) iu LETO, h6 is decreased end limited. If hO&LV&l, iD =1

then AG is increased end limited. The floy lozie proceeds to \E§} on Figure 3.25.
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i to usoe equatlons thal hove

excepl orbit

insertion) &, . is 0 so that ¥, end 3. wre zoro. Then, since » = T
2 ) 10 77 a ™" Ya ’ f A
and Vy equals zero, both T, and Y. arc zero. In this node of operation

. a i

these are the only equations
f

then follows exactly as in the orbil

Now, ho"vver, both qp and vy equal zero
pointing dlrccblon is established to Dbe
divection determined by (the sign

|' 6.3.7.4 CDH Routine

After the

[ LA ?_
the ettlnh lO 2

3.17 is enlered and the logic low (ollows the pzlh &, o =

mede the CDH maneuver is computed ac

The equations to do this have

section.

1, a =
When S0
calculations.

Both snd T

TI A

are being done as if the maneuvver were to occur immediately.

quentity T, (time until CDH) is

and 36 are set equal to r and V respectively. The

proceecds to\ag,ou Figure 3.19 wherce the
the CSI computations. Leaving Pﬁgyr
on Figure 3.25 wvhere the veloclty to be

since SlO

is bypassed., The logic [low procceds

to determine the desired pointing dircction X

b oon this poge.

insertion mode throuvgh Figure

o' the horizonts

22T maneuver has been ewxecuted,

Then, during the 2

2lready been discussed

computed as © -

is not equal to 1, all the CSIT

immpediately

The loglice flow
"3.26.

so that the desired ¥ body axis

unit vector Vl in a

locity dncrement).

a2long, the

1l ve

* +

the astronsut inserts
second computations, Figure

10 2. In this

the burn is to be done inmediately.

in the pieccding

2, several quantities are established for succeeding

are sct Lo zero bovause the cslceulations

The

t. Morcover, Xe

igh
logic flow then

CDY mencuver is calculated as in
3.19 the logic flow proceeds to
gained s computed. Note that
iteration logic
to the

.. Now, ¥, =
=bh ™ g g B

function and

caleculations
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Py ~ By -
and ?d e T aleculated on Figure 3.25. Then the logic flov procecds
B
b
1

F F il + ; e R 1 " »
to Figure 3.206 os previously end ﬁv'ls et 2eyo egnd o —— which is approxiwately

W P E:‘ra

v duke: ¢ [P . . .
eqgual to -w—v“w~~ . The remsinder of the cqualions tre exactly the saue as
G - '

previously.

Note that prior to the mrencuver the desirved alttitude of the IM is not fixed in
inertinl sgpace but cctuelly rotetes with the 1M vehicle. This ig the same situa-
tion that occurs prior to the CBL muncuver.

6.3.7.2 Direct Trensfer (TPTY)

All possible logic paths on Figure 3.17 have been discussed with the exception
of the path geoing to f;r“ at the bottom of the poge. This path is used when ”10
is either 3 or L, the uirnct troansfer modes.

The direct transfer mode 1s used in the coelliptic rendezvous schems following
the CDH maneuver. The two p“evlouo mancuvers (CSI and CDI) vere performed such
that at the desired TPL time (J ) the proper phasing exists betwveen the IM and
CSM so that the desired line o£ sight angle is achieved. For each line of sight
angle at TPI time there 1s & corresponding best time until rendezvéus. The

values used in the simlations to date hove been:

; % 2
desired line of sight angle (J7) _ 26.6°
time of TPI to rendezvous 2880 sec

2830 scconds corresponds to 140" central angle of the CSM in en 80 nm circular
orbit. . s

Because of errors in the system (sensors, navigation, rancuver execcution, ete.)
the desired line of sight will not be achleved at exactly the tergeted TPI time but
should occur within somz relatively small time pzriod necar the nominal TPI time.
For this reason & guidance option has been included where the astronaul can deter-
mine when the desired line of sight will be achieved and pariorm the maneuver at
this time if so degired. In this mode alsn,; the sstronaut could determine total
velocity required to rendezvous at various tines and perfond the TPI maneuver based

upon this quantity.
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The tvo different guldance modes oporave os follovs: =

Slo @ 3 _ 3

The estronauvt introduces en incvement of tinz, Ta) sheed of the present
o Tiwe ot wihich he wishes to look et the rendezvous solution. The time
at which the 1PIL nancuver ls to occur is alwvays moving ehead 2 secs per 2
| second becguss the tins of inltiction of the born t equals t + T,. T
. igC A A
i is & fixed muber and ¢ incremonte tuo seconds per 2 second. When the
i solutlon is sotisfactory - bosed upon DEDRA wonitoring of the line of sight

engle or totnl velocity required -to rendzzvous - §. . cen be set equal to L.

10

" = |

; Spg ™ -
Whercas the guidance mode SlO = 3 is used for a fora of "mission planning”
the node 310 = 4 1s used in general for the maneuver itself. If the desired

= 3 and then S

e

rendezvous solution ig Found with
ditional entry of tigC
sutomaticelly. If guldouce nole SlO = 3 13 nol used then when Slo =L e

value of TPI time

q i - ol =
510 1o ie set to & no ad

neced be inscrbed in the computer since this 1s done

<ti~C) mst be inserted. Many different values could be
£y

tried if the estronaut desired to do some "misston planning” in this mode
and d1d not care to use the elternzte mode. After a value of tigC is in-

serted a solution is found in one computing increment.

Assuming the value of ¢ has been selected (end S, = 4) then the quantity

igC 10
Ta is the time to go vntil the mancuver. This quantity could be used to set

the events timer. 2 T

6.3.7.5.1 Equublons Description

Following the logic on Figure 3.21 it is obscrved that vhen SlO = 3 the Input

quantity is Tb and t, is the input quantity

L
$6C »Pip0
and Tb is computed. 'The remaoinder of the logic is the same for both modes. Tr is the

is computed whiereas when SJO =

time to rendezvous. If 'I‘ﬁ is greater tran zero (meaning the burn has not been initiated
yet) then the position r. and velocity V. of the IM at the time of the mansuver is as-
3 =

certained from the ellipse predictor. Ir Tﬁ is less than zero it is set to zero for
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use in the ellipse predictor and ;5 and EB are the TH present position and velocity.
Next, the position r_and velocily yc of the CBM are uvpdsted to the same time as

that of the IM. From these two quantities the line of sight angle, is compmuted.

n 4
LO3
In order to determine the transfer trajecltory to rendezvoug, Lhe position end velocity

of the CSM must be determined at the desircd time of rendezvous. This is done by up-

dating the C3M through & time T, from the CSH cpoch point vhere (assume 33 = 0)

! by =ty + T,
where tb is the time from the CSM epoch point to the present time. The CSM position
at rendezvous is denoted by Top and the velocity by

p iterator two other quantities are calculated, T and p. T is the time from present

ET, Jn prepuaration for use of the

to rendezvous if t > tipC or the time from the TPI mancuver to rendezvous if
¥
t < tiac' p is an initial guess of the velue of the semi latus rectum for use in
=]
the p iterator. r_ is the magnitude of the IM radius vector at either the present

£
, or that of the IM at the time TPL if ¢ < t, The logic flow
&C ig

gC’
then leads directly to Figure 3.22, the first page of calculations of the p iterator.

time, if t > ti

The p iterator equations contzined in Figures 3.22, 3.23 and 3.24 are used
to answer the following questions. What trajecltory passcs bebween two specified
points in a given time T? When at the first point on a present trajectory what
velocity must be added to achieve the desired trajectory? What veloecity is re-
quired at the secoﬁﬁ point to be on the CSM trajectory? OCf course, the first point

mentioned is either the present position if & > ti' or the position at the TPI

gl

maneuver time if t < ¢ The second polnt is the rendezvous point.

The actual detailiggf the p iterator arc contalned in Fart II of this report.
Here only the limitetions imposed by the p iterator arc consideved and the desired
outputs noted. The first restriclion due to the p iterator equations is that the
stable menber XZ plane should be within 80 degreecs of the IM orbit plane. This re-
striction comes about because of the calculation (on Figure 3.22)
son 02 = 801 (y yc)

wvhere y, and Yo &re the components elong the y inertial eaxis of Hl and Hc respectively.
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The term sgn ((y ¥ ) is an gpproxiwation teo the exact expression sgn (h_ . H }s The
constraint of * 80 imposes no problems on the plénned orbital alignwent procedures.
In the case of lunar alignment the stable wmowber 2 plane essentinlly coincides with

the IM orbit plane.

! . - - - - ~
The next restricltion imposed by the p iterator eguations is the central angle
! .

-

/ ; i z : ; ;
through which rendezvous is te ceenr. Theoretically, a p 1tezacor yields no

solution fq the problem vhen the central angle between the Tirst and second pOJntS

4 gl ; : - 2 s
dlscussca above is any multiple of v orbits. This is evidenced by several &quLthng

2
cenlral angle and is zero at these poinlts. Because of the computer word slze a

in the p iterator which conlbain divisions by the quantity ¢, which is the sine of the
region of increasing inaccuracy occurs near these singularities. For lunar missions
these regions cre * 10° and for carth miscions the constrained reglon is * 20°.

In the p iterator, eight trial trajectoriesz are considered each 2 second computing
increment. If any of these trial trajectories has an eccentricily greater than 0.5

the p iterator will not determine the solution to the problem. A check is made in w
the p iterator to deteimine if aficr the 6 trial trajeclories have been tried,

the final trajectory is sufficiently close to tle desired trajectory. This is done

by comparing the time il takes to guf from the firsl point to the second point on

the chosen trajectory with the desired time lor the transfer to occur. If these
numbers differ by more thun 2420 scconds (2 seconds) then the p iterator will

not yield z solution. A wuy‘to check the p iterator to see if a solution has been
obteined is to examine the quantity_VT which is essenlisally the sum of the magnitudes

of the 2 velocities to be gained (initial and finnl). If the velue of V eoguals 2K11

!
(8000) then the p iterator hes not obtaincd a solution: Ry .
“7 The outputs of the p iterator necded to perform the first maneuver (both for

steering and for velocity-to-be-gained) ere %f the desired radial rate after the TPI

maneuver, VG ~ the velocity-to-be-guined, Vy - the ouﬁ of transfer plane velocity
component, * - the indiecation of o posigrade or rotrogr _

ede mancuver, and fA -

the actual radial rate at the time the wancuyer is performed. Then the output of
the p iterator goes dirvectly to KLQ on Pigure 3.25 wvhere the computaticn of TB is

performed. The remainder of the eguetions are as discussed several times above.
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It 1s interesting to note that i the flight equations are in the "rendezvous
steering" mods (SOO = 1) prior to the tiue of the TPI meveuver the vehicle will

orient itself in inertial spice to the corrcet otbitude regulired at the time of the
mancuver. fThis is in contyast to the CSI end CDH muncuvers vhere the vehicle will
maintein tﬁe correct atvitude with respect to the loez) coordinate system (91’ V.,

Hl)‘

Bef#;e concluding the discussion of the guldzuce cquutioﬂs it should be noted
that it iﬁ not necessery Lo orlent the ¥ body axis of the vehicle in the desired .
direction of thrusi, i.e. sect SOO = 1, for these varlous guicdence options (orbit
insertion, CSY, CDH, TPI). This has alroedy becn pointed out for the "external AV"
mode vhere a separate section was presented on placing the vehicle in "attitude hold"
(SOO = 0) and thrusting along each axis individually. This seme procedure can be
used in all other guidance modes also if desired.® In eddition, this is a feasible
vay of eliwinating residual velocity-to-be-galned efter engine cutolf. Tt should
be noted, however, that the mancuver nust be accomplishod witﬁ the RCS engines

since the engine OFF discrete is set when 8§ 1.

4
QO !

¥ Qbviously, more propellant will be roquired if eezch AV component is reduced to

zero separately.
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PARE XX
DERTVATTON AND DISCUSSTOT
7.0 INIRODUCTION
In this part of the report deriveiions of wany of the important oquatiﬁns
are presented snd discussed. There pre thres genaral colegorics cqpsidered.,.

These categories and the subsections contained within thon ave:

Body Axis Align
MU Align
Lunar Align
Gyro Inflight Colibration
Accelerometer Inflight Calibration
Gyro Imnar Calibration

NAVIGATTON

Direction Cosine Updeting Algorithmn
Derivation of Radar Filier Equations
GUIDAKCE
Attitude Error Compands
Ellipse Predictor Subroutine
Steering Equations for Orbit Inserlion
Deyivation oi" Cost Tunction for €SI Calculstions
Derivation of the Equations to Obtain Coelliptic Orbits

Derivation of p-~iterator Equations
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T2 Bligpwent
The alignment of o strepdowa gystem 185 escentlally the computation of the
correct direction cosines which relate Lhe vehlcle body axes to the desired
|
inertial coordinate axes. This sligmuent may be ecconplished in many different
ways, three of which are mechanized in the IM sbort guidance system.

!7.1.1 Body Axis Align (500 = 5)

i SR S S S

In this alignment mode of the AGS, the direccetion cosincs are set equal to
a unit matrix. This is equivﬁlent to ewlipning to an insrtinl coorvdinate system
wbhich coiﬁciﬁos with the vehicle body sxes a2t the instent the alignment is
performed. g

7.1.2 TMU Align (ﬂoo = 3)

In the IMJ alignmenl mode, the AGS dircetion cosines are set equal to the
8 3 q
| A

FGNCS direction cosines computed from the HGNCS Buler sngles ”p, ¢ _, % . This

D
alignment method is in errvor due to the guentization of the FGNCS gulér angles
(40 seconds of arc), the FGNCS alignmeut:error, and also by the amount the EGNCS
inertial platform has drifted since it was aligned. The eguations for computing
the desired (FGNCS) direction cosines are shown belovw, (Equation 7.1.2) and are
based on the gimbai order of Lhe IGHDS system as expressed in Equation T.l.l;
U aligﬂment is performed prior to the inflight gyro calibration, before the
descent of the IM vehiele to the lunar surface, and on the lunar surface if the

BFGNCS is still operating after the lunar landing has occurred.

0 co O .-88

ey 0 O 1 0 CTalal)

<
1
jop]
L]
[ @]
L]
L3

vhere Cp = cos ff end S8 = gin p



2., T CO8 § €Os @
P P

Byn = sin Vp

% ecos §_ sin @
| o M

]I . - ) (7.1 02)
84y ™ £in ¢ sin §, €oB ap +cos @ sin Qp

>

-oin ¢ coe
at
L p D , )

a,, = co8 ¢ cog @_ - 8lng sin ¢ sin @
: P 2 P 'p P

Since the other three direction cosiues may be computed from the above
direction cosines, ond since these thres divection cosines arc computed in this
menner in the dircction cosine updaete computabions, the other three direction

cosines sre computed as shova In Bquation (7.1.3).

(7.1.3)

Equation (7.1.3) is enslly derived us Xb o 80 2

Y., = 8 ) =



' s . ossse O(u’IOO

Tads3 Igpﬁ};ﬁiiﬁy_bgjfﬂJ;gwn
Prior to the descent of the LM to the Junar surfece, the KL, Y ) Zb'vehicle
axes are ali sned to @ selenocenbric coovdinnte-systen vith the ¥ axis through

the intended landing eight at the nominal tiuz of londing positive outward
from the lunzr center. %he % evls is defined ps the crogs product of & unit
vector alqng the sngular somentun veclor of the CSH orbit .with & unit vector
along the X axis. Thus, the incriiel coordinate system used Tor the descent
|

phasge har'the X and the 7 inertial excs in the CSH orbil plenc.

When the IM lands on the lunur swmafece, the vehicle azimuth with respect
to the CSM orbit planc is determined by storinz, upon comrand of the DEDA,
the AGS azimuth reference as defined by the eppropriate elements of the trans-
formation matrix [Al. '“Tiis azinuth reference b, is defined to be the aongle
between the Y inertial axis and the projecticn of the Z body saxis on the
Y - Z inertisl plane, messured positive in the right—hsna-rapational direction
about the X inertisl axis. (Sce Ficure 7.1). From this figure, the direction

cosines which

TS

)

i
T o

i

|

|
N
N

/

7

b e —
N

FIGULE 7.1
Lunar Align Goonztry
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7 inertizl axcs

[

define the Z body axis location with respeet to the X, Y,

moy be determined, and are presented in Equotion (7.1.4).

8., = 2 v ¥ =gl

31 Py 8y
é a32 = Zb * ¥ = cos el cos O
| B3q Z,, * %= cos 8, sin § . (7.1.h)
2 2 2 , 3 . CY ) ooox ¥
Since w3l = s5in 91, T &31 = COS dl, the cosine end sine of the landing

azlmith 6L a2s mechanized in the AGS ere computed es shown in Equation (7.1.5).

These equa ations

#33
CURY T — - T
L1/2
{..1 - jl} -
. 8
i ' cos &, = n-~~§?
| 472 (7.1.5)
LT- - 831 = -

are valid only when \Gll < 90 degrees. SHince the maxinum vehicle tilt angle
is expected to be 30 degrees, and the IM is expeocted to Jand within 1 degree
from the nominal landing sile, the equations used to define 6, are valid as
defined.

Aftér the lunar lending, the AGS 1s aligned to another selenccentric
coordinate system wilth the inertial x axis through the intended launch site
at the time of launch, positive ocutwerd from the lunar center. The inertial
Z exis direction 1is defined conceptually by the cross product of a unit vector
along the CBM angular womentum vector with o unit veclor along the inertial X
axis. That 1s, the Z inertisl axis iz parsliel to Lthe C5M orbit plene.

In the lunar alipgn equationg, the dirvection cosines which Jeie%e the
vehicle body axes to the local level lunar centered coordinaste system-described
above are computed with a low gein filter. This filter uses the accelerometer
outputs to obtain the estinate of the vehicle leveling errors, and en azimuth

reference coristant 6A to compute the estimate of the azimnth error. 5A is the
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updated value of the landing ezimuth reference constant 6., where 6A =6, - 8.
66 is computed onlthe earth, and corrects for CSM orbit changes and the lunar
rotation during the IM's stay on the lunar surface. Since the updated value

for the azimuth reference constant is defined by the difference of two angles,
the sine s;nd cosine of the updated azimuth reference constant r5JnL may be computed
from Equation (7.1.6). Using this ;

| _ cos (¢ - B) = cos « cos B + Sin « sin R

/

F sin (@ - B) = sin o cos B - cos o sin B _ (7.1.6)

equation,. ‘and small angle approximations for 'ﬁé, the equations for the sine

and cosine of GA are

I

cos (GA) cos 8, + B¢ sin §,

sin (6A) = gin 6§, - &5 cos & €76147)

Since the IM AGS is being aligned to a coordinate system with the X
inertial axis vertical, the lunar gravity vector g_ = g, X, where X is a
unit vector along the x inertial axis and g _ 1is the magnitude of the lunar

gravity. Thus, the components of lunar gravity along the X, Y, Z body axes are

Bx = 8 81y
g, = &L 8y
8, = 8 83 (7.1.8)

and the outputs of the body mounted accelerometers are

Avx1 = fék 811 dt ~ g, At &1y . g

By, = Je. 8y, dt ~ g Ot ay)

By, = [e By db m el B gy ' (7.1.9)
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The estimates of the leveling errors may be obteined by comparing the output
of the Y and Z accelerometers with Equation (7.1.9).

1
B —— = 4
ﬁﬁy g A% [ﬁVZ g, Ot 3311
1 g
&Gz = m [-&Vy - gL A’t aal] (f.l-lO)

The estimates of the azimuth errors are computed from the sine and cosine of

6, in the following steps. First the desired values for a > and a,, are

A 3
computed, based on the assumption that a_,. is equal to the sin @

33

as described

31 1
in Figure 7.1. These equations are
uid T -
332D = (1 - 331)1cos oA
2 \2
= - ; . s ‘
833p (1 a3l) sin 6, (7.1 {1,

equivalent to Equations (7.1.5) used to compute the sine and cosine of &,

the landing azimuth constant. The computation of aBED and a33D assumes that

the leveling error in a is small. ' The estimate of the azimuth error 1is

31
then computed by taking the dot product between the desired orientation of

the Z body axis defined by a and the AGS orientation of the Y

; 317 #3207 ®33D
body axis defined by 8,15 & and a,..

) 22 23
09 = (a3la21 + BgonBon * 333D323) (7.1.12)
The approximations in Equation (7.1.12) are that aex is a small angle, the
difference between a3l and a31D is very small, and the integral of the lunar

15 Since a3l is not a
function of the azimuth angle GA, and is only a function of the leveling gggle,

gravity times a direction cosine is equal to g _ At a

may be used in place of a without any degradation of eccuracy. Howevgr,

#31 31D
the azimuth alignment will not converge until the leveling errors of the lunar

1
a negligible error as the direction cosines will be changlng st a very slow

align become small. The approximation of IZ 8iy B by ﬂiJ(T) g, T should cause

rate.
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The equations mechenized in the IM AGS for the lunar alignment of the

transformation matrix are presented in Equation (7.1.13).

xA ~ “#és E331321 * B3onfon * B33p8sg]
yA = Ké? (sz + avﬁ, m—l) - Kéﬁ e

2A Kéaa32 - Ké? (&7, ma) (7.1.13)

E E &

where i
! ﬁaxA’ By Ay = are the alignment correction increments

YA’ T zA
i - in radians. . *

e,, are the present AGS direction cosines.

iJ

843D

are the desired direction coslnes specified in -
(Equation (7.1.11)

l K;s, K%?, Kéa are'alignment gaeins.

In the lunar align equations, the galns presently used are

Kéé A 9'0077
K;B = 0.009264595 o (7.1.11)
- T8
The quantity g, At for a LO-msecond alignment cycle is 55 and is equsal to

0.009264595. Thus, the effective alignment gains in the hardwired portion
of the lunar align equations is 0.007 for azimuth and 0.009264595 for
leveling. After leaving the hardwired lunar align equations, the leveling
angle increments are shifted to the right 2 bits reducing the leveling gains
to 0.00231615.
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7.2 "IM AGS Calibration ' -

The AGS has uhb cap;bility of pcrforning three celibrations; prelaunch
gYyro Caliblgtion, inflight gyro and accelerometer calibration (during free
fall), and/lunar gyro calibration.

q 2.1 Gyro Inflight Calibration ,
Any ﬁeparbure of the IM AGS directilion cosines from thelr correct values

-

may hbe cohétrued as being due to gyro drift. Since the FGHNCS Euler angles,
vhich are used to compute the reference direction cosines, are quentized to
1) BECOnﬂb of arc, the departure of the AGS direction cosines is & combination
of the gyro drift errors and RGNCS Euler angle quantization nolse errors.
Due to this measurement nolse, the infliéﬁt gyro calibration requires the use
of & filter to achieve the desired accuracy of 0.1 degrees per hour.

A general linear system as represented by a vector state difference
equation is shown below in Equation (7.2.1), where X 1is & column

e
X ¢ X + 9. U

“n+l  "n+l, n -n -n (T:2.L1)
vector representing the state of the system, ¢n+1 % is the transition matrix
3
from state X to X 417 yﬂ is & general noise vector and o, is the corresponding

distribution matrlx. In the calibration proplem considered here, En represents
the coordinate_misalignments and instrument error sources which are to be
determined. The noise vector gn corresponds to the gyro noise. In this case,
the observables zn are assumed to be related to Xn by the linear relationship.

Y, =M% +8Y : (7.2.2)

with 6 In representing observation noilse such Bs'quantJZation errors. lLetting
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the estimate of the state vector at tn be denoted by Eﬁ, the general unbiased

I
linear estimete of X is X 4 P

~ n' A’ o . .
X, =X +b [}:n - Yn] - Ao 3 (.7.2.3)

Y.m'

"

where E' is the predicted (ext:apolated) value of En-l

£ Py ond e Y1500 (7.2.1)
and .
i Xy
=M X (7.2.5)
and gn—l is given by )
U ,=0 ,=0 : (7.2.6)

(Z = ensemble average of Z)

In the case of the gyro calibration filter, several simplifying assumptions
were made at the outset. The firstlis that the attitude errors Ex, Ey, Ez about
the IM body axes are the.integrals of the total gyro drift rates € ey, b,
about the corresponding axes. Thus, Equation (7.2.1) becomes

el

B, (n41) & B, (n)

€ (n+1) 0 1 ] € (n (7.2.7)

where J =X, ¥, or Z.
The observable in this case is simply the attitude error E, (n+l) measured with

respect to the PGNCS. Thus, Equation (7.2.2) becomes

J

gy ()] = .[l 0] + 8 Ey(n)

(7.2:8)

vhere J = X, Y, or 2.
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If & linear filter such as (7.2.3) is used for updating the estimate of gyro

drift rate and attitude error, we have

B h€;+1 1 At £ (n) 9| . C A .
e S e - By - s, )] (1.2.9)
¢ (n+1J; 0 1 e, (n) Q,

V¥

For the IM AGS inflight gyro calibration, the first step performed is to
| .
compute the FGNCS direction cosines from the PGNCS Euler angles ep’ wp, wp as
shown in %quation (1:8.10) '

i - a

11p = ¢os &p cos Gp
i 8yop = sin‘?P
a = - cos ¥ sin 6 ”

13D P p

a = sin ‘ sin % cos A_ + cos sin 8
31D 2 "p p 2 P
a32D = - sin ¢p cos mp
& - ; I in 9 .
333D sin @p sin up sin b + COs $p cos Gp (7.2.10)

These 6 direction cosines define thé position of the X and Z body axes in the
FGNCS, and will be used to compute the attitude errors for the gyro calibration,
except dgring the first cycle thréugh the calibration equations. During this
cycle, tﬁe AGS direction cosines are set equal to the IGNCS direction cosines
with IMU align equations. -

During each subsequent cycle through the calibration equations, the vehiclé
attitude errors are computed from the AGS and FGNCS directioﬁ cosines as shown
in Equation (7.2.11). These attitude errors '

Eg ==Y, "2y = - lagyag + 85800y + 855855p]

T e O ey e T e338y3p] °

’ .Yb . XD = [azlalln + 8,850 + 323313D] (7.2.11)

=
L}

o
n
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as computed are the sines of the negative angle drifted about each axls.
Since these drift angles are small, the compensation corrections are updated

as shoim in Equation (7.2.12).

/ | Ki = Ki i Kéh By
/ Y -
f. Kil ™ Kil " K%u E, - L (7.2.12)
| K, Kg K

K%h is the compensation correction gain, and equais

e

vhere

| ere the X, ¥, Z gyro compensation constants.

2 x 1077,
Small alignment corrections are also computed based on the attitude errors and
are the following equations: ‘
MXA = ]{;-3 EX i rA

bron K%3“1’

= E ' '
boryy = Ky3 (7.2.13)
where
ﬁa , b are alignment corrections about the

X, Y, Z body BEXES.

fu¥e3

yA’? TzA

K§3 is the attitude correction constant, and et present has the value of 0.08.

The calibration at present is performed at a 2-second cycle rate. The
effective gains for the calibration are 10 -3 for. Klu and 0.08 for K%3 es the
alignment corrections are applied once each calibratlon cycle, and the com-
pensation corrections are applied each 20 mseconds.

The transient response for this filter is shown in Figure 7.2, and con-

verges to the desired value in approximately 200 seconds. However, this
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transient response curve does not include the FGNCS quantization noise or the

AGS quantization errors whilch cause a delay in the calibration requnsc as
well as an oscillstory type of error in the steady state value.
T.2.2 Accelerometer Inflight Calibration

The AGS accelercmeters are calibrated during free fall conditions for

bias errors. That is, the outputs of the accelerometers are gccurmlated for

| :
76 seconds, and are divided by the time interval to obtain the accelerometer

bias erro?. Since the accelerometer bias corrections are used every 20 mseconds

|
in feet par second, the accelerometer bias corrections K%g’ Kll, and Ki3
computed using the gain shown below in Equation (7.2.14). This galn constant
is 0.020/76 which converts the accumlated velocities to the amount of feet

per second error the accelerometer bias will ceuse in 20 mseconds.

1 K.kt o+ 2.63158 x 107 SAV_

19 = K9
-
x;l 5 Kél + 2.63158 x 107" AV
’ _,
3 = K%s +-2.63158 x 10 savz

where

Kig, K%l, Ké3 are the X, Y, Z accelerometer compensation

values

S&Vx, SAVy, S&Vz are the X, Y, Z accelerometer outputs

accumlated for 76 seconds.

T.2.3 Gyro Lunar Calibration

The equations mechanized for the lunar calibration ere exactly the same
as the equations previously described in Section T.2.1. The only difference

between the two calibrations is that angular increments which compensate for

(7.2!1&)
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the lunar rotation rate are included in the transformetion matrix update
computatibns. These equations are approximate corrections, and are shown
in Equation (7.2.15). .

' 1
/ AD'Jtc rem Aax rem K56 812

1
6¢y rem &Qy rem K56 802

{ ﬁaz rem aqz rem K%6 a32 ; < (7,2.15)
where
] ' Kéé is the product of the lunar rotation rate and
20 msecond compute cycle period'ﬁM At (Radiens)
are the IM AGS direction cosines which -
define the inertial Y axis with respect

to the Xb, b Zb bedy axes.

2127 820’ B3p

2 rem is the angle increment rotated about the gth

body axis. This variable has a range of

+ 2713 radians with a quantization of 230
radians, and is used to accumulate small angular
increments to increase the accuracy of the IM AGS
direction cosines. These angle increments are

only used when they exceed 2-16 radians.

When the IM is on the lunar surface, it is aligned to a selenocentric
coordinate system with the X exis along the lunar local verfical positive
outward from the lunar center, and the Z axls obtained by crossing the unit
angular momentum vector of the CSM orbit with a unit vector along the X axis.-
The Y axis is also defined by Y = Z x X and is approximately aligned with
the unit angular momentum vector 5f the CSM orbit.

The equations used to compensate for the lunar rotation rate were designed
for the Y axis to be collinear with the lunar rotation axis. However, since the
CSM orbvit may be inclined to the lunar equator by as much as 10 degrees, the lunsar

rate compensation m&? be in error by 0.1 degrees per hour.
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T.3 HNavigation )
T7.3.1 Direction Cosine Updating Algorithm

In this section, the derivation of the algorithm used to update the
direction cosines (Figure 3.4, Reference 1) is presented. The strapped down
system used in the LM/AGS consists of three gyros mounted on the bedy of thel'
IM. These gyros measure the integral of the turning rate about thé three
axes. Unit vectors along these three mutually orthogonal axes are denoted
by Eﬁ, Ib’ gb respectively. =

The navigation equations operate in a selenocentric inertial coordinate
system with unit vectors X, Y, Z respectively. In order to maintainqknow-
ledge of the IM attitude in the inertial coordinate sysfem a matrix A of

direction cosines is maintained. Thus, A is defined as s

X LY X -2 811 %12 %13
A=1¥Y X Zﬁ « X !b * 2 =] %1 8y 853
EREE W T 831 230 P33 (7.3.1)

b -t

Rotations about the vehicle body axes must be reflected in a change in the

A matrix.
The “‘derivative of A is given by - y : . "
);; = mA (7-3-2)
vhere E
_0 ) - K
z Y
w = -, 0 u}x _ . o
u_:y -mx 0 (7-3-3)

and W, W, W, &re the rotation rates about the X, Y, and Z body axis respectively.
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' ' n
Assume now that the matrix A is known at the (n-l)t computing interval.

Then A at the nth computing interval can be obtained as the result of a
£ ! p e : i
Teylor serles expansion about An-l' Thus, Yy, T doks ey M

-

An = An-l + An-l O +

a2 v ka a3l (7:3.4)

n=1

o=
B
o~

n-1

| :
Upon substituting 7.3.2 into 7.3.4, there results (up to thixd order)

(

]
s 3 e "
l 2' 2 At . .
! Ana[I + ot + 5 A (o + o) +-—6-—(w+2wt.u+ wo + mB)jAn-—l (7.3.5)
where I is the identity mstrix

At is the time between the (n--].)th and n"" computing points.

The gyro_outputs at the nth computing increment are

nAt : )
A&i = J' midt. | 1 22, ¥, 2 - (7.3.6)
k (n-1)4t

If (7.3.3) is integrated as in (7.3.6), there results the matrix

0 b, Ly

by = |-Ly, O Lor, : (7.3.7)
Loy -Oor, 0
— -~

Now &y is expanded in a Taylor series (to third order) and
b= wpt + 5 imt2 + F it - (7.3.8)
Substituting 7.3.8 and T.3.7 into 7.3.5 yields

2 3 ™~ -
An = [I + Oy + -%'-2-— + % (dxw - ob + 2u:3)_| An-l (7.3.9)

if terms on the order of :ﬁstIL and higher arc neglected. The elgorithm used for
implementation ih the guidance equations (Figure 3.4) is

s _ __ _
An=[I+éa+6"-—£,——:IAn_l ‘ » (7.3.10)
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so that the error up to terms of fourth order in &t is
(dw = ww) w3 3 .
- L X
EAD [ iz + L -~ L . (?.3.11)

[
To counter computer round-off, orthonormality corrections are derived

as follows. Let a Because

b = (a0 2y 3 831 By a33)' :
of computational errors, these vectors are not exactly of unit length nor

) and 53 = (

orthogonal to each other. First compute first order corrections E, and E

1 3
so that 2y and 53 are normalized without a chenge 1In orientation; i.c., =
(L+E)a]=1 (7.3.12)

Squaring both sides,

2 R g
(1+El) El.-a-lﬂl o= o TRy

(7.3.13)
Bag(l-g -a) o

Likevise, 2 - =N
E, ﬁ,% (1 -85 25 | o (7.3.1k)

i -

To gain orthogonality, 2 end 53 are rotated away from each other in their plane

through equal angles until they are perpendicular to each other. -

—~ — = before adjustmont

E 4

after adjustment
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Hence, the first order orthonormality corrvections to g, end &, are:

1 3
g < tEE - B,
(7.3.15)

Bye By ¥ By = By

Vector g, = (aal, 8505 3.23) is then couputed os g, = By X 8.
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T.3.2 Derivation of the Radar Filter Equations

This sectlon conteins a derivation of the radar filter equations. Unless
indicated, the symbollsm in the derivation does not c0rresp§nd to that of the
flight equations. . l '
DYNAMIC FILTER EQUATTIONS

Cons;der the vector difference equation which represents the actual dynemics
of a systém. |
X1 ™ U(tn+l’ tn) B ¥ 4y _ (7.3.16)
| _

where .
X, is the state of the system &t time t

U models the dynamics of the system
a, is noise added to the system at time tn with the properties

‘- - B Ty o 1, Ty o
E[q ] = 0; E[qan l=0forn#J; Elaq ") =0Q
T signifies transpose and E the expected value operation.
If a measurement
, y: - Mﬁxn * Sn (7.3.17)
where Sn is nolse with the properties
- T ) TH
E[Sn] = 0; E[SnSJ ] =0 for n #£j; E[Snsn l=8_
is made at time n then the best, 11neaf, unbiased estimate of Xn denoted by Xn
1s given by i
-_\-*
N cnxﬁ/n-l : » (7.3.18)
wnere - .
T R, | )
B =PM {MPM" +5] . (7.3.19)
Cn =1 - BnMn . - (7.3.20)
Nifo-d ™ Uty Boaa) X3 (7.3.21)
T '
Pn - UnPn—l/n-l ?n * Qn ~(7.3.22)
Pn/n = cnpn L 'l = = (7.3.23)
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In vords, Xn/n-l is the valué.of the staﬁe et time n a8 obtained from the value
of the best estimate of the state at time n-l. Xn/n-l 1s sometimes called the

"a priorif estimate of the state at time n. Pﬁ/n is the value of the error co-
variance gatrix after the measurement and "a priori" estimate have been combined

to form the best estimate X, and P 1is the value of updated by the

Fa-1/n21

; 7 1 = -
dynamics ?hrough time At tn tn-l

IM FTLTER

In cénstructing the IM filter several essumptlons are made. First, the
problem can be considered as & one dimensional problem with the resultant filter
welghts aéplying to each of the three dimensions. Thus, denoting (in one
diwension) p for position and p for veloecity, the dirference equations of motion

for each vehicle (IM and CSM) can be expressed as

| : 1 2 .
| P,y =P, +D O +za bt (7.3.24)

1:’n-kl pn * B‘::L &t

i

a, is the acceleration due to gravity at time tn.

Corresponding to Equation (7.3.16), the state vector is taken to be

Py = B,
x - 5
P B -« t.325)
vhere [, c designate IM and CSM respectively. It 1s assumed that P, and ﬁc _
are known exactly. Substituting (7.3.24) into (7.3.25) yields ' -
' At
& . (a‘,n - ac,n) 2.
X = X + Ot
n+l n .
o 1 LT . (7.3.26)
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| _ ]

If it is assumed that gravity acts the same on each vehicle, this equation reduces to

/ 1 at]
| / X . (7.3.27)
} ' 0 1 ; -
Correspor'ldJing to equation T.3.16 then
1 Al
} Ut , t,_,) = U (8t) = : . (7.3.28)
0 1] -

Since gravity does not act the same on each vehicle 9, is taken as noise with

covariance matrix (in the nomenclature of the flight equations)

29 0
Q, = (7.3.29)
- 0 K, 8t
The term K?O At is an experimentally determined term representing noise on
9

velocity and 27 is used to meintain the matrix Pn (see equation T7.3.22) positive

definitq;(zg is one quentum of the element P,, of Pn). This essentially means that
P,, is rounded upward rather than downward. From equation 7.3.22 then, the terms of

55 §
Pn are given by

' 2 .9
Pll =P, +2 Pl2 At + PEQ At + 2 .
Plp = Pip * Pop At | - (7.3:30)
Py = Byp + Kfo At

The measurement used is that of relative posiﬁién of the IM and CSM only so thﬁt

yt=[101X +8 (7.3.31)

. . C M=[10]



It follows from Equation (7.3. 959) that

ko

Pll .
Pll +'§£

Yia

+8
n

Pll

L

and from equation (7.3.20) that

Following the nomenclature of the flight equations, let
. - 32 3
= P11 + gh = Pil + K3R + KT

where R is the relative position of the CSM with respect to the IM.

Then

The terms F3

—

1

2

o)

P31

Py *+ 8,

Wi

P12

P + 8

11 n

1

e S
15
B
2 "

g

-
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(7.3.32)

(7.3.33)

(7.3.3L)

(7.3.34)

and K3RE model the variances of the radar measurement errors.
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Rearranging equation (7.3.18) yields

.

ﬁn =B [ (X -X /n ) +8 )+ IxX Ji | (7.3.37)

The term multiplylnv B is the difference between the actual meesurement and what
the maaourement was expected to be. This term is denoted here by 6r (a scalar).
Tt should be noted here that even though a simplified model is used for the radar
filter, éhe term 8r is obtained as the difference between the radar peasurement of .

range and thc navigation estimate of radar range (using the lunar sphericel

gravitatipnal model). Substitution of the terms in equation (7.3.37) yields
] ,

Pon

2

Hl ?F + p%n

Pun=Wtr+h

A (7.3.38)
Since the same weights are used in all dimensions (ér will be three dimensionsl)
equatipn (7.3.38) is expanded to the vector flight equations.

r= W.br + r

V=uwpbr+V (7.3.39)
The updated value of the covariance matrix is obtained directly from equation
(7.3.32) end yields

Pop = By = WPy

Fo=P, (1 - wl) -

-

- ' !
Piy # By (1 wl) F7.3.;o)
In the radar filter, two different values of Wl (denoted by Wl and Wi) are shown.

The reason for this is because the radar information is not used at the time it
is received, but rather at a time when the range measurement has been inserted

into the computer via the DEDA. Thus, the current values of position and velocity
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are being updated based upon.radar informaticn valid in the past. Therefore,
this radar information should not be weighted as much et the current time as

it would have been if used immediateiy. To seé how this weighting 1s changed,
consider how the IM position vector is propegated assuuing the filtering was done
at the time the radar measurement was taken. Denote filtefed quantities of
position and velocity by i_and i respectively. These quantities are obtained

in equation (7.3.39). Iet the subseript, n, denote tﬁe nth 2 second computing

increments. Two seconds (1 computing increment) later the estimated value of r
would be

L1 =5t 2 b " (7.3.41)

or (utilizing equation 7.3.39) -
By Wiﬁz . 4 2 Eﬁ + 2 WE br
- T 2 En + (wl + 2 Hz) &r | ‘ (7.3.h2)_

If no filtering had been done, the velue.of Tosl would have been (approximately)

1 =In v 2%, (7.3.143)
where the uncapped symbols denote unfiltered quantities.. -

Therefore, letting wl = Wl + 2 Wa it 1s seen that the filtering can be accomplished .
vhen the range measurement is entered if wl is updated every computing increment
and if equation (7.3.42) is valid. This equation becomes invalid after a period
of time (not completely determined yet) and thus it has been recommended that the’
radar range be entered into the computer within 30 seconds of teking ‘' = radar
measurement. _ ) )

It should be noted that if only 2 or 3 radar poinﬁs are taken, the.vclocity
estimate of the IM may deteriorate. For this reason, it is also recommended ihat
at least S5 radar points be used. These restrictions are to ?g examined in a
future enalysis.
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7.4 GUIDANCE
T-4.1 Attitude Error Commands

In this section the derivation of the attitude steering errors Ex’ E

E
y' Tz
is presented for the rendezvous steering mode of operation and for the acquisition
steering mode of operation.

RENDEZVOUS STEERING

The fhrust direction is given by

o

| ik
| X = & + Kt + K02, | (7.4.1)

|
The constants K? and Kg produce a prescribed- thrust offset with respect to the
X-body axis. Steering is accomplished by rotating the IM about an instantaneous
axis given by X, x X where X is the desired thrust direction. Note that the

magnitude of the eross product abo%eﬂe@ﬁals the angular error to be steered out.

The pitch and yaw errors, E, and E, are computed by scalar multiplication of the

l
cross product with ¥, and Zb’ respectively.

Zh

Hence, ' N
EeGrh) Belah) ' L gue
E, = (X, x X)) " 2% = (% xX) "X (7.%.3)

vhich yields

B R SR 0 ) (7.1.4)

Lok anlx <2) . (7..5)

r‘:!.":I

£

L}

The sbove pitch and yaw equations are used to steer the APS. For tﬁe DFs
or RCS, the K# and Ké terms are dropped because these engines are assumed to
thrust along the IM X-body exis.

The Ex command is L

Ex=-Hc:%-J ) . . (?.l'r.é)

L .
When J 1is zero, the IM Z-body axis is driven parallel to the CSM orbit plane.
A positive numerical value of - W, * 2, - J‘h will rotate the vehicle in a right

hand sense sbout the + X-body axis.
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Jh is entered In degrees as the desired IM orientation about the X-body axls.
The DEDA conversion routine multiplies by th? appropriete scale factor to convert
the angle to radians. The radian value used is the desired value that the Z-body
axis makes with the CSM orbit plane. The error in this approximation is given
in Teble T.h.1. '

Table T.L4.1
Error in E, Made by Using Radian Value

X
of J as Desired Value of a32
Error in EX (Degrees) - Value of Jh (Degrees)
A ~ 20 )

1.6 30

3.8 40

11.0 50

32¢T 5?'3

Inputs such that the Jh radian magnitude is greater than one would cause continual
rotation of the vehicle about the X-body axis. 1In practice Jh inputs should be less
than LO° for the sake of accuracy and to preserve a safe margin of gain in the E

X
control loop. . : ) .

ACQUISITION STEERING
In this mode the Z-body axis is to be pointed in the direction of the CSM.

Steering is accomplished by rotating the IM about an instantaneous axis given by -
Zy *Z4yp
where ng is the unit vector in the direction of the CSM. The attitude errors

Ex and Ey are determined by scalar multiplication of the cross pfoduct with Eb
end Y, respectively. Thus =~

b .
Ep= (B xZyp) * Ky = (X x2) « 2y, (7.5.7)
Bom (B, x2p) 4y = (G, x3) * 2, (7.4.8)

n



which yilelds

The E'.Z command 1is

E
z

which orients the X sxis parallel

X, ¢
% " %o

LAY

to the CSM orbit plane.

Zyp -
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(7.%.9)
(7.%.10)

Pk 1)

If the CSM is ahead of

the IM thé X-body axis will be above the local IM horizontal plane and if the CSM
is behind the IM the X-body axis will be below the local horizontal plane.

ELLIPSE PREDICTOR SUBRCUTINE

e

The purpose of the ellipse predictor subroutine is to propagate a knowm

position ry and velocity Vl around an elliptical orbit to obtain the position,

and ve¢ociﬁy, V,, T seconds later (or earlier).

L

To derive the ellipse predictor equations consider equationa (A.12) and (A.13)

of Appendix A in the form

H
|

vhere

1\)*
]

o
u

e
i

e
N
fl

L
xEE + yeg
o (cos E, - e)
o (l-ee)% sin E
sin E
=T\ R
T2
15 cOos
Cur(1-e %)y
2

(7.h.12)
(7.4.13)

(7-%.14)

_(T-h-15)

(7.&.165

(7.4.27)
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To solve for P and Q utilization is made of these same equations valid at the point

1 vhere everytnlng is knovn. 1i.e.

I = xR+ yQ

i YV, = %2 + ¥.Q
and Xys Ei, %15 ¥q» :v'cl, jrl are known. Then

| P

| »

| 5 Eydy = DYy

| = Rt 0%

i

| Ity < 3%

' av st =53
1¥1 ~ %

(7.4.18)
(7.4.15)

(7.4.20)

(7.%.21)

Substituting equation (7.4.20) and (7.4.21) into (7.4.12) and (7.4.13) yields

\.

- Xody = doty
= ey e
b

L -
- Xp¥y = Yo%y
B Lt iR Y

[ Yo%) = X9
S e e B
| #1¥1 = 917 |

-

- XYy

YoXy
=] X,V

el el
11~ ylxld_

= Try +gly (7.4.22)

|
o}
§

<
i

= fry + &V, (7.%.23)

Substituting equations (7.4.14), (7.4.15), (7.%.16), and (7.4.17) with eppropriate .
subscripts into (7.4.22) and (7.4.23) yields

1]
fl

%-— [cos OE - & cos E

3

3/2

T + X— (sin AE - AE)

Y

k7.h.2h)

1

(7.4.25)



05952-6076-T000

Page 87
- sin AE
i/ l ~-ecos E
o Ty . 2
Cos AE - e cos E
| g = 3 2 _
_ 1l - e cos 2 B

|

(7.4.26)

(7-k.27)

where AF = E, - B, and T is the time to go from point 1 to point 2. Quantities

2

such as «, ry» @ cos E1 are readily computed from the known quantities v and V,.
! ; - ~1

_ 1
In the above equations there are two unknown quantities AE and EE'
reduced to one unknown AE by the following:'

: Cos E, = Cos (Ee - B, + El) = Cos (AE + El)

n

! Cos AE Cos E, - Sin OE Sin E

% |
Then f end g assume the form

F = Ji Sin AE
Je r (1 - e Cos El Cos AF + e Sin El Sin AE)
Cos AE - e Cos El Cos AE + e Sin El Sin AE
8= 7T T eTCos E, Cos &E + € Sin E, Sin OE

1 X

This can be

(7.4.28)

(7.4.29)

Equations (7.4%.24), (7.4.25), (7.4.28), and (7.%.29) are the equations utilized

in the ellipse predictor subroutine on Figure 3.15 of Reference 1.
To cbtain AE use is made of Keplers equation -

-

[E2 -E, -eSinE

= 3

T = + e Sin_El]

2

Substituting for Sin E, the terms Sin AE Cos E, + Cos AF Sin E; yields

nT = M= AE - e Cos El Sin AE - e Sin El Cos AE + e Sin E

i

(7.4.30)

(7-%.31)
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or

‘Cos O <2 Sin B, =0 (T.h.ée)

1

M -~ 0E + e Cos El Sin AE + e Sin El

This is a transcendental equation and is solved by using & Newton Raphson
/
techntque.i That is, if an initial guess 1s used for the AE (the unknown) and
substitutﬁa into equation (7.4.32) the equation will not equal zero but some other

value, say x The next value tried for AE is obtained from the equation

| ¥ b
|$‘ ’ x
ﬁE:AE-FJ-C‘];}‘
J 12 ) d (7.%.33)
where dx]] .
X150 = = FAE- © 1 - e Cos El Co§'aE + e 8in El Sin AE (7:h.3h)

The convergence of this iteration depends upon the eccentricity of the orbit and
the initial guess for AE. For the trajectories under consideration in the IM
program and if the initial guess of AE is chosen to be M then a sufficiently

accurate answer for AE is obtained in two passes through the iterator.
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T.k.3 Pitch Steering Equations for .Orbit Insertion

A derivetion of the constant T pitch steering law is given below. A similer
derivation can be followed for the yaw steering.
The final radial position at orbit insertion, To) cen be expressed in.terms

of the present radial position, r, and the time to burnout T.s as follows:

B
2 1. 2
Te =T+ I,Ty + 2rdTB 6 r Ty 3 (7.%.35)

where fA is the stored value of the present IM velocity #.
Differentiating equation (T.k.BS) with respect to TB yields

bowk, +50 +15m2 (7.1.36)

p=iy Y hrn T E Ta'p Tafted
Solving equation (7.4.36) for ¥, gives

rd_=(rf“ra 2 dB)/T ' (7.4.37)

In equations (7.4.35) and (7.4.36), the only unknowns are Ed and'Fa.

Solving equations (7.4.35) and (7.4.36) simultaneously for ;é yields

T

by 12 . . i B ) -

k3 ™ a3 [(rf *h) - rf] (7.4.38)
B . :

Taking the differential of equation (7.4.38) yields

T -
it} ‘_12 B . - ]
bry = == I?— (r_\rf + &rA) + Ar - brg

d (7.%.39)
, Ty
In equation (7.4.39), Bif & &'A =40r =0
So,
wome 10
Ary = ,},‘37 bre o (7.4.50)
B ;
But

Lgretp~ T =~ (7.5.41)
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where

16

T° is the desired altitude above the lunar surface et .orvit insertion

.J'5 is the lunar radius at the landing site.

So
| . ;E = ;& + lgg (rf “ J16 - JS) . (7.L.42)
| - T

| B .
The expression for ?d glves the desired total radinl ecceleration. The desired
radial thﬂust ecceleration must compensate for gravity and centrifugel force.

Thus - ' KQ . v2 ..

AT R S : (7.4.43)
5 ,

The computed value of T, (and also ‘;}'d) is limited so that position control by

the AGS decreases as VG decreases. This 1s desirable for_two reasons:

(1) ls Vb-* 0, vehicle attitude would otherwlse swing rapidly near cutof?f
in the vain attempt to null trivial altitude (and yaw displecemant)
errors :

(2) The equations are specifically designed not to return to the nominal
trajectory in the event of highly perturbed aborts. Tne vehicle will

. directly achieve the desired velocity without expending propeliant
which would otherwise be reqpired for the return to the nominal

trajectory. The desired value of if is computed as e function of Lo

if $ 3

Lo, L %
| S}.OP:'.? of ff i KI!- (1{3 » rf)
s by _
%6 - lintt 23 ¢ i, Klg

723 & 0 (for lvnar mission)
J, ; e
23 {1 i

L 16
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The desired value of yaw velocity at burnout (component rerpendicular to CSM orbit

plane) is zero.

When the AEA indicated altitude is less than Jal feet above the landing site

22

and the indicated gltitude rate is less than J° fps, then the AGS will command

J
vertica% thrusting. (This logic provides for the vertical rise after lunar 1126~

off end'also for emergency abort recovery to avoid impacting the lunar terrain. )

Otherwlse, the steering proceeds toward the desired burnout velocity and positlon.

The derivation of the time to engine burnout TB is based on the
equation”. . .
Tf Tf <
V={adt_[ dt
G il %mo-nlt
where
Vé is the velccity-to-be-gained
8y is the thrust acceleration
F is force exerted by the engine (assumed constant)
m, is the initial fuel mass
m is the mass flow rate (assumed constant)
t. is present time
Tf is the time at orbit insertion

The solution to equation (T7.L.4k4) is

Vbﬁ m, - mt
i e gm - ﬁTf)
or _ . . )

rocket

(7.4.1L)

(7.4.15)

" (7.4.46)
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Expanding the exponential term and dropping all terms h_igher than the cubic gives
' Vgih vf}ﬁlz v§ﬁ3
my = 8T = (my - a@t) (1 - 5+ =5 - 5= ) o (7.b.07)
2F gr
Solving equation (7.4.47) for 'I‘f gives "
m_ - mt m_ - fity m - Wt :
T, =t + (o 5 )VG - (1_2..___) rhVG2 i § : ) thG3 (7.4.48)
2F° 6F
But ) *
= & ’ !
TB TF & ] . ("{" L.49)
and . ‘
' Bp = @ -t (7.4.50)
So equation (7.4.50) reduces to : o
v L l2
v ok G m 2 m-
I e {1 e Y, B LS ) (7.4.51)
B‘ an G 2F G 6F2 _
§ 2 }
If Kg_.—. - 55 end K;‘ =2
6F
V. :
G L L 2 z
-1
(1 + LE. & K3VG.) (7-4.52)

= m—

- T

B &n
Notice that F/Ih = C#*, the effective exhaust velocity of the IM engilne. C¥ is
e L. :
geISP wvhere g 32.174 i

related to engine ISP by the formulae C*
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T.h.h Darivation of the Error Function for CST Calculations

The purpose of the CSI celculations is to determine the appropriate CSI mancuver
such that tﬂe desired line of sight angle between the IM and CSM is achleved at
TPI time. The "natural" error function to be minimized in the iteration is the dif-
ference bétween the desired line of sight and the line of sight achieved if the
trial CSI;maneuver vas performed. Computation of the predicted line of sight at
TPI time is expensive from the standpoint of the number of computer stepslrequired
because i& eddition to the shuffling of information in and out of the ellipse
predictor subroutine a coordinate transformstion would have to be performed. A
simple alternative solution has been developed based upon the trigonometric relstion-
ship involving the desired line of sight, the semi major axis of the CSM trajectory,
the differential altitude (Ar) between CSM and IM orbits during the coelliptic éoast
trajéctory and the central angle between the IM and CSM vehicles at TPI time.

Whot is actually done is the following. Baged upon‘the celculated value of Ar
and desired line of sight angle J2 at TPI time, the desired central angle between the
I and CSM at TPI time can be determined. Denote this angle by 6, for the moment .
Based upon the central angle between the IM and CSM after the CDH maneuver and the
known time until the TPI maneuver, the actual central angle 80 between IM and CSM

at TPI time can be determined. Thgherfd} function is then computed as the absolute
value of the difference between GD end AB. The first part of the derivation is the

computation ofIGD or —53.
3 is the negative of the desired relative cen?ral angle of the CSM

with respect to the IM at TPI. This angle 1s a function of 8r end the differential
eltitude in the coelliptic orbits. The figure below shows the relative positions
of the 1M and CSM at TPI. : | / |

From the law of sines o .

in the nomenclature of the flight equations.
The angle b

rL sin (% - J2 - BD) COS(J2 + QD)
- o s n 5 (7.%.53)
TE  sin (5 +J%) cos J o
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fr
/;—Tf\\\
> , ez LT
g§;35< /3& (/e -T"-8,)

FIGURE 7.4
TPI GEOMETRY

For an elliptical orbit (see Equation A.9 in Appendix A)

r=qa (1 - e cos E) (7.k.5%)

Substitution in equation (7.L.53) gives : :

aL(l - e, cos EL)

v ;
= ¢cos 8, - tan J2 sin 0 .
ap(l - e cos B D B Ep (7.4.55)

where the subscript L refers to the IM and the subscript E to the CSM. Since
the orbits are coelliptic g hy -
o€, c€Os EL = Cpep COS EE - (7.4.56)

at TPI. -

The differential altitude Ar for the coelliptic orbits is given by
br = o - w

g~ (T.4.57)

or
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The CSM orbit is very ncarly circular so
eﬁ cos E, << 1 : (Ct.h.58)
Also assume that . .
0, << 1 :(7.4.59)

Substitution of equation (7.4.57) in equaticn {T.ﬁ.SS), expansion of the terms
(1 - ey ©os EE)-l and cos 8 in series and retention of the first two terms of
each series leads to b= G Qg X = ol

Ar ‘
(1 - E—) (L - e, cos E. + e cos EE)

E L L E
&1 - eg - (ten Jg) B (7.4.60)
Assvue
i . (7.4.61)
But )
' E, + EL E, - E
L . E L
cos E, - cos E; = - 2 sin (—— 5 )
- eD
~ = 2 sin (Ep) sin (§') .
~ - sin (E) ¢, (7.1.62)
Then 9 g ' i
(1 - '") {1 - (e sin EE) ) ] a1l - ~g~ - {(tan J ) g (7.1.63)
or ' '
i 0 2 ) T
D 2
1l -— - (e sinE )06, . =1-—= - (tan J°) € - (7.4.64%)
E E D 2 ) D
Solving equation (7.k.64) for 8y leads to .
EE
= :
8. = E s

SD w
5t ten J f e, sin EE (7-2.65)



05952-6076-T000
Fage 96

For ep < .05 and Or < 40 nm, ignoring the g sin E, term will cause & TPI timing

E
error of no greater then 100 seconds. For circular orbits, the term has value zero.

Hence it is droppsd from the conmmtafion of BD.
A first order approxzimation for GD is
Ar .

e (7.1.66)

Bo R B
(QE tan J%)
Hence GD can be expressed as —
.. 61' K
| : o 5 .
t E :
| Rg™ g 5 _ (7.4.67)
i —'2&-—"'—-""—-"” + tan J
i E tan J
The approximation is usable because BD << tan J2.
Iet | L5 :
b3 = - BD ) " . s & . .~
bk = tan J2 ’ i : _ A4
b5 = - ﬂr/wE
then equation (7.4.67) reduces to ' _i.“.- : '
" ' _ i
; b )
! 5 ?
b T T N
3765 - (7.4.69)
w ey e B . i
?bh 4

The next part of the derivation indicates how the relative central angle between IM
and CSM at TPI time is obtained from the relative central angle between LM and
CSM at time of CDH.

The true anomzly, B, can be expressed as an infinite 5er1és in the mean

anomaly M (see Appendix A)

8 =M+ 2¢ sin M + higher order terms in e (7.4.70)
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The error function is défined as the difference between the desired relative
central angle GD at TPI and the computed'relative central angle, £0.
The relative central angle may be written as

A8 = GL - GE - BLO + GGL - GEO - 686

E ) (7.4.72)
vhere
68y, = 8y = By, | L (7.4.72)

BLO’ BEO are respectively the IM and the CSM true anomalies et CDH. BL’ BE
are respectively the IM and the CSM true anomalies et TPI.

ﬁe-.:(BLO—BEO)+(IwiL—ML)+EeLsinMi'-29Lsinlv Foeid .

- M, + My, - 2oy sig My + 2ep sin Moo + ... (7.4.73)

The terms in ee and higher (not actually shown) are dropped. Since

My = Mo =0T

Mg - MEO = Dty (7-4.7%)
it follows that ; i :
3 bg = (am = eEo) + (nL - n.E‘) Ty

+ 2eL sin ML - 2éE sin ME

sin M, + 2, sin M

-2, E EO (7.4.75)
For circular CSM orbits, the terms containing ep and e, are zero. For rion-
circular orbits the ep and e terms contribute significantly.\'ln an early formul-

ation of the CSI equstions, all terms shown in Equation (7.4.75) were provided.
However, to eccomodate other functions, later requested, it was agreed not to spply full

capability in the CSI equations for handling unexpectedly eccentric orbits and large




05952-6076-T000
Fage 93

cozlliptic differential altitudes et the seme time. To this end, the sssumption is
now made that at TPI, the angles ML gnd ME are essentlelly the same, as are the
cccentricities. This assumption is based on the fact that for IM/CSM 10S angles
greater then 20 degrees, the deslred relstive central angle at TPI is less.than

5 degrees when the coelliptic differential eltitude is less than hO neutical ﬁiles.

Thus, the terms 2e sin ML and--Qh sin ME ere droppad. Trc angles MLO and MEO are
then epproximated by the eccentric anowmlies E end EEO

A further approximation 1s made as follows:

2r . I pav... B

O "E0 - 10 "LO
2e_. sin EEO -~ 22, s8in E
E L LO ~ o
- V??. “E Ki "1

[a,
E - - ‘
N -2 -K“é'—' (I‘w - I‘EO) (T.lﬁ.76) -
1
whers "
Tro* Tro Y respectively the radlal distances of the IM and the CSM at CDH

iLO’ *ﬁo ere respectively the radial velocities of the IM and the CSM at CDH

Kiﬁis the lunar gravitational constant

ops O 8TE respectively the semi-major axis of the IM orbit and the CSM orbit

The cost function is computed using equation (7.4.76)

Let
®10 = ®ro = %
ko = Ty %
Ty = T ‘ - (7.4.77)
and the desired relative central angle between the IM and the CSM at TPI be ~b3,
then the cost, C, is ) — ) "
= |by + 0, xgg (b, - #,) + (o - ng) T| (7.1.78)

where

Tc is the difference in timz between the CDH m;neuver end the TPI nmaneuver
targeted.
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where K2 is the nominal value of - / ® (Note that/ equals the CSM
1

circular velocity magnitude).

For multiple orbit rendezvous in eccentric orbits (say e = .03 and Ar = L0 nm),'
the Kga tg}m provides a correction which 1s not trivial. For eccentricities less
than .015; the cost function is accurate for Ar megnitudes of 100 nm or less. If
the eccentricities become larger, the allowable Ar magnitude should be decreased

[
accordingly.
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T.4k.5 Derivation of the Egquations to Obtain Coelliptic Orbits

At the coelliptic burn point (CDH), the LM orbit should be adjusted

such thet the following conditions are true after the CDI burn.

\ K
| @8 @ opfp ’ " (7.k.80)
I /
0._ ~ QE (T.h.BJ_)
vhere
aE, eE are respectively and the semi-major axis and eccentricity

of the CSM orbit

o » €, &re respectively the semi-major axis and eccentricity

of the IM orbit

Ar is the differential altitude between CSHM orbit and.IM orbit

measured along a radial line through the IM position'at CoH

©,, @, are respectively the true anomalies of the IM and CSM orbits.

B

If r, the radial rate of the IM, is chosen properly, then conditions
(7.4.79) and (7.4.80) are enough to satisfy (7.4.81). To see this, let E

be the eccentric enomaly. For Keplerian orbits (See Appendix A)

cos Ej = %_ -i - zEJ] (7.4.82)
E - UE .
= T, y
1 | |
cos B = =~ |1 « — .8
e L o J (T 3)
where
Ty, T are respectively the radial distences of the CSM and the IM

EF’ E, are respectively the eccentric anomalies of the CSM and the

LM orbits
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Substituting (7.1.79) and (7.4.80) into (7.4.83) and noting that
r, = g~ Or ylelds

T a, = Ty _ % - Ar - rp + &r ) fIL:_KE - cos 1t (7188}
. @, €, o€ e ©TE T
EE E'E -
or ' . i

Thus, if 1, is made to have the same sign as fE’ then B = E;.

The relationship between O and E is given by equation (A.7)

o 1+e E 2
tan '2" = g é' tan -é-' (7.&-.80)

Thus, for small values of e the true and eccentric anomalies are
essentially the same and hence the coelliptic maneuver aligns the IM'g
orbital line of opsides with that of the CSM. To) 87 B

At the CDH point; both r and ¢ are known, go the uotal desired
velocity, Vf, can be cbtained from the relation

!@mﬁj%-%) e (7.4.87)

Ki is the lunar gravitational coﬁstant

where

The desired LM altitude rate is obtalned by considering the equations

I = inoi e, sin E (T:h.ﬁé)
b = ‘/KiaE ey sin E | (7.4.89)

Dividing equation (7.L.88) by equation (7.4.89) yields

? r KiaL e, sin E_ 2
— - (7.4.90)

rE Ty Kin ,eE sin EE




Since

and

then

The mean orbital angular rates are

It follows that:

E %
— E w——
r, o
EL GE
e o
) 4
E ngé
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(7.4.91)
(7.k.92)

(7.4.93)

(7.%.9%)

(7.4.95)

(7.4.96)

(7.1.97)
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'f.h.6 Derivation of p-ITterator Equatlons

The purpose of the p-lterator routine is to determine the trajectory that
passes betwecn two points (rs, r, ) in a given time T. With this information
the inoululve velocity required to achieve this trajectory when the IM reaches
the po[n» rs can be determined.

Yor this discussion, the inltizsl point will be deslgnated vith the symbol 1
and the final point with the letter f£. The p-iterator function is to drive
the valuelof Tp in Kepler's equation(7.h.98) to the Fesired value q.

f'.

tf - ti = T = ——-‘_E - E - e(sin E - sin E ):l (7.4.98)

B
T
be obtaincd. Several relations from the Appendix are rewritten for current

To compute TP, the quantities 4F = - Ei’ e gin Ef; e sin Ei and n wust

usc.
r=oll - e cog E) - (7.4.99)
p= ;(l + e cos E) (7.4.100)
o E=Z(1- e2)2 gin © (7.5.101)
n =/ xi/cﬁ | ’ (7.1%.102)
cos E = % (cos 0 + e) | - | (T'h-103)

A% ig computed in the following manner which yi¢lds & solution that is

not indeterminste when e approaches zZero :

ein (Ef = Ei) "

-1 sin 43
48 = ten cos L& = ten™ cos IEf * E;T
) sin E cos E, - cos E_ sin E, . 1
= tg_n i £ 1 (?.-‘;.10-’;)
cos E coB Ei + s8in Ef sin Ei
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-

Substituting (7.4.101) and (7.4.103) into (7.4.104) yields
r.r
£1 _
= 2 ! .y
L P WJi—e {uin (Gf - Gi) +esin @, -e fln Oi}

OF = tan = -
r.r

£71 2 ‘
5 1e08 (9f - Qi) + (e + e cos 0, + e cos O,

2 ;
/ - ¢ sin 0, sin Qi)}'

vhere inltﬁe notation of the flight equations

| sin (Gf - Qi) = ¢y )

e sin QF = X

Equations (7.4.110) and (7.4.111) are obtained directly from equation
(7.4.100)

Define r

U; = fi-T'
and

r

. -

-2 i£f|
Then

el *h

(7.4.105)

(7.1.105)
(7.4.107)
(7.4.108)
(7.4.102)
(7.k.110)

(7.%.111)

(7.b.212)

(7.4.113)

(7.4.114)

(7.k.115)
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o

The slgn of c2 is the slgn of the component slong the y inertiel axls
of (Wl . Hc) vhere

W, =U xU (7.4.116)

W, = the C&M angvlar momentum unit vector.

The following procedure is used to obtein x

3
e cos O, = e cos (Qf -0 + Qi) = oS (Qf - Oi) cos O,
- e sin (of - ©,) sin 0, (7.4.117)
or '
Xy = €X; = CyXy (7.4.118)
Thus clxl z: xe ;
Xy S : (7.4.119)
2
Xy, which 1s obtaiped in the same manner is given by . .
- C.x
x, = e (7.4.120)
c, .

The quantities e sin Ef end e sin Ei are obtained by substitution

in equation (7.4.101) and mutiplication by e.
2 I r -;.\ ! '
T 242
e sin E, = = (1L - €)% sin 0, _ (7.k.121)

or = . _
xg = 5£ (1 - e2j2xh J + = (7.h.122)
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end

r ' E
-1 242
; e cos B = == (L - ") e sin 0,
or .
/ Xq = Ei (1 - ea)éﬁ :
/r 8 p 3 . :
Thus {

1
Tp - E-(&E + xg = x9)

Tp is made to apiroach T by iterating on the parameter p. Two velues
of p are used to obtein two values of Tﬁ:' With this information, the
partizl derivetive of TP with respect to p-is obtained. Succeeding

values for the parameter p are obtained using the Newton-Raphson formula

(r-1)
p=op+
%
op

The actual iteration control loglc is shown near the bottom for
Figure 3:23 in Reference (1). o

performed., When Wy 2 2, two previous trial values of Tp are retained

counts the number of iterations

as Tp end Tp’ and the two previous trial values of p are retained as

p end p + These quentities ere used to compute the derivative required

in the iteration scheme (equation T8.386). 1If 93 is less than 2K17

(8 iterations), the iterations continue., If u3 is 2, the quantity aT is
computed. This means that in each computation cycle, the partial deri-
vative is computed at least once. As the trial solutions epproach the
desired aolution, lerge errors cen be obtained in the quantity 6 because
p epproaches p &nd T apiroaches T . Thus, after the derlvative has been
computed once (when u3-n 2), = chgck is made on [Tp - T;l. If this number
- is lérger than 8 the derivative is computed. If not, the last velue of
the derivative is used in the computetion of the increment for p. The

increment is computed as

bp = (T - T ) 3y

(7.%.123)

(7.%.124)

(7.%k.125)

(7.4.126)
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and Ap is limited to be less than 219 (524288 ft) in magnitude. This is done
for the following reason. When the iteration begins, the value of Ap could be
quite large becaﬁse these initial qﬁantities vere obtained with Just a guess
of the ultimate solution. If p changes too much, it is possible for the '
scaling in the computer to be exceeded. In this case, no solution would be_'
obtained when an actual solution may exist. Thus, the magnitude o} Ap 1is
limited. h

When 2K17 iterations have been performed,; a check is made of the final
solution against the desired golution. The difference between T and Tp is
checked against the quantity 2K20 (2 sec). If the difference is greater than
2K20, it is assumed the iteration has not converged. If less than 2K20, the
iteration has converged to the desired ansver and the logic flow continues to
Figure 3.2% where the initial and final velocities required to rendezvous are
'computed, {

Current design is to use eight iterations since there is ample time for this
number to be done in the 2-second computing interval., For the trajectories under

conslderation in the IM program, the minimum that should ever be used is five.

|
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APPENDIX A

GENFRAL DISCUSSION OF ORBITAL MECHANICS

v

Thi% section contains a summary of the more important equations of
orbital ﬁechanics used in the derivations in the preceding sections.
Darivatign of these equations and detalled discussions can be found in
any of the books on Celestial Mechanics or Astrodynamics (e.g., References
5 end 6).

Consider Figure Al which depicts a vehicle in {ree flight sbove &
gpherical attracting body which for our purposes is the Moon. The vehicle
fiiés sn elliptiéal trajectory with the position vector r and velocity
vector E_foth contained in the orbit plane. The vector normal to the
orbit plane defined by . ;
h=TxV ' (A.1)

is called the angular momentum vector and the magnitude of h is the

angular momentum per unit mass,- The center of the Moon occupies one
focus of the elliﬁse. The point of closest aspproach to the Moon is

called ﬁericynthion end 180° from pericynthion is apocynthion, the point

of greatest distance from the Moon. The central angle between the

position of the vehlcle and pericynthion is called the -true anomaly

end is denoted by ©. The semi-latus rectum or parameter of the ellipse
is defined by g% sb, % T ’
2

b=l map T ()

where i 1s the gravitational constant. The velocity at any point
on the ellipse can be obtained from the relationship

’ V2 =y £ .1 ) | ] (A})

r o

vhere

re |z

a i the semi-major exis of the ellipse
Eccentricity of the ellipse denoted by e is obtained from the relation

o
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Vehicle
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z 2

\\“wa;pericynthion

-H//ﬂ — [t
epocynthicn

Koon's Center

o - Seml-major exds - P - Se.'mi-latus ractunm

e - Eccentrleity h - Anruﬁnv romantum

E « Eccentric anomaly i = Universal grovity constant .

0 - True enomaly : tires mass of the Hoon

P, Q, W - Unit vectors describing orientaetion of the ellipse in
inartial space K

FIGURE Al
Elliptical Free Flight Trajectory and Astrodynumle Totation
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Another parameter of msjor lmportance is the eccentric anomaly E

obtelned from @ and e by any of the relationships

) 1 ;
gin E = % (1-¢®)3 oino© (a.5)

(A.6)

»

B /1 - e o % ) %
ta.n-é-m T t&l’l-é- (A-T)

and the guadrant of E is the same as that of €. From these quantlties

cos B = g (cos © + e)

the radivg at any point on the trajectory can be obtalned from either

. P Lol - &%)
1l + e cos © 1l + e cos @

r

or
r= g(l - e cos E) (A.9)
Note then that the pericynthion radius is given by

% = = A.10
rﬁ T e (1 e) ; (A.10)
and apocynthion radius by
- ‘ o
™ T—%-E- = o(1 + e) (A.11)

In the E; Q, W coordinate system shown in Figure Al, the position

and velécity vectors at any point 2 cen be expressed as

- 5
I, = o(cos E, - e) P+l -e") 2 sin E,Q (A.12)
; - 1
sin EE 5. 5 COs E2
v, = \fux — P+ [pall - €%)] - Q (A.13)
2 2 . .

These equetions were utilized in the derivation of the ellipse

predictor equations.
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The horizontal velocity of the vehicle st an;vb redivs on the orbit is
given by

v, = ‘E‘:E- Vi = A - (£.1%)

end thus the radial rate by

TEL ;2; . (A.15)

Radial rate can alsc Le oblalned from the expressions

T ﬂ-\@r e sin E (A.16)
or ' '
= E;'l e gin © (A.17)
The period of the orbit (time to travel 360°) is given by
& N
Ps= 2 £ (A.18)

and the mean orbitsl rate by

n = J‘—"'/:B‘ : - ' (4.19)

The time to travel from polnt 1 on en orbit to point 2 on en orbit

is given by Kepler's equatlon

1
t=2[E, -E -esinE, +esln El] (A.20)

Veon Anoraly, I, of en orbit is the central angle from pericynthlen

trensversed in time T if the vehicle were traveling at the mesan
orbitsl rate n. Thus e

M = nT - (A.21)

In terms of M and e, © can be expressed in series form

Q@ =M<+ 2e s8in M + E- ez sin M + oun (A.22)
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