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SECTION 5
GUIDANCE EQUATIONS

5.1 INTRODUCTION

5.1.1 GENERAL COMMENTS

The purpose of this section is to present the Guidance and
Navigation Computation Routines associated with a manned LLM Apollo
Earth-Orbital Mission. These Routines are utilized by the Pro-
grams outlined in Section 4 where astronaut and other subsystem
interface and operational requirements are described., The guidance
and navigation equations and procedures presented in Section 5 are
primarily concerned with mission type programs representing the
current LM PGNCS Computer (LGC) capability. A restricted num-
ber of LGC service type program operations which involve compu-

tation requirements are also included,

The LM PGNCS Computer (LGC) guidance and naviga-
tion equations for earth orbital missions are presented in the fol-

lowing five catagories:

Section 5, 2 Coasting Flight Navigation Routines

Section 5.3 Powered Flight Navigation and

Guidance Routines
Section 5, 4 Targeting Routines
Section 5. 5 Basic Subroutines

Section 5, 6 General Service Routines

Guidance equation parameters required for program initialization
and operation are listed in Section 5,7. These selected parameters
are stored in the LLGC erasable memory, General constants used

in the equations of this volume are presented in Section 5. 8,

5,1-1
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A complete table of contents for Section 5 is presented
in the following Section 5.1.2.1. A cross-reference between the
LGC programs and routines of Section 4 that are described in
Section 5 is listed in Section 5. 1. 2. 2. It should be noted that the
LM earth orbital mission program SUNDANCE is a subset of the
LM lunar landing mission program LUMINARY. In the following
Section 5 table of contents and text, missing section numbers cor-
respond to LUMINARY programs that were deleted to form the
SUNDANCE program.

The principal authors contributing to this Section 5

were:

.M, Levine

. F., Marscher
.H. Morth
Phaneuf

.J. Philliou

M. Reber

M. Robertson
E. Sears
Tempelman
L. White

FEZ2EHUIIEQ

The Guidance System Operations Plan is published as

seven separate volumes (sections) as listed below:

Section 1 Pre-Launch
Section 2 Data Links
Section 3 Digital Auto-Pilots

Section 4 Operational Modes
Section 5 Guidance Equations
Section 6 Control Data
Section 7 Error Analyses

This volume constitutes a control document to govern
the structure of the manned LLM Earth Orbital Mission, using
SUNDANCE, including PGNCS interfaces with the flight crew and

Mission Control Center,

Revisions to this plan which reflect changes in the

above control items require NASA approval.

5,1-2
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5.1.2 TABLE OF CONTENTS
5:1.2:.1 Section 5 Téble of Contents
SECTION NO. TITLE
5.1 Introduction
5.1.1 General Comments
9:.1.2 Table of Contents
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5.2 Coasting Flight Navigation
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5.1-3

Rev.1 - 6/68

PAGE

5,
5.

5,
5,
o,
5,
oS,
o5,
5,
5,
95,
5,
5,

S,

w =i,

o =3

1-10
1-14

.2-1

2-9

2-9

2-9

2-12
2-14
2-19
2-20
2-26
2-33
2-33
2-46

2-66



SECTION NO. TITLE PAGE

9.3 Powered Flight Navigation and Guidance
5.3.1 General Comments 5,3-1
54362 Powered Flight Navigation Average-G Routineb, 3-2
5.3.3 Powered Flight Guidance Using Cross 5.3-7

Product Steering

5.3.3.1 Introduction 5.3-7
5.3.3.2 Powered Flight Guidance Computation 5.3-10
Sequencing
5,3,3.3 Pre-Thrust Computations 5,3-18
5,3.3.4 Cross Product Steering Routine 5.3-32
5.3.3.5 Velocity-to-be~-Gained Routine 5,.3-38
5.3.3.6 AV Monitor Subroutine 5, 3-42
5,3,6 Thrust Monitor Program 5.3-45
5, 4 Targeting Routines
5. 4.1 General Comments 5,4-1
5.4.4 Rendezvous Targeting 5,4-2
5.4.4.1 General 5,4-2
5, 4. 4.2 Pre-CSI Maneuver 5,4-5
5.4, 4.3 Pre-CDH Maneuver 5,4-12
5,4.4.4 Pre-TPI Maneuver 5,4-21
5.4.4.5 Rendezvous Midcourse Maneuver 5,4-23
5,1-4

Rev.1 - 6/68



SECTION NO. TITLE
5.5 Basic Subroutines
5.5.1 General Comments
5.5.1.1 Solar System Subroutines
5.5.1.2 Conic Trajectory Subroutines
5.5.2 Planetary Inertial Orientation Subroutine
9.5.3 Latitude -Longitude Subroutine
59.5.4 Lunar and Solar Ephemerides
5.5.95 Kepler Subroutine
5.5.6 Lambert Subroutine
5.5. 17 Time-Theta Subroutine
5.5.8 Time-Radius Subroutine
5. 5.9 Apsides Subroutine
5.5.10 Miscellaneous Subroutines
5.5.11 Initial Velocity Subroutine
5.5.13 LOSSEM Subroutine
5. 5. 14 Pericenter-Apocenter ( PERIAPO)
Subroutine
5. 6 General Service Routines
5. 6.1 General Comments
5. 6.2 IMU Alignment Modes
5.6.2.1 Orbital Alignment
5,1-5

Rev.1 - 6/68

5,5-12
5,5-18
5.5;23
5,5-25
5.,5-30
5.5-34
5, 5-36
5,5-39
5,5-41
9,95-50
5,5-53

5,5-55



SECTION NO. TITLE
5. 6 General Service Routines (continued)
D. 643 IMU Routines
9. 6.3, 1 AQOT and COAS Transformations
9.6.3. 2 IMU Transformations
5.6.3.4 REFSMMAT Transformations
5. 6.4 Star Selection Routine
5. 6.5 Ground Track Routine
5, 6.7 Additional Rendezvous Displays
5,6,7.1 Range, Range Rate, Theta Display
5,6,7,2 Final Attitude Display
5.,6,7.3 Out-of -Plane Rendezvous Display
5. 6.8 AGS Initialization Routine
5. 6.9 LGC Initialization
5, 6,11 LGC Idling Program
5.6.12 FDAI -IMU Transformations
5.6.13 IMU Compensation
5.6.14 RR/LR Self Test Routine
9.6,15 RR Angle Transformations
5.6, 16 Target AV Routine
5.6, 17 Orbital Parameter Display Routine
5,6.18 LR Spurious Test Routine
5.6.19 RMS Position and Velocity Error Display
5.7 Erasable Memory Parameter List
5. 8 Fixed Memory Constants
5.8y 1 Fixed Constants
5, 8:2 References for Fixed Constants
5, 8.3 Comments on Fixed Constants

9. 1-6

Rev.1 - 6/68

5,
b
9.
5,
5.

[S21 IS B

6-45
6-48
6-50
6-56
6-57

»8-1
. 8-1
. 87
. 8-9



w
—

B 2
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NUMBER

P-25

P-30

P-32

P-33

P-34

P-35

P-40
P-41
P-42
P-47
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Sections 4 and 5 Cross Reference

TITLE

LGC Idling Program

Rendezvous Navigation Pro-
gram

Ground Track Determination
Program

Preferred Tracking Attitude
Program

External AV Maneuver
Guidance

Coelliptic Sequence Initiation
(CSI) Program

Constant Differential Altitude
(CDH) Program

Transfer Phase Initiation
(TPI) Program

Transfer Phase Midcourse
(TPM) Program

DPS Maneuver Program
RCS Maneuver Program
APS Maneuver Program

Thrust Monitor Program

IMU Orientation Determination

IMU Realignment Program
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PRINCIPAL

ROUTINE TITLE SECTION 5 PAGE_
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5.1.4 COORDINATE SYSTEMS

There are six major coordinate systems used in the

navigation and guidance programs, These six coordinate systems

are defined individually in the following descriptions, and referenced

to control specifications of Section 5, 8, 2 where applicable, Any
other coordinate system used in any particular LGC program is

defined in the individual section describing that program,

5.1.4.1 Basic Reference Coordinate System

The Basic Reference Coordinate System is an ortho-
gonal inertial coordinate system whose origin is located at
either the moon or the earth center of mass. The orientation
of this coordinate system is defined by the line of intersection
of the mean earth equatorial plane and the mean orbit of the
earth (the ecliptic) at the beginning of the Besselian year which
starts January 0. 525, 1969, The X-axis (EXI) is along this in-
tersection with the positive sense in the direction of the ascend-
ing node of the ecliptic on the equator (the equinox), the Z-axis

(EZI) is along the mean earth north pole, and the Y -axis (EYI)

completes the right-handed triad. The Basic Reference Coordinate
System is presented in Ref, 1 of Sec, 5, 8,2 as Standard Coordinate

Bystem 4, Geocentric Inertial in Fig, A-4,

During earth-orbital missions in which the LM is active
nearthe earth, the Basic Reference Coordinate System will be
earth-centered, Allnavigationstars and lunar-solar ephemerides
are referencedtothis coordinate system, All vehicle state vectors
arereferenced to this system during coasting or free fall phases

of the mission,

5.1.4.2 IMU Stable Member or Platform Coordinate System

The orthogonal inertial coordinate system defined by
the PGNCS inertial measurement unit (IMU) is dependent upon
the current IMU alignment. There are many possible alignments
during a mission, but the primary IMU alignment orientations
described in Section 5. 6, 3. 4 are summarized below and designa-
ted by the subscript SM:

5.1-10
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1. Preferred Alignment

Usxsm = YD

Uygn = UNIT (Uyeyr X 1) (5.1.1)

UzsMm ~ Yxsm < Yysm

where:
xsm
IMU stable member coordinate unit
Yysm vectors referenced to the Basic Re-
” ference Coordinate System
—ZSM
l}vTD = unit vector in desired thrust direction
at ignition
r = position vector at ignition
2. Nominal Alignment (Local Vertical)
= UN
UxSM T AE) o4 s s
= UNIT (v X r) (5.1.2)

Yysm
Uzsm = Yxsm X Yysm

where r and v represent the vehicle gtate vector at

the alignment time, talign'

5,1-11
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The origin of the IMU Stable Member Coordinate
System is the center of the IMU stable member,

5,1,4,3 Vehicle or Body Coordinate System

The Vehicle or Body Coordinate System is the ortho-
gonal coordinate system used for the LM structural body, The
origin of this coordinate system is 200 inches below the LM
ascent stage base, The X-axis (EXB) lies along the longitudinal
axis (centerline of the transfer tunnel) of the LM, positive in
the nominal DPS thrust direction, The Z-axis (EZB) is parallel
to the centerline of the exit hatch and directed forward from the
design'eye. The Y-axis (EYB) completes the right-handéd triad,
This coordinate system is defined in Ref, 1 of Section 5, 8,2 as
the Standard Coordinate System 8d, LEM Structural Body Axis
in Fig, A-8d,

5,1-12
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5,1.4.4 Earth-Fixed Coordinate System

The Earth-Fixed Coordinate System is an orthogonal
rotating coordinate system whose origin is at the center of
mass of the earth, This coordinate system is shown in Ref, 1
of Sec, 5.8,2 as the Standard Coordinate System 1, Geographic
Polar in Fig, A;l. The Z-axis of this coordinate system is
defined to be along the earth's true rotational or polar axis,
The X -axis is defined to be along the intersection of the prime
(Greenwich) meridian and the equatorial plane of the earth,
and the Y-axis is in the equatorial plane and completes the

right-handed triad,

5,1.4.5 Moon-Fixed Coordinate System

The Moon-Fixed Coordinate System is an orthogonal
rotating coordinate system whose origin is at the center of
mass of the moon, This coordinate system is shown in Ref, 1
of Sec, 5.8,2 as the Standard Coordinate System 2, Selenographic
Polar in Fig, A-2, The Z-axis is defined to be along the true
polar or rotation axis of the moon, the X-axis is through the
mean center of the apparent disk or along the intersection of
the meridian of 0° longitude and the equatorial plane of the moon,
and the Y-axis is in the equatorial plane and completes the
right-handed triad,

5,1.4,6 Navigation Base Coordinate System

The Navigation Base Coordinate System is an orthogonal
coordinate system whose origin and axis orientation are defined
by the three mounting points between the PGNCS navigation base
and the LM vehicle structure, These mounting point locations
are defined in Section G-G of the GAEC-MIT Interface Control
Document LLID280-10004 (Ref, 13 of Sec 5.8.,2), TheYNB axis
is defined by the centers of the two upper mounting points along
line F of Ref, 13, with the positive direction inthe same general direction
as the LM+Y vehicle axis, The XNB axis is defined by a line through the
center of the low er mounting point (point K of Ref, 13) and perpendicular
to theYNB axis, The positive XNB directionis inthe same general sense
as the LM+X vehicle axis, The+ZNB defined as }ENBX.XNB to complete
the right-handed triad, The Navigation Base Coordinate System is ap-
proximately parallel with the LM Vehicle Coordinate System,

5, 1~13
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5.1.56 GENERAL DEFINITIONS AND CONVENTIONS

In this section the definitions of and the conventions
for using a selected number of parameters are given, Although
virtually all of the information in this section appears elsewhere
in this document, this section provides a summary of facts

which are distributed among various other sections.

9:1:5:1 Error Transition Matrix Maintenance

5.1.5.1.1 Definitions

The error transition matrix (W matrix) is defined
in Section 5. 2. 2. 4 and is used in processing navigation measurement
data, . Control of the W matrix is maintained by means of the flag
RENDWFLG (see Section 5. 2, 4, 2, 2). If RENDWFLG is equal to
one, then the W matrix is valid for processing rendezvous navigation
data; while this flag being equal to zero indicates that the W matrix

is invalid.

5.1.5.1.2 W Matrix Control Flag

The W matrix control flag is maintained according to

the following rules:
1. RENDWFLG is initially zero,

2. A CSM state vector update from the ground

causes the flag to be zeroed.

3. A LM in-flight state vector update from the
ground causes the flag to be zeroed. An update
of the landing site vector when the LM is on the lunar

surface does not cause the flag to be zeroed.

5.1-14
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4, There exists a special DSKY verb by which the

astronaut can zero the flag,

5, Indication to the LLGC that the LLM is on the lunar
surface causes RENDWFEFLG to be zeroed,

6. Initialization of the W matrix for rendezvous
navigation causes RENDWFLG to be set to one,
There exists in erasable memory one set of
initialization parameters for the W matrix con-
sisting of four elements: one each for position,
velocity, RR shaft bias, and RR trunnion bias,
At the time each set of rendezvous navigation
data is processed, RENDWFLG is tested, If
the flag is found to be zero, then the W matrix
is initialized consistent with the erasable
parameters, and the flag is set to one, See
Section 5,2, 4,2, 2 for more complete details of

this initialization procedure,

7. 'There exists a special DSKY verb which causes
the RMS position and velocity errors to be
computed from the W matrix and displayed. At
this display the astronaut can enter new W matrix
position and velocity initialization parameters,
at which RENDWFLG is zeroed, Item 6 above
then applies, See Section 5,6, 19 for more

complete details of this procedure,

5.1-15
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5.1.5.1.3 W Matrix Extrapolation

Extrapolation of the W matrix is described in
Section 5. 2. 2. 4. Required in this extrapolation is the specification
of the appropriate vehicle's state vector with which the W matrix
is extrapolated, This extrapolation occurs during programs P-00
and P-20; and at the conclusion of programs P-40, P-41, P-42,
and P-47, The conventions under which the extrapolation occurs

during each of these programs are as follows:

P-00 ; If RENDWFLG is equal to one, the W
matrix is extrapolated with the LM state
vector if the LM is in flight,and with the
CSM state vector if the LM is on the lunar
surface. The W matrix is not extrapolated

if the flag is equaltozero, (See Sectionb,6.11),

P-20 ? The W matrix is extrapolated with the
state vector that is being updated if
RENDWFLG is equal to one, and not
extrapolated if RENDWFLG is equal
to zero. (See Section 5. 2. 4, 2. 2).

P-40 The result of the maneuver will be a

P-41 . final state vector at the end-of-maneuver
P-42 . time tF. The LM state vector that existed
P-47 before the maneuver program will still

exist; and, cotemporal with it, there will
also be the CSM state vector and the W
matrix, The following steps are performed
after the Average-G Routine (Sec. 5. 3. 2)

is terminated:

5,1-16
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1. If the W matrix control flag i«
equal to one, the old LM state
vector amd the W matrix are
extrapolated to tF'

' 2. The CSM state vector is extrapolated

to time tF‘

3. The LM state vector is initialized

to the end-of -maneuver state vector,

If a computation overflow occurs during any of the
above W matrix extrapolations, a program alarm will result,
the W matrix control flag will be zeroed, and the extrapolation

of the state vector will continue without the W matrix,

5.1-17
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9. 1.5, 2 Altitude Parameter Convention

In the following programs and routines the display
parameter of the vehicle altitude or trajectory pericenter or
apocenter altitude is measured with respect to the earth launch

pad radius magnitude, r P in earth orbit cases, or the lunar

L

landing site radius magnitude, rLS’ in lunar orbit cases. The
earth launch pad radius parameter, r;p is stored in fixed memory
and the lunar landing site radius, Iy is the magnitude of the
landing site vector, E-LS’ available in erasable memory.

P-21 Ground Track Determination Sec. 5.6.5

P-30 External AV Maneuver Gu’idva'nce Sec. 5.3.3.3.1

P-34 & P74 TPI Pre-Thrust Program - Sees 5y 4, 4,4

R-30 Orbit Parameter Display Routine Sec. 5.6.17
5.1-18
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5.2 COASTING FLIGHT NAVIGATION

5.2.1 GENERAL COMMENTS

The LLGC Coasting Flight Navigation Routines which
are presented in Sections 5.2, 2 through 5,2, 4 are used during
non-thrusting phases of the Apollo mission, The basic objective
of the navigation routines is to maintain estimates of the position
and velocity vectors of both the CSM and the LM, Letr and v
be the estimates of a vehicle's position and velocity vectors,
respectively. Then, the six-dimensional state vector, X, of the

spacecraft is defined by

r
\

Coasting Flight Navigation is accomplished by extrapolating the
state vector, X, by means of the Coasting Integration Routine
(Section 5.2,2), and updating or modifying this estimated state
using Rendezvous Radar (RR) tracking data by the recursive

method of navigation (Sections 5.2.3 - 5.2,4).

The Coasting Integration Routine (Section 5.2,2) is
used by other navigation and targeting routines to extrapolate
the following:

1) Present estimated LM state vector

2) Present estimated CSM state vector

3) An arbitrary specified state vector, such as the

predicted result of a maneuver

5, 2-1
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State vector extrapolation is accomplished by means
of Encke's method of differential accelerations. . The motion of
a spacecraft is dominated by the conic orbit which would result
if the spacecraft were in a central force field, In Encke's
method the differential equations for the deviations from conic
motion are integrated numerically, This technique is in contrast
to a numerical integration of the differential equations for the
total motion, and it provides a more accurate orbit extrapolation,
The numerical integration is accomplished by means of Nystrom's
method which gives fourth-order accuracy while requiring only
three computations of the derivatives per time step. The usual
fourth-order Runge-Kutta integration methods require four der-

ivative computations per time step,

Regardless of the accuracy of the state vector extrap-
olation, errors in the initial conditions will propagate and soon
grow to intolerable size, Thus, it is necessary periodically to
obtain additional data in the form of either new state vector esti-
mates or modifications to the current state vector estimates,
These state vector modifications are computed from navigation

data obtained by means of navigation measurements,

The LM PGNCS uses RR tracking data to compute
state vector changes, Navigation measurement data are used to
update state vector estimates during the rendezvous navigation
procedure which will be used normally during all LM-CSM ren-

dezvous phases.

(o]
.
o
1
o
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In order to achieve desired rendezvous objectives, it
is necessary to expand the rendezvous navigation procedure to
nine dimensions, ‘and to include in the estimation the constant
RR angle biases. The estimated state vector that is used in

rendezvous navigation is given by

| ™
1
< I=

bias

where r and v are the estimated position and velocity vectors of
either the LLM or the CSM, and bias is a vector whose components
are the estimates of the RR angle biases, Normally the LM state
vector is updated, but the astronaut can select the CSM update
mode, The selection of the vehicle update mode is based primarily
upon which vehicle's state vector is most accurately known initially,

and which vehicle is controlling the rendezvous maneuvers,

In order to estimate the RR angle biases, it is necessary
to restrict the LM attitude during RR tracking, This attitude re-
striction involves controlling the LM +Z -axis to be within 30° of

the tracking line-of-sight and is described in Section 5. 2, 4. 1,

Navigation data is incorporated into the state vector
estimates by means of the Measurement Incorporation Routine
(Section 5,2, 3) which has both six- and nine-dimensional modes,

The six-dimensional mode is not used in this restricted Earth

Orbital Mission Program, The Measurement Incorporation Routine
is a subroutine of the Rendezvous Navigation Routine (Section5,2,4,2),
A simplified functional diagram of the Rendezvous Navigation

Program which uses these routines is given in Fig., 2,1-1,
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In rendezvous navigation, estimated LM and CSM
position and velocity vectors are obtained at required times by
means of the Coasting Integration Routine (Section 5.2,2), The
Measurement Incorporation Routine (Section 5.2, 3) is used to

incorporate the measurement data into the state vector estimates,

The Navigation procedure, which is illustrated in
simplified form in Fig, 2.1-1,involves computing an estimated
tracking measurement, /6\2, based on the current state vector
estimates, This estimated measurement is then compared with
the actual tracking measurement @ (RR tracking data in the LGC)
to form a measured deviation §Q. A statistical weighting vector,
w, is computed from statistical knowledge of state vector un-
certainties and tracking performance, c—r—z—, plus a geometry vec-
tor, b, determined by the type of measurement being made,

The weighting vector, w, is defined such that a statistical optimum
linear estimate of the deviation, 6%, from the estimated state
vector is obtained when the weighting vector is multiplied by the
measured deviation §Q. The vectors w, b and §x are of six or
nine dimensions depending upon the dimension of the state vector

being estimated,

In an attempt to prevent unacceptably large incorrect
state vector changes, certain validity tests have been included
in the LLGC Rendezvous Navigation Routine, In this routine
measurement data is processed periodically (approximately once
per minute ), and it is desirable that the CSM be tracked during
the entire rendezvous phase up to the manual terminal maneuver,
If the magnitudes of the changes in the estimated position and
velocity vectors, ér and §v, respectively, are both less than

preset tracking alarm levels, then the selected vehicle's state
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vector is automatically updated by the computed deviation, 6x,
and no special display is presented, except that the tracking
measurement counter is incremented by one. If either ér or
6v exceeds its alarm level, then the state vector is not updated,
and the astronaut is alerted to this condition by a special dis-

play of ér and §v.

In this case the astronaut should place the RR under
manual control and make the necessary radar operating and
side lobe checks to verify main lobe lock-on and tracking condi-
tions, After the tracking has been verified, and navigation data
has again been acquired, the astronaut has the option of com-
manding a state vector update if the tracking alarm is again
exceeded, or of repeating further RR checks before incorporating
the measurement data, If the astronaut cannot verify the tracking;
then he can terminate the program and try to achieve tracking

conditions at a later time,

The tracking alarm criterion is incorporated in the
navigation routine to alert the astronaut to the fact that the state
vector update is larger than normally expected, and to prevent
the estimated state vector from automatically being updated in
such cases, The update occurs only by specific command of the
astronaut, The tracking alarm level beyond which updating is
suspended is primarily chosen to avoid false acquisition and
tracking conditions, There is a low probability that the alarm
level will be exceeded in the LGC if the estimated state vectors
are essentially correct, since the RR Designation and Data Read
Routines have partial internal checks for side-lobe acquisition

before tracking data are incorporated in the navigation routine,
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The most probable condition for the state vector update alarm
level being exceeded in the LLGC is, therefore, initial acquisition
and tracking in the case where a poor estimate of either the
CSM or LM state vector exists. In this case the astronaut would
have to command the initial state vector update, after which the
tracking alarm level would seldom be exceeded during the re-
mainder of the navigation phase, It should be noted that this
statement is true only if the estimated state vector of the active
vehicle performing a powered rendezvous maneuver is updated
by the Average-G Routine in the case of the LM being the active
vehicle, or by a DSKY entry (R-32) of the maneuver AV if the
CSM is the active vehicle (Section 5,6, 16),

The displayed values of §r and §v which have not
passed the tracking alarm test will depend upon the statistical
parameters stored in the LLGC and upon the following types of

errors:

Type 1: Errors in the current state vector estimates
Type 2: Errors in alignment of the IMU
Type 3: Reasonable RR tracking performance errors

Type 4: A PGNCS or RR failure resulting in false

acquisition

The existence of Type 1 errors is precisely the reason that the
RR tracking is being done, It is the function of the navigation

to decrease Type 1 errors in the presence of noise in the form
of errors of Types 2 and 3. Since the RR tracking should not be
performed unless the IMU is well aligned and the PGNCS and RR
are functioning properly, it follows that the purpose of the state
vector change validity check is to discover a Type 4 error, As
previously mentioned, there is a low probability of this type of

error occurring,
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Based upon the last time that the state vector was
updated and when the IMU last was realigned, very crude reason-
able values for 6r and §v can be generated by the astronaut. The
L.GC will provide no information to assist the astronaut in his

estimates of reasonable values for §r and §v.

The parameters required to initialize the Rendezvous
Navigation Routine (Section 5.2, 4,2 ) are the initial estimated
LM and CSM state vectors, initial state vector estimation error
covariance matrices in the form of prestored diagonal error
transition matrices (as defined in Section 5.2,2,4), and a pridri
measurement error variances, The basic input to the navigation
routines is RR tracking data which is automatically acquired by
the Data Read Routine. The primary results of the navigation
routine are the estimated LM and CSM state vectors. The various
guidance targeting modes outlined in Section 5, 4 are based on the

state vector estimates which result from these navigation routines,
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5.2.2 COASTING INTEGRATION ROUTINE*

5.2.2.1 General Comments

During all coasting phase navigation procedures, an extrapola-
tion of position and velocity by numerical integration of the equations of

motion is required. The basic equation may be written in the form

S

uP‘
£ () + — £ () = ag(t) (2. 2. 1)
r

d2

dt?
where “P is the gravitational constant of the primary body, and gd(t) is
the vector accelerationwhich prevents the motion of the vehicle (CSM or
LM) from being precisely a conic with focus at the center of the primary
body. The Coasting Integration Routine is a precision integration routine
in which all significant perturbation effects are included. The form of

the disturbing acceleration Ed(t) depends on the phase of the mission.

An approximate extrapolation of a vehicle state vector in which
the disturbing acceleration, gd(t) of Eq. (2.2.1), is set to zero may be

accomplished by means of the Kepler Subroutine (Section 5,5.5).

The LGC Coasting Integration Routine is restricted to earth or
lunar orbit and is not to be used in cislunar-midcourse space. The routine
does not contain the capability of computing the gravitational perturbations
of the sun or the other body (moon or earth); and, therefore, cannot pro-

vide accurate midcourse integration,

5. 2. 2. 2 Encke's Method

Ifgd

tegration of Eq. (2. 2. 1) is inefficient. Therefore, the extrapolation will

is small compared with the central force field, direct in-

be accomplished using the technique of differential accelerations attribu-

ted to Encke.

* This section does not reflect the entire LGC Coasting Integration Routine
which is identical to that contained in the CMC. These two routines have
been kept identical for the purpose of efficient flight program production.
However, certain control constants are set in the LGC so that the mid-
course perturbation calculations are locked out. Only those equations
which can be executed are documented here,

**In the remainder of Section 5,2 the subscript P will denote primary
body (earth or moon), When the body is known, then the subscripts
E and M will be used for earth and moon, respectively, The vehicle
will be indicated by the subscripts C for CSM and L for I.M,
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At time ty the position and velocity vectors,r, and go,defme
an osculating conic orbit., The position and velocity vectors in the
conic orbit, r_ _ (t) and Y-con(t)’ respectively, will deviate by a small

=con
amount from the actual position and velocity vectors.

The conic position and velocity at time t are computed as
shown in Section 3.5.5., Required in this calculation is the variable x
which is the root of Kepler's equation. In order to minimize the num-
ber of iterations required in solving Kepler's equation, an estimate of

the correct solution for x is obtained as follows:

Let

'r=t—t0 (2. 2. 2)

During the previous computation cycle the values

f o _At
' = TIeon (r T)
v v (TS (2. 2.3)
x' = x (T-%E)

were computed. A trial value of x(7) is obtained from

X, =x'+8[1-ys(-2ys) -5 -as?] (22.4)

where

'Yé——_._ (2.2.5)
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Equations (2,2, 4) and (2, 2, 5) are also used to establish a
preliminary estimate of x for the Kepler Subroutine when it is used
to determine an approximate state vector extrapolation in one step.

For this procedure

r e
=5
vi =y,
%' =0
At
7T
After specification of o Yoo %4 and 7, the Kepler subroutine

(Section 5,5,5) is used to compute | —-— (1), - (1), and x (7).

The true position and velocity vectors will deviate from the

conic position and velocity since 3y is not zero. Let

r(t) = 8(t)+ £ o (1)
(2. 2. 6)

(t)

v(t) = vt + vo

where g(t) and v(t) are the position and velocity deviations from the

conic. The deviation vector §(t) satisfies the differential equation

d’ 5(t) 'p [f( ) r(t) + 6(t)] + a.(t) (2.2.7)
=- q) r a . 2.
a? — S == =d

subject to the initial conditions

g(to)‘ = g) _l{(to) = g (2- 2- 8)
where
(6 -2r)e s
q-= ———2———— (2. 2. 9)
r .
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1+ (1+q)

The first term on the right-hand side of Eq. (2. 2. 7) must re-
main small, i.e., of the same order as gd(t), if the method is to be
efficient. As the deviation vector §(t) grows in magnitude, this term
will e'ventually increase in size. Therefore, in order to maintain the
efficiency of the method, a new osculating ¢onic orbit should be defined
by the total position and velocity vectors r(t) and v(t). The process of
selecting a new conic orbit from which to calculate deviations is called
rectification. When rectification occurs, the initial conditions for the
differential equation for s(t), as well as the variables 7 and x, are

again zero.

5. 2. 2.3 Disturbing Acceleration

The form of the disturbing acceleration g._d(t) that is used in
Eq. (2. 2. 1) depends on the phase of the mission. In earth or lunar
orbit, only the gravitational perturbations arising from the non-
spherical shape of the primary body need be considered, Let a ayp be the
acceleration due to the non-spherical gravitational perturbations of the

primary body, Then, for the earth

4 i
“ 1
g = :Ig- Z 3 <TE> P;+1 (cos ¢) u, - P (cos ¢) u,
i=2

(2.2.11)

where
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P _' (cos ¢) = 3 cos ¢

2
¢ _1 2
P3 (cos ¢)-2— (15 cos® ¢ - 3)
(2.2.13)
1 1 ] 1
P4 (cos ¢)=3—(7cos¢P3 —4P2)
P ; ( _ 1 9 ' ]
5 cos¢)-z(l cos¢P4-5P3)
are the derivatives of Legendre polynominals,
cos ¢ = u.tou
(2.2.13)
u, =
1

and Jo»
harmonics of the earth's potential function. The vectors u. and u,

are unit vectors in the direction of r and the polar axis of the earth,

J3, J4 are the coefficients of the second, third, and fourth

respectively, and r_, is the equatorial radius of the earth.
p Y ho) q

In the case of the moon

4 i
uM r1\/]: ! 1
Sam T T Jim | 7| [Birifcos ¢) u, -P; (cos ¢) u,
i=2
Fs 2 Xpg Vg xMZ _ yM2 .
i lam AT [V o8, g WKy g (e e Rn ey, )
xM +yM xM +yM

(2. 2.14)
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where M is the mean lunar radius, J is the coefficient of the

22M
term in the moon's gravitational potential function which describes
the assymmetry of the moon about its polar axis, and X and YMm

are the X and Y components of r expressed in moon-fixed coordinates,
The other terms in Eq. (2.2, 14) have definitions analogous to those
in Eq. (2.2.11). The variables X Y

means of the Planetary Inertial Orientation Subroutine (Section5.5.2).

and u, are computed by

5.2.2.4 Error Transition Matrix

The position and velocity vectors as maintained.in the
computer are only estimates of the true values., As part of the
navigation technique it is necessary also to maintain statistical
data in the computer to aid in the processing of navigation measure-

ments.

If €(t) and n(t) are the errors in the estimates of the
position and velocity vectors, respectively, then the six-dimensional
correlation matrix E(t) is defined by
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e et ew) n)T

Eg4lt) = (2. 2. 15)

n® et ) n®"

In certain applications it becomes necessary to expand the
state vector and the correlation matrix to more than six dimensions
80 as to include estimation of landmark locations in the CMC dur-
ing orbit navigation,and rendezvous radar tracking biases in the LGC
during the rendezvous navigation procedure. For this purpose a nine-

dimensional correlation matrix is defined as follows ¢

e T
Es(t) R
3
E(t) = n(t) B (2. 2.186)

BewT pawT ppT

where the components of the three-dimensional vector B are the errors
in the estimates of three variables which are estimated in addition to the

components of the spacecraft state vector.
In order to take full advantage of the operations provided by

the interpreter in the computer, the correlation matrix will be re-

stricted to either six or nine dimensions. If, in some navigation pro-
cedure, only one or two additional items are to be estimated,then a sufficient
number of dummy variables will be added to the desired seven- or
eight-dimensional state vector to make it nine -dimensional.
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Rather than use the correlation matrix i.. the navigation pro-
cedure, it is more convenient to utilize a matrix W(t), called the error
transition matrix,and defined by

E(t) = W(t) W(t) T (2.2.17)

Extrapolation of the nine-dimensional matrix W(t) i8 made by
direct numerical integration of the differential equation

o 1 O
SwW=| Gt O O w (2.2.18)
O O O

where G(t) is the three-dimensional gravity gradient matrix, and I and
O are the three-dimensional identity and zero matrices, respectively.
If the W matrix is partitioned as

Yo ¥ wa
W = Wy WYio v Wiq (2.2.19)
Yig Y9 - V¥
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then,
§ Wilt) = Wiy o)

(2. 2. 20)

FWig®) =GB w,(® § i=0,1,....,8

g’

E(ij!ma“) oF

The extrapolation may be accomplished by successively integrating the
vector differential equations

2
dow®=GHw® 1=0,1,...,8 (2. 2. 21)
dt

The gravity gradient matrix G(t) for earth or lunar orbit is
given by

M
G(t) = T P(’t) [3 r(t) E(t)T - r(t) 1] (2.2, 22)
5,2-1T
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Thus, if D is the dimension of the matrix W(t) for the given
navigation procedure, the differential equations for the w 1(’c) vectors

are

2 M
d S . £) - w.(t (2. 2. 23)

(t=0, 1,..., D-1)

where u, (t) is a unit vector in the direction of r(t).

It is possible for a computation overflow to occur
during the W matrix integration if any element of the matrix
exceeds. its maximum value, This event is extremely unlikely

because of the large scale factors chosen, The overflow occurs

if
1) any element of the position part (upper third)
of the W matrix becomes equal to or greater than
9 19m’
or

2) any element of the velocity part (middle third)
of the W matrix becomes equal to or greater

than one m/csec,

In addition, each element of the bias part (lower third) of the
matrix must remain less than 2_5 radian, but this part does not

change during integration,

If overflow should occur, an alarm results, and either
new state vector estimates must be obtained from RTCC, or a
sufficient number of navigation measurements must be made be-
fore the state vectors are used in any targeting or maneuver

programs,
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5.2.2.5 Numerical Integration Method

The extrapolation of navigational data requires the solution of
a number of second-order vector differential equations, specifically
Eqgs. (2. 2. 7) and (2. 2. 23). These are all special cases of the form

F
- F e VAR (2. 2. 24)

Nystrom's method is particularly well suited to this form and
gives an integration method of fourth-order accuracy. The second-order
system is written

d
ay=z
(2. 2. 25)
E%E: f(y v
and the formulas are summarized below,
Yae1 = Yot #g,) At
Ity T Zpt Hlyp) At
Blyy) =z, + 5 (ky + 2K,) At
1 (2. 2. 26)
ﬂ(xn) =E (51 + 452+ 1_<3)
lil = f—(Xn‘ tn)
k, = f_(zn+ ;_EnAt+ !1;51 (At)z, to+ %At)
- 1 2
113 = f_(Xn+ EnA“' 2-52 (At)?, tn+At)

For efficient use of computer storage as well as computing

time the computations are performed in the following order:
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1) Equation (2.2.7) is solved using the Nystrom formulas
Eqgs.(2.2.26). It is necessary to preserve the values
of the vector r at times t , t +At/2, t + At for use
in the solution of Eqs.(2.2.23).

2) Equations (2.2.23) are solved one-at-a-time using
Egs. (2.2.26) together with the values of r which re-
sulted from the first step.

The variable At is the integration time step and should

not be confused with 7, ‘the time since rectification. The maxiinum

value for At which can be used for precision integration, Atmax' is
computed from
" 8/2
At = minimum [0.3 S22 | 4000 sec.| (2.2.27)
max
'Hp

5.2 2.6 Coasting Integration Logic

Estimates of the state vectors of two vehicles (CSM and
LM) will be maintained in the computer. In various phases of the
mission it will be required to extrapolate a state vector either alone

or with an associated W matrix of dimension six or nine,.
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To accomplish all of these possible procedures, as well as
to solve the computer restart problem, three state vectors will be
maintained in the computer. Let X and X, be the estimated CSM
and LM state vectors, respectively, and let x be a temporary state

vector. The state vector x is a symbolic representation of the follow -

ing set of variables:

o = rectification position vector
Yo = rectification velocity vector
Toon - conic position vector
Veon = conic velocity vector
13 = position deviation vector (2.2.28)
v = velocity deviation vector
% = tfime associated with r , Vv , 6 and v
—con’ —con’ — =
T = time since rectification
X = root of Kepler's equation
0 for earth
P = primary body =

1 for moon

The state vectors Xe and X, represent an analogous set of variables.

The Coasting Integration Routine is controlled by the calling
program by means of the two indicators D and V. The variable D
indicates the dimension of the W matrix with
D=0 (2. 2. 29)

denoting that the state vector only is to be extrapolated. The vari-

ble V indicates the appropriate vehicle as follows:
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1 for CSM
V = 0 for LM (2.2.30)

-1 for state vector specified by calling program

In addition, the calling program must set the desired final time tF;

and, for V equal to -1, the desired state vector x.

A simplified functional diagram of the Coasting Integration
Routine is shown in Fig 2.2-1. In the figure the indicated state
vector is being integrated to time tF' The value of At for each time
step is At (Eq. (2 2.27 ))or the total time-to-go whichever is

smaller. The integration is terminated when the computed value of

At is less than €4o

Figure 2.2-2 illustrates in more detail the logic flow of
this routine. In this figure the following items, which have not been

discussed fully in the text, are explicitly illustrated:

1) Saving of r values for W matrix integration
2) Rectification procedure

3) Selection of disturbing acceleration

The logic flow shown in Fig. 2 2-2 is controlled by the
switch F' which is used to distinguish between state vector integration

(F = 1) and W matrix integration (F = 0).

If the Coasting Integration Routine is requested to extrapolate
the estimated LLM state vector and the LM is on the lunar surface, then
the routine will use the Planetary Inertial Orientation Subroutine (Sec-
tion 5,5, 2) to compute the desired LM position and velocity and the normaJ:
L]

integration will not be performed.This procedure is not indicated in the

figure. ;
There is a procedure for the emergency termination of the

Coasting Integration Routine in order to permit correction of wrong
erasable memory parameters, This emergency function is described in

Section 5,6, 11,
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In addition to the general criterion discussed in
Section 5,2,2,2, the requirements for rectification (which are
not shown in Fig, 2,2-2) are functions of

1) the computer word length,

2) the fact that the computations are performed in

fixed-point arithmetic,
3) the scale factors of the variables, and

4) the accuracy of the Kepler Subroutine (Section 5,5, 5).

If
6 > 0,01
T
con
or if
0,75 X 2%%m for P = 0
6 > 18
0.7 X 2" " mforP=1
or if
0.75 x 23 m/csec for P = 0
v >

0,75 X 2_1m/csec for P=1

then rectification occurs at the point indicated in Fig, 2,2-2,
Also, if the calculation of the acceleration (Eq, (2,2,7)) results
in overflow (i, e. any component is equal to or greater than
2_16m/csec2 for P = 0, or 2—20m/csec2 for P = 1), then the
program is recycled to the beginning of the time step and recti-
fication is performed, This procedure assumes the existence

of a valid state vector, If an invalid state vector is integrated,

then this overflow test can result in an infinite loop,
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5.2.3 MEASUREMENT INCORPORATION ROUTINE

Periodically it is necessary to update the estimated posi-
tion and velocity vectors of the vehicle (CSM or LLM) by means of
navigation measurements., At the time a measurement is made,
the best estimate of the state vector of the spacecraft is the extrap-
olated estimate denoted by x'. The first six components of x' are
tﬁe cormponents of the estimated position and velocl:ity vectors. In
certain situations it becomes necessary to estimate more than six
quantities. Then, the state vector will be of nine dimensions., From
this state vector estimate it is possible to determine an estimate of
the quantity measured. When the predicted value of this measure-
ment is compared with the actual measured quantity, the difference
is used to update the indicated state vector as well as its associated
crror transition matrix as described in Section 5.2.1. The error transi-
tion matrix, W, is defined in Section 5,2, 2.4,

This routine is used to compute deviations to be added
to the components of the estimated state vector, and to update the
estimated state vector by these deviations provided the deviations

pass a state vector update validity test as described in Section 5. 2. 1.

Let D be the dimension (six or nine) of the estimated
gtate vector., Associated with each measurement are the following
parameters which are to be specified by the program calling this

routine:

b = Geometry vector of D dimensions
az = A priori measurement error variance
6Q = Measured deviation, the difference between the

quantity actually measured and the expected value
based on the original value of the estimated state

vector x',
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The procedure for incorporating a measurement into the estimated

gtate vector is as follows:

@ Compute a D-dimensional z vector from

z=W'Tp (2.3.1)

where W' is the error transition matrix associatedwithx'.

@ Compute the D-dimensional weighting vector, w, from

(2. 3.2)

@ Compute the state vector deviation estimates fromn

6% = w 6Q (2. 3.3)

@ If the data pass the validity test, update the state

vector and the W matrix by

X =x'+6x (2. 3. 4)

(2. 3. 5)

1
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In order to take full advantage of the three-dimensional
vector and matrix operations provided by the interpreter in the com-
puter, the nine-dimensional W matrix will be stored sequentially in

the computer as follows ;

€

Wy W

1P Wog

Refer to Section 5. 2. 2. 4 for the definition of the W matrix. Define

the three dimensional matrices

‘1’0T "—"3T V—"24T
Wos| wT wo=| ow,t Wg o | woel | (2.3.6)
v—"2T "—"ST L. 26T
80 that
w,T w,T w7
w=lw,m wT wT (2.3.7)
wT wT wT

Let the nine -dimensional vectors 6x, b, w, and z be partitioned as

follows:
8% L) 99 2o Zo
6x =| 6x, b= b, w=1 9 z=1 Z |7
8%y by D) 2g 2y
(2. 3.8)
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Then, the computations shown in Egs. (2. 3. 1) through (2. 3. 3) are

performed as follows, using three-dimensional operations:

2-1
zy = Z Waa
=0
21
= Loz
- " EJ E.] @
=0
(2. 3.9)
2-1
A i | r
w = EZ Zj W'3irj
j=0
. : o D _
5%, = 8Q w; (1 O fp won s =1
Equation (2, 3. 5) is written
1
‘Y: ———————————————————
1+ '\/azla
(2. 3.10)
v—vi+9j=1'i+9j—7zigj 1=0, 1, ses 5 D=1
=y Ay wew 5 g =1
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The Measurement Incorporation Routine is divided into
two subroutines, INCORP1 and INCORP2. The subroutine INCORP1
consists of Egs. (2. 3.9), while INCORP2 is composed of Eqgs. (2. 3. 4)
and (2. 3. 10). The method of using these subroutines is illustrated
in Fig. 2. 3-1.

Since the estimated position and velocity vectors are
maintained in two pieces, conic and deviation from the conic, Eq.
(2. 3. 4) cannot be applied directly. The estimated position and
velocity deviations resulting from the measurement,§X and 6x,, are
added to the vectors § and p, the position and velocity deviations from
the conics, respectively, Since i3 and v are maintained to much
higher accuracy than the conic position and velocity vectors, a pos -
sible computation overflow situation exists whenever Eq.'(2. 3. 4) is
applied. If overflow does occur, then it is necessary to reinitialize
the Coasting Integration Routine (Section 5. 2, 2) by the process of
rectification as described in Section 5. 2. 2. 2. The iogic flow of the
subroutine INCORP2 is illustrated in detail in Fig. 2. 3-2.

Overflow occurs when

222 m for P=0
62
218 m for P=1
or
23 m/csec for P=0
B2
971 m/csec for P =1
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INCORP2
Update State Vector X
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Eqs.(2.3.4) and (2.3.10)

INCORP1
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Deviation Estimate 6x

Eas (239 )

RETURN RETURN

Fig. 2.3-1 Measurement Incorporation Procedure
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o d 650
Computation v = Vv + §x
Overflow —con —con =1
vV=a
Update W Matrix Rectification
Egs. (2.3.10) Fig, 2.2-2
LM Ye
Update By, =X

Xo=x > EXIT

Fig., 2,3-2 INCORP2 Subroutine Logic Diagram
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5,2.4 RENDEZVOUS NAVIGATION PROGRAM

5.2.4.1 Target Acquisition Routine

One of the first functions performed by the Rendezvous
Navigation Program is to use the Target Acquisition Routine
(FFig. 2. 4-1) to establish lock-on of the LM Rendezvous Radar
(RR) with the transponder on the CSM. Since the problem of
acquiring the CSM with the RR is essentially the same for both
the Rendezvous and Lunar Surface Navigation Programs (P-20
and P-22, respectively), the same Acquisition Routine is used
for both except for certain differences in operation. For the
moment, however, most of the operational details presented
are for the case when the Rendezvous Navigation Program is
being used. In either case it is assumed at the start of the
routine that the RR is on and has been permitted to warm-up

to operating conditions.

There are three modes (RR LLGC, RR Manual, and
RR Search) for controlling the RR in target acquisition. The
RR LGC and RR Manual Modes can be selected by the astronaut
at the beginning of program P-20 by a procedure described later,
However, the RR Search Mode can be selected only after the
RR LGC Mode has failed to acquire the target. The RR Manual
Mode is not used in P-22,

Prior to using the Target Acquisition Routine,
program P-20 sets the Rendezvous, Track, and Update flags and

resets the Surface Navigation, Manual Acquire, No Angle

Monitor, and Search flags. The Rendezvous flag is set to denote
that program P-20 or P-22 is being used. When this flag is
reset, programs P-20 and P-22 are terminated. The purpose
of the other flags is given in the following sections. In addition
to initializing the above flags, the state vector update option

is automatically set to the LM in program P-20; and the LM

and CSM state vectors are extrapolated to current time using

the Coasting Integration Routine (Section 5. 2. 2),
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At the start of the Target Acquisition Routine in
Fig. 2. 4-1 the range is determined between the LM and CSM by
taking the vector difference between the LM and CSM position
vectors propagated to that time., If the range is greater than
400 nm, a program alarm is issued since the RR is unable to
provide the correct range information to the LGC because of

the ranging technique used in the radar.

After verifying that the range between the LLM and
CSM is less than 400 nm, the Preferred Tracking Attitude
Routine (R-61 of Section 4) is used to align the LLM +Z-axis
along the LLOS to the CSM. This is done to insure a sufficient
period of data taking for estimation of the RR angle biases before
the angle between the RR antenna and the LM Z-axis reaches
30 degrees. During the RR data taking process the LM is
controlled to hold an approximate inertially fixed attitude within
the astronaut selected deadband. The RR Data Read Routine,
which is described in Section 5. 2. 4. 2. 1, is used to detect when
the RR antenna is more than 30 degrees from the +Z-axis and
causes the +Z-axis to be re-aligned with the LLOS using the
Preferred Tracking Attitude Routine, In addition to meeting
the requirements for estimating RR angle biases, it is also
essential that the above attitude constraints be used because of
the limited radiation coverage of the LM optical beacon which
must be directed towards the CSM so as to enable the astronaut
in the CSM to optically sight upon it. The beacon is centered
with respect to the LM +Z-axis and has a beamwidth of approximately

60 degrees.

After using the Preferred Tracking Attitude Routine
in Fig. 2. 4-1 the LGC checks to see if the RR Auto Mode discrete
is being received from the RR. This discrete signifies that the
RR is on and has been placed under LGC control by a mode control
switch associated with the RR. In addition, reception of this
discrete at this time automatically indicates that the astronaut
wishes to use the RR LLGC Mode of target acquisition, If the
discrete is not present, and P-20 is the major program in operation,
a request is made to the astronaut to either select the RR Manual
Mode by keying in "ENTER'' or the RR LGC Mode by placing the
RR mode control switch in the LGC position and keying in "PROCEED'!
If program P-20 is not the major mode at this point, a program
alarm is issued to the astronaut requiring the action indicated in
Fig.2.4-1. This latter step is taken to avoid conflict in DSKY
displays between program P-20 and the program which is the

major mode, 5,2-35
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5.2.4.1.1 Target Acquisition with the RR LGC Mode

If the check on the RR Auto Mode discrete in Fig, 2,4-1
indicates that the RR LLGC Mode was selected, the routine next insures
that the RR CDU's are not being zeroed, These CDU's are zeroed by
the RR Monitor Routine (R-25) of Section 5, 2. 4.3 whenever the RR
Auto Mode discrete is received from the RR, Afterwards, a
check is made to see if either the Manual Acquire or Search flag is
set, signifying that the RR Manual or RR Search Modeis beingused, Since
the present mode is assumed to be the RR LGC Mode, these flags
should not be set, The purpose of the check on the Track flag just
prior to using the RR Designate Routine is to insure that the RR is not
designated by the LGC until this flag is set, The Track flag is reset
by various L.GC programs whenever there is no desire to designate
or read data from the RR, Although the Track flag is set at the start
of program P-20, it is possible for it to be temporarily reset during the

operation of program P-20,

To designate the RR along the LOS to the CSM use is made
of the RR Designate Routine of Fig, 2,4-2, Initially, the routine
removes the RR Track Enable discrete, if it is present, to insure that
the RR will respond to its designate commands, Afterwards, the
LOS range vector (_I'_LOS) and the velocity (XLC) of the CSM with respect
to the LM in stable member coordinates are computed as shown in
Fig, 2,4-2, and a check is made to see if the target LOS is within the
angular operation limits of either RR antenna mode shown in Fig, 2,4-3,
This is accomplished by first computing the equivalent RR shaft and

trunnion angles for T1.08 with the method shown in Section 5,6, 15,2 where

up, = [SMNB| UNIT (r} )
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The equivalent RR shaft and trunnion angles are then compared to tae
electrical tracking mode limits. The electrical tracking limits within
which accurate RR measurements may be made for each of the two
antenna modes are shown in Fig. 2. 4-3. The LGC internal mode test

is based on the criteria described in Section 5. 2. 4. 3 for the RR Monitor
Routine (R-25). Routine R-25 continually updates the computer's
knowledge of which mode the RR antenna is actually in, even though the

antenna may not be within the tracking limits of that mode.

If the Reposition flag should be set by the RR Monitor Routine
of Section 5, 2, 4, 3 during the operation of the RR Designate Routine,
a program alarm is issued as shown in Fig, 2,4-2, This flag when
set denotes that the RR is being repositioned to the reference position

for the present RR antenna mode,

The RR Designate Routine designates the RR antenna by issuing
rate commands to the RR antenna gyros proportional to the angular

difference between the indicated direction of the antenna and

r'yos = Fros t Yy (1sec)

where r1.08 is the present range vector to the CSM, vic is

the relative velocity of the CSM with respect to the LM expres-
sed as the distance covered in a one second time interval as-
suming a constant vélocity, and ELOS is essentially T 08 advanced
one second into the future. This correction to T oS for RR
designation essentially compensates for the lag error associated
with the present type of control system existing between the RR
and the LGC, The methodusedtocompute the gyro rate commanis is

given in Section 5.6, 15. 3.
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Note that new rate commands are issued to the RR gyros
and an approximate update for LOS motion is made to 1,08 [ite.
“Los ~ fLos
the counter n has been decremented from 4 to 0. Whenn = 0,

t Ve (0. 5 sec.)] about every 0, 5 seconds until

the routine returns to the top of Fig. 2. 4-2 to compute new values
of TI.0S and vic using the CSM and LM state vectors (_I‘C, Yoo
rys XL); and the previously mentioned process of checking the
LOS with respect to the RR antenna coverage mode is performed

before issuing new commands to the RR gyros.

Near the bottom of Fig, 2, 4-2 it is seen that checks are
made on the RR Data Good discrete and the pointing direction of
the RR prior to issuing new rate commands to the RR gyros.
When the RR is within 0. 5 degrees of r1.08’ the RR Track Enable
discrete is issued to the RR, enabling its angle tracking servos
to track the target if its range-rate tracking network has already
acquired the target. Issuance of the RR Track Enable discrete also
initiates the RR range tracker search, The RR Data Good
discrete is sent to the LGC by the RR when lock-on has been
achieved in range and range-rate and the RR Track Enable

discrete has been received from the LGC.
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In the event of failure to receive the RR Data Good
discrete after issuing new rate commands to the RR gyros 60
times, it is seen in Fig, 2,4-2 that the RR Track Enable dis-
crete is removed and a program alarm is issued to the astronaut
whereupon he either repeats the designate process or goes to
the RR Search Mode,

If the RR Data Good discrete is received during the
designate process, the routine is terminated and it is seen in
Fig, 2,4-1 that a 2,5 second delay is introduced before going
to the RR Data Read Routine, This delay permits any transients
in the RR angle tracking servos to settle out before data is
taken,

5.,2,4,1,2 Target Acquisition With the RR Manual Mode

In Fig. 2. 4-1 it is seen that the RR Manual Mode of
target acquisition can be obtained by keying in "ENTER'' after
the LGC discovers that the RR Auto Mode discrete is not present,
Absence of this discrete at the beginning of program P-20 can
be insured by not placing the mode control switch of the RR in
the LGC position, The logic associated with the RR Manual Mode
is shown in the left column of Fig, 2. 4-1. Initially, the No Angle
Monitor flag is set, the minimum deadband of the RCS DAP is
selected, and the RR Track Enable discrete is issued to the RR.
The No Angle Monitor flag is set during the RR Manual Mode so
as to disable the angle monitor function of the RR Monitor Routine
(see Section 5. 2. 4. 3). Selection of the minimum deadband permits
the astronaut to manually designate the RR more accurately. The
RR Track Enable discrete, although it has no effect on manual
control of the RR, is issued at this time so that there is no loss
of RR angle tracking when the mode control switch of the RR is

placed in the LLGC position after manual target acquisitio.i.
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Afterwards, the LLGC requests the astronaut to
perform the manual acquisition, If manual acquisition is
achieved, the astronaut places the RR under LGC control,
waits until the radar panel NO TRACK light is extinguished,
and keys in "PROCEED''. This procedure is necessary in
order to insure that the RR range tracking network has locked
onto the target before entering the RR Data Read Routine. When
the RR mode control switch is placed in the LGC position RR
range tracking is interrupted by switching and a new range
search is initiated. When the RR acquires the target in both
range and range rate, the NO TRACK light is extinguished.

After the "PROCEED'", the astronaut specified
deadband is restored and a check is made to see if the RR is
within the limits of the present coverage mode. If the RR is
not within the coverage limits, a program alarm is issued and
the astronaut either terminates the program or repeats the
manual acquisition process as shown in Fig, 2, 4-1. Note that
the Preferred Tracking Attitude Routine is used to re-align the
LM +Z-axis with the target LLOS whenever he elects to repeat

the manual acquisition process,

Once target acquisition has been achieved and the RR
is found to be within the present antenna mode limits, the No
Angle Monitor Flag is reset, and the Manual Acquire flag is
set to denote manual acquisition. The remaining steps are

indicated in Fig. 2, 4-1.
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5,2,4,1,3 Target Acquisition With the RR Search Mode

In the RR Designate Routine (Fig, 2,4-2) it is secn
that the astronaut may select the RR Search Mode if the RR Designate
Routine fails to acquire the target., The RR Search Mode is
obtained by using the RR Search Routine (R-24 of Section 4) to
designate the RR antenna in a hexagonal search pattern about
the estimated 1.LOS, The search pattern is a box with six sides
where the side to side dimensions are 5,6° as shown in Fig.2.4-4,
At the beginning of this mode the RR is designated for six seconds
along the estimated LOS to the target defined by the unit vector '
Y 0s in Fig, 2,4-4, Afterwards, the LGC sequentiaily designates
the RR to each corner of the hexagon for a period of six seconds,
Having completed the designate to each corner, the LGC repeats
the above process starting with a designate along Yy 0s for six
seconds, The time required to generate this search pattern is

approximately 48 seconds,

The logic flow associated with the RR Search Routine
is shown in Fig, 2,4-5, Initially, the Search flag is set to denote
that this mode is being used and a display of certain RR search
parameters is instigated to which the astronaut must respond
later, The RR Track Enable discrete is then issued to the RR
so that the RR may acquire the target during the search pattern
generation, This discrete is also re-issued at each corner of
the search pattern in case it has been removed by some source

such as the RR Monitor Routine,

Approximately every six seconds the position and
velocity vectors of the CSM and LM are used to compute the
line-of -sight unit vector (ELOS) in basic reference coordinates
and the relative velocity (ZLC) in stable member coordinates,
The routine then computes the desired RR pointing direction (BD )

which may be
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along U og °F to one corner of the search pattern (see Figure

2,4-4), Afterwards, un is transformed to stable member

coordinates and a check is made on the direction of up with
respect to the angular coverage modes of the RR antenna, just
as was done with 1,08 in the RR Designate Routine in Section
5,2,4.1,1, If up is not within the angular coverage limits of
either mode during program P-20, the program alarm light is
turned on, an alarm code is stored, and the search pattern is
stopped, If the astronaut wishes to continue the search in
program P-20, he must re-established the preferred tracking
attitude with the Preferred Tracking Attitude Routine (R-61)
in the manner shown at the end of Fig, 2,4-5, Once un is
found to be within the coverage limits and the correct antenna
mode has been established, the routine proceeds to designate
the RR by issuing rate commands to the RR gyros about every
0.5 seconds with approximate corrections being made each time

for lag error and target motion,

Note in Fig, 2,4-5 that the angle between the RR and
the LM +Z -axis is periodically determined and displayed as one
of the RR search parameters during the search operation, By
observing the displayed angle the astronaut can determine during
program P-20 when he should re-establish the preferred tracking
attitude with the Preferred Tracking Attitude Routine (R-61) in

the manner shown at the end of Fig, 2,4-5,

Near the end of I'ig, 2,4-5 it is seen that a periodic
check is made to see if the RR Data Good discrete is being re-

ceived from the RR, signifying that the RR has acquired the
target in range and range rate, If this discrete is present, the
search pattern is stopped and the astronaut is notified. The
astronaut then checks to see if acquisition was obtained with

the main radiation lobe of the RR. By manually positioning the
RR and observing the RR signal strength meter, he should be
able to distinguish the main lobe from any side lobes., Having
achieved and verified lock-on with the main radiation lobe, the
astronaut places the RR mode control switch in the LGC position,
waits until the radar panel NO TRACK light is extinquished, and
keys in a "PROCEED'", The remaining steps are indicated in
Fig, 2,4-1,
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b, 2 4,2 Rendezvous Navigation Routine

5.2.4,2.1 RR Data Read Routine

During operation of the Rendezvous Navigation
Routine use is made of the RR Data Read Routine to obtain
measurement data from the RR, The logic associated with
the RR Data Read Routine is given in Fig, 2,4-6, Like the
Target Acquisition Routine, this routine is used by both the
Rendezvous and Lunar Surface Navigation Programs, with
different paths being taken at various points in the routine de-
pending on which program (P-20 or P-22) is in operation,
The RR Data Read Routine periodically obtains a complete set
of data.from the RR (range, range rate, shaft anglé. and
trunnion angle ) for purposes of navigation, although only range
and range rate data is used for updating during lunar surface
navigation, When program P-20 is being used the maximum
frequency of update of the navigation equations with a complete
set of RR data is about once per minute, This frequency is
based upon a rough estimate™ of 15 seconds to read the RR
and perform the rendezvous navigation computations and a

45 second wait period before repeating the process.

% : ;
The time to complete this calculation is highly dependent on
other computational priorities. No explicit control of this
procedure is exercised.
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In this section an explanation will be given only for those
logic steps in Fig. 2. 4-6 associated with use of the RR Data Read Routine

during operation of the Rendezvous Navigation Program (P-20).

In Fig, 2,4-6, the first check made by the routine,
after establishing that P-20 or P-22 is being used, is to see if
the Track flag is present, This flag is removed during the
preparation and execution of a LM AV maneuver when there
is no desire to have the routine request RR data or call any
other routine such as the RR Designate and Preferred Track-
ing Attitude Routines, Note that a new request will be made for
RR data 15 seconds later if the Track flag is absent,

If the Track flag is present, the routine next checks
for issuance of the RR Track Enable discrete and reception of
the RR Auto Mode discrete, The former discrete is removed
and not re-issued by the RR Monitor Routine whenever the RR
antenna angles exceed the limits in Fig, 2,4-3, Its absence
therefore indicates a need to go back to input(B)of Fig. 2.4-1
to re-establish the preferred tracking attitude and re-desig-
nate the radar, Afterwards, a check is made to insure that
RR data is not taken if the RR CDU's are being zeroed,

The sequence used by the routine for reading RR data
is shown in Fig, 2.4-6 where frequent checks are made on the
RR Data Good discrete to insure that no RR tracking interruptions
have occurred during the read-out, If this discrete is missing,
the Tracker Fail and Program Alarm lights are turned on before
going to point@ of Fig, 2.4-1 to re-designate the RR, Note in
Fig, 2,4-6 that checks are also made to see if the RR CDU's have
failed during the read-out and, if so, the same alarms are issued
as for the RR Data Good discrete, Prior to and after reading the data,
the routine checks the status of the Range Low Scale discrete to insure
that the proper scaling is applied to the range data, For ranges below

9,38 X 32,767 feet, the RR issues the Range L.ow Scale discrete indicating

5.2-48

Rev, 2 - 12/68



to the LLGC that the low scale factor should be used, If the status
of this discrete should change during the data reading process,
it is seen in Fig, 2,4-6 that a new data request is immediately

made by the routine,

Although the measurement times for the range, range
rate, and CDU angles are slightly different, they are near enough
to warrant using only one time tag during rendezvous navigation,

This time tag is the time t, when the CDU angles are recorded,

M

After the RR data is read, the LLOS is determined for
time tM and compared with that indicated by the RR CDU's, This
is done to insure against RR side-lobe lock-on, If the difference
is more than 3 degrees, an alarm is issued to the astronaut who
must then decide to go to the RR Designate Routine or request

the LLGC to proceed vrith the data,

If the Track flag is still present after the side-lobe
check, the routine checks to see if the angle between the RR antenna
and the LM +Z-axis is within 30 degrees., As mentioned previously,
this is required in order for the LLGC to perform a satisfactory
determination of RR angle biases, and to also enable the LLM Optical
Beacon to be seen by the CSM, If the antenna is not within 30
degrees of the LM +Z-axis, the Preferred Tracking Attitude
Routine is used to realign the LM +Z -axis with the target LOS

before resuming the data read process,

Afterwards, the LGC checks the Update and No Update
flags. The Update flag is reset by various programs and routines
whenever it is desired to temporarily stop the update of the naviga-
tion equations with RR data, The No Update flag is set whenever it
is desired to permanently stop the update of the navigation equations
with RR data, The No Update flag is set at the beginning of the
Target Delta V Routine (R-32) and may be set by the astronaut,
This flag is reset whenever the astronaut indicates that he wishes
to update either the LM or CSM state vector, It should be noted
that it is only necessary for the Track flag to be present in order to
monitor RR tracking and read RR data even though the data may

not be used for navigation updates,
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The range obtained from the RR by the RR Data Read
Routine is that measuredby the RR between the LM and the CSM.
This data is sent to the LGC from the RR as a binary data word
RRR' In the LGC the range TRR in feet is obtained as follows:

k

"HR T

R1 RRR
kra Bgrr

where le and kRz are the bit weights respectively for the long
and short range scales in order to obtain TRR in feet, When the
Range Low Scale discrete is being received from the RR by the

LGC, kR?, is used,

The range rate data obtained froin the RR by the RR
Data Read Routine is in the form of a binary data word SRR
which represents the count in the RR of a frequency comprising
both the doppler frequency and a bias fréquency (fBRR )- over a
time interval TRR' At present, T is given as 80, 000 .

RR

milliseconds. To obtain the range rate (r" n feet per sec-

RR) 1
ond, the following computation is made:

) o - f

RR = ¥RR (Srr " fBRR "RR’

where kRR is the scale factor required to obtain the range rate in
feet per second and is of such a polarity as to make I.'RR positive

in the above equation for increasing range.

A summary of the processing congtants required by
the LGC for RR operation is given as follows:
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R1

R2

Range rate bias frequency
Counting interval in RR for range rate measurements

Scale factor to convert the range rate count obtained
from the RR to feet per second for the cofmting inter-

val 7 The scale factor polarity is such as to make

RR"’
the converted result positive for increasing range.

Bit weight in feet for long range scale,

Bit weight in feet for short range scale,
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5.2.4.2.2 Rendezvous Navigation Computations

During rendezvous phases RR navigation data are
obtained by means of automatic rendezvous racar trackibng of
the CSM from the LM, These data are used to update the esti-
mated six-dimensional state vector of either the LM or the
CSM. The option of which state vector is to be upﬂated by the
RR tracking data is controlled by the astronaut as described in
Section 5. 2, 1 and illustrated in Fig. 2.1~-1, This decision will.
be based upon which yehicle's state vector 18 most accurately known,
and upon which vehicle is performing the rendezvous. This pro-
-cess requires that the constant RR tracking angle biases be com-
pensated for by estimating these biases along with the selected
vehicle's‘state vector such that subsequent RR tracking angle
data can be modified as shown in simplified form Fig. 2.1-1,

This routine is used to process the CSM-tracking RR
measurement data, and is used normally during lunar -orbit’
rendezvous in the lunar landing mission, The routine also can
be used in earth orbit 'during alternate missions,

After the preferred LLM attitude is achieved and RR
tracking acquisition and lock-on is established (Section 5,2.4,1)
the following tracking data are automatically acquired by the RR
Data Read Routine (Section 5.2, 4,2, 1) at approximately one
minute intervals:

Measured range, RM

Measured range rate, f(M
Measured shaft angle, BM

Measured trunnion angle, OM
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where the subscript M indicates the RR measured value, In
addition to the above four measured quantities the time of the

measurement and the three IMU gimbal angles are also recorded,

Although eight variables are estimated in the navigation
procedure (six vehicle state-vector components an.d two RR angle
biases), it is convenient to use the following nine.—dimensional
state vector:

I

x = 6B (2.4.1)

[=]

where r and v are the estimated position and velocity véctors,
respectively, of the selected vehicle (LM or CSM) which is

being updated, 63 and 60 are the estimates of the biases in the

RR shaft and trunnion angles, respectively, and the ninth co-
ordinate is a dummy variable, This type of RR .tracking angle
bias is referred to as a boresight bias and is one of two t)"pes
which may be defined, With the LM attitude restriction men-
tioned in Section 5.2, 1, either type of angle bias (tilt or bore-
sight) can be used, and the boresight type indicated in Eq. (2.4.1)
is most convenient, ’

Let Tys Ve o and ‘—’C be the estimated position and
velocity vectors of the LM and CSM, respectively, at the time
of the measurement, Then, the measurement error variances,
c_ﬁ-, the nine-dimensional geometry vectors, b, and the measured
deviations, 6Q, for the range and range rate measurements are
computed as follows:
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Measured range, RM

18]

g:"

‘e

&

6Q

where var
R

percentage error, and var

variance,

Zc " Ip
= UNIT (r; )

maximum (r 2 var,, var )
LC R’ Rmin

* %o

)

0

Rm - TLc

Rmin

Measured range rate, RM

L3 s

L3

ki 'y

e

= UNIT (r.

=48 "

Lc!

- < . 3

Yic © Y10

2 3 ) ° 2
r maximum (1
LC ( vary,, vary o
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is the RR range error variance corresponding to a
is the minimum RR range error

(2.4.3)

)



Measured range rate, E'{M (Continued)

B =
20 “F(yeXvie)X yea
b, =+r106

(2.4.3 Continued)
by =0

Q=T (éM - 7)

where vary, is the RR range-rate error variance corresponding

to a percentage error, and var is the minimum RR range-

Vmin
rate variance.

In Eqgs. (2.4.2) and (2, 4, 3) the negative signs are
selected if it ijs the LM state vector that is being updated, and
the positive signs if it is the CSM state vector,

In order to process the RR angle data (BM and GM),
it is necessary to consider the relative orientations of the

~Z
along the X-, Y- and Z-axes, respectively, of the RR Measure-

various coordinate systems, If Ugs Uy and u, are unit vectors

ment Coordinate System, then the measured shaft angle, BM’

and the measured trunnion angle, 9 are defined as shown in

M‘
Fig. 2.4-7. In the figure, the vector sz,

the measured LM-to-CSM line-of-sight vector on the XZ -plane,

is the projection of

The RR Measurement Coordinate System is coincident
with the Navigation Base Coordinate System since all RR per-
formance specifications are referenced to the PGNCS navigation
base, The unit vectors uy,, uy, and u, are then given in the

X’ =Y ~7,
Basic Reference Coordinate System by
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u.

Measured Line-of -Sight

Y

Figure 2,4-7 RR Measurement Coordinate System
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u = [SMNB.] [REFSMMAT] (2.4.4)

where [SMNB]and [REFSMMAT] are transformation matrices
as defined in Section 5,6,3 and the anglesfrom which SMNB
is determined are the values of the IMU gimbal angles which

were recorded at the measurement time,

The measurement error variances, 02 , the nine-
dimensional geometry vectors, b, and the measured deviations,
6Q , for the shaft and trunnion angle measurements are com-

puted as follows:

Measured shaft angle, BM

Je =i T A
U« = UNIT (r; o)
B =y Uy
. 2
*xz =T V1-8
-0'_2 = var + wvar.
B IMU (2.4.5)
= 1
b, = F--— UNIT (uy, X u, ~)
20 o~ L el ¥
b, =0
1
.
0
- 2% " g
6Q = By - tan - 6B
M (‘iz * Bygs
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where varB is the RR shaft-angle error variance and variymg is
one-half the IMU angular error variance,

Measured trunnion angle, GM

e * L ik

S = VOILT [y p?
R T
™ e
Pxz = Tpo¥ 178
a_z- = var + var
0 IMU
~ | (2.4.6)
by = F i (uy x uo)xya
XZ
b, =0
-—1 ey
0
92 =1
0

_ P | _
6Q —GM sin ~ (8S) 66

where var , is the RR trunnion-angle error variance,

0

In Egs. (2.4.5) and (2. 4.6) the negative signs are
used if it is the LM staté vector that is being updated, and the
positive signs if it is the CSM state vector,

The data are incorporated into the state vector esti-
mates by means of four calls to the Measurement Incorporation
Routine (Section 5.2.3). The updated components of the nine-
dimensional state vector resulting from each incorporation are
used as initial conditions for the next update in the sequence.
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Included in each use of the Measurement Incorporation Routine
is the state vector update validity check, as described in Sec-
tion 5. 2.1 and illustrated in Fig. 2.4-8.

The results of the processing of the RR measurement
data are updated values of the estimated position and velocity
vectors of the CSM or the LM and estimates of the RR angle
biases., The two estimated vehicle state vectors are used to
compute required rendezvous targeting parameters as described

in Section 5, 4. 4.

For convenience of calculation in the LGC, Eqs. (2.4.5)

and (2.4.6) are reformulated and regrouped as follows:

Preliminary Radar Angle Calculation

Do =i T4,
(2.4.7)
S = 4o oMy
B W @l
rxz = Tpe'1-8
Measured shaft angle, BM
. "
o = er (varB + VarIMU)
b, =F UNIT (uy, X u; o)
(2.4.8)
b, =20
%z
b, = 0
=2 0
i -1 % Y |
6Q = T By - tan |2 6B
RE 1T %z © Rrg
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Figure 2, 4-8 Rendezvous Navigation Measurement Incorporation Procedure
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pa—

Measured trunnion angle, 9M

|
[\V)

o

o

6Q

(var9 + var

A )
Ixz IMU.

"
+|

(By™ Bl X Bre

n
k=)

(2.4.9)

1]
]

XZ

6, - sin”t (S) - 46

= X M

XZ

The procedure for performing the rendezvous naviga-

tion computations is illustrated in Figs., 2.4-9 and 2,4-10, It

is assumed that the following items are stored in erasable mem-

ory at the start of the computation shown in Fig. 2,4-9;

6%

= Estimated CSM state vector as
defined in Section 5.2,2. 6,

= Estimated LM state vector,

= Six-dimensional error transition

matrix associated with )—(C or EL

as defined in Section 5, 2, 2, 4,
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Figure 2. 4-9 Rendezvous Navigation Computation Logic Diagram
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ENTER
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Fig. 2.4-10 RR Measured Range and Range Rate Incorporation
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RENDWFLG =

[REFSMMAT]=

" 1 for valid W matrix

0 for invalid W matrix

This flag or switch is maintained

by programs external to the Ren-
dezvous Navigation Routine, It
indicates whether or not.the existing
W matrix is valid for use in pro-
cessing RR tracking data. The

flag is set to zero after each of

the following procedures:

1) State vector update from ground

2) Astronaut command

Transformation Matrix: Basic
Reference Coordinate System to
IMU Stable Member Coordinate
System,

Number of sets of rendezvous
navigation data already processed

since the last maneuver,
Measurement time,

RR measurement data

Preselected W matrix initial
diaganal elements
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Three IMU gimbal angles
Vehicle update mode

1 indicates RR angle measurements

(BM and GM) are not to be used

SURFFLAG = 0 indicates RR angle measurements
(BM and QM) are to be used

The SURFFLAG should always be 0

\in SUNDANCE since it is set to 1

only when on the lunar surface.

The variables D and V are indicators which control
the Coasting Integration Routine (Section 5,2,2) as described
in Section 5,2,2,6, and I and O are the three-dimensional iden-

tity and zero matrices, respectively,

At the beginning of a new rendezvous sequence, the
estimates of the RR angle biases, §f and § 0, may be initialized
by the astronaut by direct addressing of erasable memory, and the
W matrix is initialized by the program, During the remainder of
the rendezvous sequence, s 3 and ¢ 0 are never again zeroed even

though there may be additional W matrix initializations,

The RR -measurement-data incorporation procedure out-
lined above is repeated at approximately one -minute intervals throughout
the rendezvous phase except during powerea maneuvers. If the LM
is the passive vehicle, the CSM rendezvous maneuvers are
voice-linked to the LM as an ignition time and three velocity
components in a CSM local vertical coordinate system, and then
entered as updates to the estimated CSM state vector in the
LGC. Upon receipt of these data, RR tracking and data proces-
sing should be suspended until after the maneuver. The update
is accomplished by means of the Target AV Routine, R-32
(Section 5,1.16). If the LM is active vehicle, the estimated
LM state vector is updated by means of the Average-G Routine

(Section 5. 3, 2) during the maneuver,
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5.2.4.3 RR Monitor Routine

The logic associated with the RR Monitor Routine
(R-25) is given in Fig. 2,4-11. This routine is initiated every
0. 48 seconds by an automatic program interrupt and monitors
various items such as the Auto Mode discrete, the RR CDU Fail

discretes, and the angular excursions of the RR antenna.

Whenever the RR Auto Mode discrete changes status
this routine resets various flags to insure proper initiation or
termination of various radar control functions within the LLGC.
If the RR Auto Mode discrete has just been received from the
RR as the result of placing the RR mode control switch in the
LGC position, a turn-on sequence is initiated which zeroes the
RR CDU's, determines the present RR antenna mode, and
updates the Tracker Fail Light. The criterion used by this

routine to determine the present RR antenna mode is the following:

(0]

Mode 1: 270° < T < 90°

(@)

Mode 2: 270° > T > 90°

where T is the RR antenna trunnion angle defined in Figs. 6. 15-1
and 2.4-3, When the Auto Mode discrete is removed by the RR,
routine R-25 removes the RR Error Counter Enable from the RR

CDU's to insure that no commands are being sent to the RR gyros.

If there is an RR CDU failure when the Auto Mode
discrete is present, it is seen in Fig. 2. 4-11 that the Tracker
Fail Light is turned on. If P-20 or P-22 is in operation (i. e,
the Rendezvous Flag is set), the Program Alarm Light is also

turned on and an alarm code is stored.

After checking for RR CDU failure, it is seen in
Fig. 2.4-11 that a number of conditions must be met before the
routine will check to see if the RR antenna angles are within
the present mode limits (see Fig. 2. 4-3). For example, the
angles are not checked if the No Angle Monitor flag is present,
signifying that the RR Manual Mode of target acquisition is being
used., If all the conditions are met and the RR antenna is not
within the present mode limits, the routine will remove the RR
Track Enable discrete from the RR, and cause the RR to be
repositioned to the reference position (see Fig. 2, 4-3) for the
present mode, During the repositioning of the RR this routine
sets the Reposition flag to indicate to other programs and routines

that this is taking place. ¢ , ¢

[V]Revised SUNDANCE
[ JAdded  GSOP # R-557 . PCR #657 Rev. 2 Date 12-4-68



START

RR Auto
Mode Discrete
status changed

Yes

Reset Continuous
Designate, Remade,
RR CDU Zero,

RR Auto

| Set Turn On and
| RE CDU Zero

—-Eor:—n R CDU

I's

R
CDU Fail Discrete
status changed

SETTRKF
Subroutine
(see below)

RR
CDU Zero Flag
set

Reposition
Flag set

RR
Auto Mode
Discrete
present

Remove RR TracH
Fnable Discrete &
RR Error Counte

Enable

v
bﬁt Reposition Flag 1

Command RR to refer-
ence direction for
present mode

Reset Irieposition

Flag
T e—

Turn On, and preittes Diiserty Flags
Reposition Flags DipHEnE
No I Wait 10 secs,
Remove RR Frror Reset RR €DU
Counter IKnable Zero Flag
RR Auto
Mode Discrete Y5 No
present )
Yes
Turn on Program
Alarm l.ight and
Store Alarm Code
——
ves |50t RR Antenna
> - Mode I'lag
(Mode 2)
_ No
Reset RR Antenna SETTRKF
Mode Flag (Mode 1) Subroutine

DSKY
T.amp Test in
rogress,

RR
CDU Zero Flag

RR CDU's
Failed

No

Data Good
Flag set

RR
Auto Mode
Discre.e
present
N

Yes

|

Turn off Tracker

Fail l.ight

Turn on Tracker
Fail Light

| |

Wait 1 sec.

Reset Turn On Flag 1

EXIT

v
EXIT

Revised

[ Jadded

Figure 2,4-11 RR Monitor Routine
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5.3 POWERED FLIGHT NAVIGATION AND GUIDANCE

5.3.1 GENERAL COMMENTS

The objective of the powered flight guidance and navi-
gation routines is to maintain an estimate of the LM state vector
during thrusting maneuvers, and to control the thrust direction
and duration such that the desired velocity cut-off conditions
specified by the targeting routines of Section 5. 4 are achieved.
The powered flight navigation routine, used to maintain an es-
timate of the vehicle state vector during all thrusting conditions,
is referred to as the Average-G Routine, and is presented in

Section 5. 3. 2.

For this Earth Orbital mission the basic powered
flight guidance concept used in the LLGC is a velocity-to-be-
gained concept with cross product steering (Section 5, 3, 3,4)

that is used in each of the following two procedures:

1. Lambert Aim Point Maneuver Guidance
(Section 5. 3. 3. 3. 2).

2. External AV Maneuver Guidance
(Section 5. 3. 3.3.1).

These two procedures, based on the cross product steering con-
cept, differ only in the unique generation of the desired velocity

vector, YR

5.3-1

Rev, 1 - 6/68



5. 3.2 POWERED FLIGHT NAVIGATION - AVERAGE-G
ROUTINE

The purpose of the Powered Flight Navigation Sub-
routine is to compute the vehicle state vector during periods of
powered flight steering. During such periods the effects of
gravity and thrusting are taken into account. In order to achieve
a short computation time the integration of the effects of gravity
is achieved by simple averaging of the gravity acceleration vec-
tor. The effect of thrust acceleration is measured by the IMU
Pulsed Integrating Pendulous Accelerometers (PIPA's) in the form
of velocity increments (Av) over the computation time interval
(At). The computations are,therefore, in terms of discrete in-
crements of velocity rather than instantaneous accelerations.
The repetitive computation cycle time At is set at 2 seconds to
maintain accuracy and to be compatible with the basic powered

flight cycle,

The Average-G Routine, in contrast to the Coasting
Integration Routine, is used when a short computing time is
required such as during powered flight. The Average -G Routine
computations are illustrated in Figs. 3.2-1 and 3. 2-2. In these

figures the definitions of the following parameters are:

r (1) Vehicle position vector at time t,
v (t) Vehicle velocity vector at time t,
0 Earth
PC Planet designator
1 Moon
At Computation cycle of 2 seconds,
5, 32
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Av (At) The velocity vector sensed by the IMU PIPA's
over the time interval At. This velocity vec-
tor increment is initially sensed in IMU or
Stable Member Coordinates and then trans-

formed to the Basic Reference Coordinate

System,

Ep (t) Previous gravity acceleration vector.
This is a required initialization parameter and

is supplied by the calling program.

Unit vector in the direction of r.

-

u, Unit vector in the direction of the polar axis
of the earth,

M Earth gravitational constant.

M Moon gravitational constant,

@ Equatorial radius of the earth.

JZE Second-harmonic coefficient of the earth's

potential function.

g, (t) Component of the earth gravity acceleration

vector representing earth oblateness effects.

With reference to Fig, 3. 2-2 it can be seen that a single oblateness
term is included in the earth gravity subroutine computation, but

none for the lunar case.

The PIPA measured velocity Av is compensated for
instrument errors as described in Section 5. 6. 13 prior to being
transformed into the Basic Reference Coordinate System and

processed in the Average-G Subroutine of Fig.3.2-1.
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An accelerometer threshold is used in the LGC to
discard PIPA output pulses caused by accelerometer bias error
during free-fall conditions. This threshold level is set at one
pulse per two second At sample period, in any single accelero-
meter axis. The PIPA output must therefore be at least two
pulses to be incorporated. The PIPA quantization level is such
that one output pulse corresponds to 1 cm/sec. Over a single
computation interval, this threshold is greater than the accumu-
lated 1 o accelerometer bias and lower than the velocity incre-
ment due to the minimum thrust acceleration of the LM which

is approximately 6 cm/sec o
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ENTER

r(t), v (t), At, Av (At), g, (t), Po

r (t+At) = E(t)+m[z(t)+gp(t)é;_+é¥%éﬁl]

!

Call Gravity Subroutine, (Fig.3.2-2), r(t+At), l:é
Resume g (t +At), __g_b (t+At)

v (t+aAt) - X(t)+ézz[g(t+At)+§p(t)] +Av (At)
g, (t+AD= g (t+At)

t = $4+4%

I

Return r (t), v (t), gp(t), g, (t)

Figure 3.2-1 Average-G Subroutine
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ENTER

r(t), Pq
u, = UNIT E(t)]
r? =r(t) - r(t)

cos ¢

&

]

Return g _g_b

Figure 3.2-2 Gravity Subroutine
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5.3.3 POWERED FLIGHT GUIDANCE USING CROSS
PRODUCT STEERING

5.3.3.1 Introduction

Cross product steering is used to control the following

maneuvers:
1) CsI (Coelliptic Sequence Initiation)
2) CDH (Constant Differential Altitude)
3) TPI (Transfer Phase Initiation)
4) MCC (Rendezvous Midcourse Corrections)

5) External AV (RTCC or CMC Targeted Maneuver)

The CSI, CDH and External AV maneuvers are controlled by

the External AV Guidance mode (Section 5,3.3.3.1) in which the
required cut-off velocity, VR is specified by either a pre-
thrusttargeting program (P-32 or P-33) or anexternal source (P-30),
The TPI and rendezvous MCC maneuvers are controlled by the
Lambert Aim Point Maneuver Guidance mode (Section 5.3.3.3.2)

in which the v, is periodically computed by the Lambert sub-

routine duringRthe maneuver to establish the desired intercept
trajectory. Both External AV and Lambert Aim Point guidance
modes use the cross product steering concept in the LGC to
control the thrust direction along the velocity-to-be-gained
vector, and to terminate thrust when the desired velocity

increment has been achieved.
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Four subroutines are used repetitively in sequence
(Section 5. 3. 3. 2) during cross product controlled maneuvers

to accomplish this function. These are:

1. The Powered Flight Navigation Average -G
Routine which computes the state vector account-
ing for the effects of thrust acceleration and
gravity,

2. The Cross-Product Steering Subroutine which

has 3 functions:

a) generation of steering commands to the

vehicle autopilot.

b) computation of time-to-go before engine
shut-off and the issuance of engine -off

commands.

c) updating of the incremental velocity-to-be-

gained vector.

3. The Velocity-to-be-Gained Subroutine which
repetitively solves the Lambert intercept problem

when in the Lambert Aim Point guidance mode,

4, The AV Monitor Subroutine which detects engine

ignition and unexpected thrust termination,

The Average-G Routine is described in Section 5. 3, 2. The other
subroutines listed above are described in Sections 5. 3, 3. 4 to

5. 3. 3. 6. The Pre-Thrust Subroutines of Section 5. 3. 3. 3 initialize
the powered maneuver programs for either the External AV or
Lambert Aim Point guidance modes, and for the selected engine

for the maneuver.
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The LGC powered flight programs which use cross

product steering are:
P-40 Descent Propulsion System (DPS)
P-41 Reaction Control System (RCS)

P-42 Ascent Propulsion System (APS)

Active steering and engine-off commands are provided by pro-

grams P-40 and P-42, Maneuvers using RCS translation con-

trol (P-41)are manually controlled and terminated by the astronaut

while the LLGC displays the required velocity-to-be-gained in °

spacecraft coordinates,

The functions of the External AV Pre-Thrust Pro-
gram, P-30, are described in the pre-thrust subroutine des-

cription of Section 5. 3. 3. 3, 1.
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5.3.3.2 Powered Flight Guidance Computation Sequencing

The time sequencing of the powered flight sub-
routines for External AV steering is shown in Figs. 3. 3-1
thru 3. 3-3 and for Lambert Aim Point steering in Figs. 3. 34
theu 8, 3-8, *

Figures 3.3-1 and 3. 34 show the sequencing dur-
ing the ignition count down which starts 30 seconds before
the nominal ignition time. Figures 3.3-2 and 3. 3-5 show
the normal sequencing for an engine-on time greater than 6
seconds as predicted by the pre-thrust subroutines. Figures
3.3-3 and 3. 3-6 illustrate the sequencing during engine thrust

termination.

The basic computation cycle time of the steering
is 2 seconds and, as shown on the above figures, is initiated
by the reading of the PIPA AV registers, The various sub-
routines utilized during the 2 second cycle are sequenced in

time as shown.

During Lambert Aim Point steering, however, the
velocity-to-be-gained (XG) updating is anticipated to occur
nominally every four seconds. This allows sequenced parallel
computing functions, such as the demands of the autopilots
and telemetry, to take place without interference with the
basic two second cycle time, Should the /e computation be
complete in time for use during a given 2 second cycle, it

will be utilized.

>=These figures represent the sequence of operations for P-40
DPS, P-42 APS maneuvers lasting longer than 6 secs, RCS
controlled maneuvers (P-41) require manual control, and the
general timing sequence is different from that described for
APS and DPS maneuvers, The general cross product steering
concept is used to compute and display the required velocity -
to-be-gained vector, but no AV Monitor or engine-off computations
are made for RCS maneuvers, The following description of
sequence operations is restricted to APS and DPS maneuvers,
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If the calculations conducted prior to the thrusting
period ( pre-thrust) indicate that the maneuver objective can be
reached with a 6 second thrust period or less, provision is
included (switches SI and sW) to preclude the generation of
steering commands and engine commands during the thrusting
period, In this case at the time of ignition the engine-off signal
is set to be issued at the end of the estimated thrust period.

In addition to timing information, the sequence
diagram of Figs. 3. 3-1 to 3. 3-6 also show the basic informa-

tion utilized by each subroutine and its source.

The guidance computer program which controls
the various subroutines to create a powered flight sequence
is called the Servicer Routine . The sequence diagrams
of Figs. 3. 3-1 to 3. 3-6 define what the Servicer Routine
does, but do not show the logic details of how these functions

are accomplished,
The subroutines listed in Figs. 3. 3-1 to 3. 3-6 are
described in Section 5. 3, 2 and the following Sections 5. 3. 3. 3

to 5. 3. 3. 6. These sections should be referenced in tracing

the powered flight computation sequencing,
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5.3.3.3 Pre-Thrust Computations

The objectives of the computations required prior to

thrusting maneuvers are to determine the following factors:

1) The desired thrust direction at ignition.

2) The estimated duration of the powered maneuver
to determine if there will be enough time to allow
active steering, and in the case of the DPS if the
throttle can be advanced to the full throttle posi-
tion (FTP) after the 10% thrust start sequence.

3) Whether an IMU realignment is required to avoid

gimbal lock.

4) Various parameters and variables required by

subsequent powered flight routines,

The two major guidance modes using cross product steering are
the External AV guidance mode and the Lambert Aim Point Maneu-
ver guidance mode, The pre-thrust computations required for

the External AV mode are presented in Section5.3.3.3.1. Those
required for the Lambert Aim Point Maneuver mode are des-
cribed in Section 5.3.3.3.2. The initial IMU alignment computa-

tions and maneuver time logic is summarized in Section 5. 3. 3. 3.3.

5. 3. 3. 3. 1 External AV Maneuver Pre-Thrust Computations

External AV maneuver guidance is normally used to
control the CSI and CDH maneuvers of the concentric flight plan

rendezvous profile, or anexternally targeted maneuver in which a
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constant thrust attitude is desired. The guidance program ac-
cepts input data via the DSKY (P-30) or the telemetry uplink
(P-27) in the form of 3 components of an impulsive A\_/LV ex-
pressed in a local vertical coordinate system of the active vehicle
at the ignition time tIG' An approximate compensation for the
finite maneuver time is made within the program by rotating the
AYLV vector, and the guidance program issues commands to the
spacecrait control system so as to apply the compensated velocity
increment along an inertially fixed direction. The active vehicle
state vector is normally either available or can be extrapolated to
the ignition time in the LLGC. If External AV guidance is used

iu cislunar space for midcourse corrections, the state vector
must be uplinked for the ignition time along with the 3 compo-

nents of the desired impulsive AYLV'

The pre-thrust computations required for the External
AV guidance mode are shown in Fig, 3. 3-7. The following para-

meter definitions refer to this figure,

A\_/‘LV Specified velocity change in the local vertical
coordinate system of the active vehicle at the
time of ignition. This is an input parameter,

AV
SV 5 Ay
AV,
tIG Ignition time, an input parameter.

AV The inplane velocit
Vp P velocity components of A\_[_LV

in the Basic Reference Coordinate System,

BT The approximate central angle traveled
during the maneuver,
m Vehicle mass.,
5.3-19
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ENTER

E(t)p Y_(t)l tl AYLV' tIG' bE

¢ Note: t must be
Extrapolate state vector to

eqﬁal to t. . for
t,q using Coasting Integration ; 1G

Routine (Sec, 5.2,2) obtaining
r (it vita)

Y

iddle Gimbal Angle (MGA) Computation|

cislunar midcourse
corrections,

MGA = sin'l[Y * UNIT (A\_/)]

=REF

(XREF is Second Row of REFSMMAT] )

MGA = MGA + 360

No B

<

1y

X = UNIT{[E(tIG)Xg(tIG)] X z(txc)}
Y = UNIT v (1) X £ (1) ]
z = - UNIT [E“IG)]

>

Select F based on SE
[ 7

AV, = AVyX + AV, Z

) % 3 Uhg)| AWy m

i 2
X (tIG)F
Op O
AYC = AVP UNIT (AY-P) cos| o | + UNIT (A\ip X Y) sin(T)}
Yghg)= AVg + AVy X
uppr * UNIT [ vg (t)]

bat = 0

&

Extrapolate State to(t’IG - 30)

Go t i y
o Initial Attitude and tgo Routine (Fig, 3,3-10)

Fig, 3,3-7 External AV Prethrust Routine

Note: These calculations are performed in P30 and P40, P41, P42
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INPUT INPLANE VELOCITY )

AYC (COMPENSATED INPLANE
VELOCITY )

o

X

Figure 3. 3-8 Inplane External AV Maneuver Angle Compensation
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-1 P-40 (DPS)
Engine Select Switch ( 0 P-41 (RCS)
1 P-42 (APS)

F Prestored nominal thrust based on the en-
gine selection switch Sy, ’

for the DPS (P-40)

for the APS (P-42)

for the RCS (P-41)

Fpps
Faps
Fres

The values of the various engine thrust
levels are listed in Sections 5,8 and 6, It
should be noted that the DPS thrust level,
FDPS' is for the full throttle position (FTP)
and the 26 second 10% thrust start sequence
is not accounted for in the predicted maneu-
ver time for the External AV guidance mode,

In the case of P-41, RCS,the astronaut can select
either a2or 4 jet translation maneuver.

AV The compensated inplane velocity-to-be-

gained vector,

Total velocity-to-be-gained at t

v gt IG*

HTD Unit vector in the desired initial thrust

direction,

The inplane External AV maneuver angle compensation involv-

ing A_\[P and AYC is illustrated in Fig. 3. 3-8,

5. 3. 3. 3. 2 Lambert Aim Point Maneuver Pre-Thrust Computations

The objective of the Lambert Aim Point Maneuver
Guidance program is to control the cut-off velocity vector such
that the resulting trajectory intercepts a specified target posi-
tion vector at a given time. This target position vector is de-
termined from the TPI targeting program P-34, or the Rendez-
vous Midcourse Correction targeting program P-35.

The Lambert Aim Point Maneuver guidance mode
basically uses the Lambert Subroutine of Section 5. 5. 6 called
through the Initial Velocity Subroutine of Section 5. 5, 11 during
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the prethrust phase to determine the required initial thrust
direction, Urp: The pre-thrust computations required for

the Lambert Aim Point guidance mode are shown in Fig. 3.3-9.
The primary operation shown in this figure is the computation
of the required intercept velocity vector VR at the ignition
time, t;, and up. The following parameter definitions

apply to Fig. 3. 3-9.

r(t Offset target intercept position vector at

)
=2
time tz. This parameter is determined
by the preceding targeting program and
is an input to the Lambert Aim Point pre-

thrust subroutine,

t Intercept time of arrival associated with
the offset target vector, r (t2 ). This is

an input parameter,

S Target rotation switch set in P-34 or P-35
indicating that the target vector was rota-
ted into the orbital plane due to proximity
to 180° transfer conditions.

g {1 Target vector rotated

R 0 No rotation

N Number of target offset iterations desired
in the Initial Velocity Subroutine of Sec-
tion 5.5, 11,

€ Initial Velocity Subroutine parameter,

Required velocity vector at the ignition
time tIG to establish the intercept tra-
jectory.

g Total gravity vector associated with r( tIG ).

bAt Incremental change of the velocity-to-be -
gained vector over one sample period
(AXR - g At),
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ENTER

t, r(t), v(t), r(t,)

t S

2* Yo Fr O
v
Extrapolate state vector to ta NOTE:
using Coasting Integration Routine t must be equal to
(Section 5. 2. 2) obtaining t;q for clslunar
) v () midcourse cor-
* rections.
N1 =0
€ =0 Yes @
No
@ B e
e =10°
‘Compute VR (tIG) using the

Initial Velocity Subroutine of Section 5. 5. 11

Yo thg! = Yr g! - v G

Middle Gimbal Angle (MGA) Computation
= iy L .
MGA = sin [XREF UNIT (yG)]
is Second Row of REFSMMAT])

Y prp

Yes
PIMGA = MGA + 360

No

Extrapolate State Vector 1:0(tIG - 30)

v
= UNIT [ v, (t;5) ]
0

YD1
bAt

"

Go to Initial Attitude and tgo Routine (Fig, 3.'3-%0)

Figure 3.3-9 Lambert Aim Point Maneuver Pre-Thrust Routine

Note: These calculations are performed in P31, P34, P35, and P40,
P41, P42 \.,_J
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The rotation switch SR is set in the Lambert Aim Point
targeting programs P-34 and P-35 to indicate whether the target
aim point vector was within a specified cone angle, €, measured
from the 180° transfer angle condition, If the initial target vec-
tor were within this cone angle, it is rotated into the active ve-
hicle orbital plane in the Initial Velocity Subroutine of Section 5.5.11
so that excessive plane change and AV requirements are avoided
about the 180° transfer angle condition, In the intercept targeting
programs P-34 and P-35 the cone angle € is set at 150, and ac-
tive vehicle transfer angles between 165° to 195° are normally
avoided in the targeting procedure. If a transfer angle condi-
tion falling within this 180° + 15° sector (Sy = 1) is intentionally
selected either during the TPI targeting (P-34), or results for
a rendezvous midcourse correction maneuver (P-35) during an
intercept trajectory targeted for more than 180°, the Lambert
Aim Point Maneuver Pre-Thrust Routine of Fig. 3, 3-9 increases
the Initial Velocity Subroutine cone angle € to 45° so that active
vehicle transfer angle will not change from inside to outside the
cone angle during the powered maneuver, Such a condition is
undesirable since the intercept trajectory would be retargeted
during the powered maneuver, Likewise, if the initial transfer
central angle falls outside the 15° cone angle € of programs
P-34 and P-35 (SR = 0), € is decreased to 10° in Fig. 3. 3-9 to
reduce the possibility of the transfer angle changing from out-

side to inside the cone angle during a powered maneuver.

If Lambert Aim Point Maneuver Guidance is used
in cislunar space for midcourse corrections, the state vector
must be uplinked for the ignition time along with the Lambert

target parameters,
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4

9.3.3.3.3 Initial IMU Alignment and Maneuver Time-to-Go

Computations
Both External AV and Lambert Aim Point guidance pre-

thrust computations require the determination of the IMU middle
gimbal angle, MGA, and estimated maneuver time, tgo’ prior to
engine ignition. These operations are shown in Fig, 3. 3-10., The
input parameters required for these computations have been defined
in Sections 5. 3. 3. 3.1 and 5. 3. 3. 3. 2. With reference to Fig. 3.3-10
the initial thrust direction unit vector, Uy and vehicle state vector
are used to determine the Preferred IMU Alignment (Section 5. 1. 4. 2).
In Fig. 3. 3-10 the following parameter definitions apply:

AVK Required AV Monitor Subroutine parameter
. (Sec. 5. 3. 3. 6).

m Masgs flow rate for APS.

Attail—off Cross Product Steering Routine parameters

Ve (Sec. 5. 3. 3. 4).

}—(SM Unit vectors in Basic Reference Coordinates

XSM (BRC) of the directions of the IMU X, Y, and

Z axes for preferred alignment,

Z

=SM

NC Required AV Monitor Subroutine counter

(Sec. 5. 3. 3. 6).

[REFSMMAT] Transformation matrix from the BRC System
to the IMU or Stable Member Coordinate
System. (Sec. 5. 6. 3. 2).

[SMNB] Transformation matrix from the Stable Member
Coordinate System to the Navigation Base
Coordinate System. (Sec. 5. 6. 3. 2).

EA Unit vector of the assumed thrust acceleration
vector along the Navigation Base X axis.

In Lambert Aim Point guidance pre-thrust computations
and the IMU inner axis (XREF
is set equal to AV. This

the angle between u ) is computed

as described in Sec’rclic]?n 5.4. 4. 2 where U
angle is equivalent to the IMU middle gimbal angle (MGA) when the

vehicle X axis is aligned along Uy and is used to check for gimbal
lock tolerance. In External AV guidance pre-thrust computations,

the MGA display is computed as the angle between the input velocity
vector A\_/‘LVA, transformed to the Basic Reference Coordinate System
and Y—REF since Y
angle compensation can not be made until the engine has been selected

computations involving the inplane maneuver

by the appropriate P40, 41, or 42 program,
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ENTER

Uy Vgltg)

m,

-1 P-40 (DPS)
SE 0 P-41 (RCS)
1 P-42 (APS)

v

Based on SE set the following parameters:

AVgs M, Alpoa off Ve

Initial Vehicle Attitude and Preferred
IMU Alignment Computation
Zsm~ YD

Yopp= UNIT [Xqp X Tt

Zgy = UNIT [X

1))

sm” Yo

Astronaut approval
f IMU Alignment

Astronaut realign IMU to the
Preferred IMU Alignment with
Program P-52

S = 0
w
N = 4
1
Uy =|0
0
up = [sunB| [REFSMMAT] upy

Maneuver vehicle attitude using the
Vecpoint mode of the Kalemanu Routine
(Sec, 3) such that the resulting SMNB

makes up equal to Upe

Figure 3, 3-10 Initial Attitude and t & Routine
(Page 1 of 2) g
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Call tgo Prediction Subroutine
(Fig. 3.3-11)

By 0y Ty ¥, ()

RESUME tgo’ SI’ STH

Set Engine off at Yes

e

+ T

g0 No

RETURN S_.., S, v (t;q).

- . - A
r(trg - 30), Vit - 30), b At (t, - 30)up

Figure 3, 3-10 Initial Attitude and tgo Routine
(Page 2 of 2)
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If either the DPS or APS were selected for the
maneuver, the Time-to-Go Prediction Subroutine of Fig,

3.3-11 is then processed, With reference to Fig, 3.3-11:

STH DPS throttle inhibit switch
0 Allow DPS throttle up
STH
1 Inhibit DPS throttle up
SI Impulse Switch
0 Allow steering at the proper time
via AV Monitor Routine (Section 5.3.3.6)
°]
1 Indicates short maneuver and no
steering is required
F; Ullage thrust
Kl APS impulse velocity acquired in a one
second maneuver for a unit mass vehicle
K, APS minimum impulse constant
K3 APS minimum impulse constant equal to the
slope of minimum impulse curve.
K4 10% DPS engine thrust
F APS APS Thrust

The initial computation in Fig. 3. 3-11 estimates the velocity-
to-be-gained after 7 seconds of ullage. If the DPSwere selected
(P-40), the maneuver time, t o’ is then computed on the basis

of 10% thrust. If this time is less than 6 seconds no active
guidance steering is attempted (SI = 1) and the vehicle attitude

is maintained at the pre-thrust alignment throughout the maneuver,
If the DPS tgo is greater than 95 seconds normal steering will
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(tgo_

t 0=1+ 5T1/T2

g
A } VG m
Y g0 Fppg
Sl S = 1
RETURN ty., Sy Sqy

Figure 3.3-11 Time-to-go Predictor Routine
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be allowed to throttle the DPS to FTP after the nominal DPS
trim phase at 10% thrust, If the estimated DPS t o is less
than 95 seconds, the DPS will be inhibited from throttling up
to FTP after the 10% thrust trim phase (STH =1), and will
remain at 10% thrust for the duration of the maneuver. It
should be noted that the DPS start trim phase duration
(nominally 26 seconds) is an erasable memory parameter

and can be modified,

If the APS were chosen (P-42) in Fig. 3.3-11, a
check is first made to determine if the maneuver time is
less than one second. If the maneuver time is less than one
second, the t o estimate is made on APS minimum impulse
test data represented by the constants Kq and Kq (See
Section 5. 8). In this case no active steering is attempted
(SI = 1). If the maneuver time is greater than one second but
less than 6 seconds, tgo is computed as shown in Fig, 3.3-11
and again no active steering is attempted. If the estimated
maneuver time is greater than 6 seconds active steering is

used and t o computations are performed during the maneuver,

With reference to Fig, 3. 3-10, if the RCS were

chosen for the maneuver, (P-41), not o prediction is made,

g

If the estimated maneuver time, tgo’ for either
the APS or DPS is less than 6 seconds, the Engine Off signal
is set for tIG sk tgo as shown in Fig, 3. 3-10,
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5.3.3.4 Cross Product Steering Routine

The cross product steering concept is the basic
control concept for both External AV and Lambert Aim Point
guidance modes. The cross product steering logic is shown
in Fig. 3.3-12. The following parameter definitions not pre-
viously described apply to this figure.

Av PIPA measured velocity vector over the

SM
computation cycle At in IMU coordinates.

Av PIPA measured velocity vector over the
computation cycle At transformed to the

Basic Reference Coordinate System.

s A logic switch in the cross product steering
routine which when set to 1 allows steering

commands and to_o caleculations to be made,

5
When set to 0, the velocity-to-be-gained,
Vo is computed by bAt and Av only (Sec-
tion 5,3.3.5), - is set to 1 in the AV

Monitor Subroutine of Section 5, 3, 3. 6 after

engine thrust has been detected,and set to

0 when the computed time-to-go first becomes

less than four sceonds,

A A constant representing the duration of

rail-off

a burn at full or maximum thrust equivalent

to the tail-off impulse after the engine -off

signal is issued.

\% Engine exhaust velocity = g qu
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CDUM

(CDUX )0

[REFSMMAT |

[SMNB]

1=

CDUD

CDUC

The three measured IMU CDU angles at a

given computation cycle.

CDUX = Outer
CDUY
CDhUZ

1

Inner IMU gimbal angles
Middle

Measured IMU outer gimbal angle at the

desired pre-thrust vehicle orientation,

Transformation matrix between the BRC
system and the IMU or Stable Member
Coordinate system (Section 5. 6. 3. 2).

Transformation matrix between the Stable
Member Coordinate system and the Naviga-
tion Base Coordinate System (Section 5.6.3.2).

Cross product steering command vector

Ex

EY steering commands in vehicle axis

B

Unit vector of the actual thrust acceleration
vector in Navigation Base Coordinates. This

parameter is initialized in the Pre-thrust com-
putations of Fig. 3. 3-10.

Unit vector of the desired thrust acceleration

vector in Navigation Base Coordinates.

Desired IMU CDU angles based on steering com -
mands, This istheprimary output signal tothe
LM digital autopilot (DAP)

Cross Product Steering command vector interms

of IMU CDU angles,

With reference to Fig, 3, 3-12, the logic switch Sw is set to zero by the

sequencing routine, When SW is zerothe only function of the cross

product steering routine is toupdate the velocity-to-be-gained vector
with Av and b At,

hi's
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ENTER

t, v bAt, Av

=G —SM
Sw AtTail-off’ Ve’ v
CDUX
CDUM = | CDUY
CDUZ

CDUDX = (CDUX )0

[Extrapolate v, one time step by: |
Ay = [REFSMMAT] Av,

SM
yG=\_/G~A!+‘9At

Issue
Alarm
K =1 - 1 &_ﬁl___
2 V _ Av
e
Ve * AV
_ g - P
tgo = K [A_ Ay_:l A+ Alrail-off
No
t >4 =
go Sw 0
Yes !
Set Engine off
att+ t
go
EXIT

Desired thrust axis computation

=D

u = UNIT{[SMNBJ [REFSMMAT] o

(page 1 of 2)
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Y

u, = UNIT {EA & % [[’SMNB] UNIT (Avgy,) - EA]}J

Cross Product Steering Calculation
EX
EZ

Alarm

E = sin 20° UNIT (E)

*
Transformation of Cross Product Steering Command Vector to IMU CDU Angles
EY cos (CDUX) - EZ sin (CDUX)
ACDUY =
cos (CDUZ)
ACDUX = 0
ACDUZ = EY sin (CDUX) + E, cos (CDUX)
CDUD ACDUX
CDUC = |CDUY |+ |ACDUY
CDuZz ACDUZ
Attitude
Automatic

[coup > couc |

b4

EXIT

Figure 3, 3-12 Cross Product Steering Subroutine (page 2 of 2)
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Switch B remains zero for short duration thrust periods or
during the initiation of long duration thrust periods before the
thrust has increased above the threshold level. In both these
cases there is no active steering and the vehicle attitude is
held at the pre-thrust alignment, When 8w is set to 1, active

steering is performed. The time-to-go, t computation and

steering commands, CDUD, are performegg as shown in

Fig. 3.3-12., When the computed tgo becomes less than 4
seconds, then the engine-off signal is set and switch . is
reset to zero. For the remainder of the maneuver, no further
computations are made except for v updating.

The steering command generated by this routine is
the cross product of the desired thrust direction vector,u,
and the actual thrust acceleration vector, u,. Both of these
vectors are expressed in Navigation Base Coordinates, and
the thrust acceleration vector, u,, is generated by the smooth-
ing computation shown in Fig, 3. 3-12. The objective of the
cross product steering concept is to control the thrust accel-

eration vector such that:
E-= up X YUy = 0

The cross product steering command vector, E, is transformed
to IMU CDU angles, CDUC_, required to align the actual thrust
acceleration vector with the desired thrust direction, The
calculation of the CDU angles, CDUC, of Fig. 3,3-12 results

in attitude hold about the vehicle X axis for a zero IMU middle

gimbal angle condition, This is accomplished by setting CDUDX

equal to the measured IMU outer gimbal angle, CDUX, at the
desired pre-thrust vehicle orientation, If the DAP mode switch
is in automatic, the desired CDU angles, CDUD, are set equal
to CDUC, The primary output signal to the LM digital auto-
pilot (DAP) is CDUD, If the DAP mode switch is in attitude
hold, the DAP maintains the attitude defined by the last CDUD,
anli'the IMU CDU angles CDUC of Fig., 3,3-12 are used to

determine attitude errors for display.
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The following control options are provided by the

cross product steering subroutine:

1) An alarm is issued if the actual thrust direction
deviates more than 45° from the desired thrust
direction (E > sin 45°),

2) The commanded gimbal angle change is limited
to a value of 20° difference between the actual
and desired thrust directions if E > sin 200,
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5.3.3.5 Velocity-to-be-Gained Routine

The velocity-to-be-gained computations shown in
Fig. 3. 3-13 are those carried out during the Lambert Aim Point
powered flight guidance. The velocity-to-be-gained computa-
tion for the External AV guidance mode is simpler than that
for the Lambert Aim Point guidance mode, The External AV
velocity-to-be-gained computation is that shown in the cross
product steering routine of Fig. 3. 3-12 and is equivalent to

since b At = 0 for the External AV mode as shown in Fig. 3. 3-7.

The velocity-to-be-gained computations for the
Lambert Aim Point guidance mode involve the determination
of a new Vo by processing the Lambert Subroutine via the
Initial Velocity Subroutine. A second objective is the compu-
tation of a new b At parameter for use by the cross product
steering routine. A new required velocity, VR is also de-
termined for use in the next computation cycle of the velocity-

to-be-gained subroutine,

The following parameter definitions refer to
Fig. 3. 3-13.

r(t)

z(t) active vehicle state vector
t
r (t2 )  Offset target intercept position vector at

time t9. This parameter is determined
by the preceding targeting program (P-34
or P-35).
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t_2 Intercept time of arrival associated with
the offset target vector r (t,). This is
an input target parameter,

tIG Nominal ignition time,

KR (t-1) Required velocity vector at the preceeding

computation cycle,

T Time interval between the current and pre-

vious computation cycles.

Target rotation switch set in P-34 or P-35
indicating that the target vector was rotated
into the orbital plane due to proximity to

180O transfer.

1 Target vector rotated

S
R 0 No rotation

g Total gravity acceleration vector (Section 5.3.2).

g, » Component of the earth gravity acceleration
vector representing earth oblateness effects
(Section 5. 3. 2).

Av (t) Measured PIPA velocity change in the BRC

system.

N1 Number of target offset iterations desired
in the Initial Velocity Subroutine
(Section 5. 5.11).

€ Initial Velocity Subroutine parameter.

VR (t) Required velocity vector at time t,

Vg (t) Velocity-to-be-gained vector at time t.

e (t+ At) Extrapolated one computation time step.

Vg
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ENTER

g (i) Ay &), g, 1) % 75 By

T)

v

N1=O

Compute YR (t) using the
Initial Velocity Subroutine of
Section 5,5, 11

v

Vo) = v () + g (1) (t - t;0) -V (t)
R ® mypE-T) }
b At (t) -[ = g (t)

At

v

‘_’G(

t+ At) = XG(

t) + b At (t) - Av (t)

4

RETURN

vg (t+ AD, b AL(H), vg )

v

RETURN
Vg (t)
b At (t)

vg ()

Figure 3.3-13 Velocity-to-be-Gained Subroutine
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It should be noted that in Fig. 3. 3-13 the velocity-to-be-gained,
Ve derived from the Lambert solution using an offset target
vector is modified by the term gb(t) [t - tIG]' This term is an
approximation to the velocity change contributed by the earth
oblateness effect. The compensation used in this subroutine

is computed as the current oblateness acceleration, gb(t), mul -
tiplied by the period of thrust application (t - tIG) where tiq s
the nominal ignition time., This correction is zero for lunar
orbits. The objective of this correction is to reduce cut-off
errors due to finite maneuver time effects, and to minimize
commanded thrust attitude variations during the maneuver,
These two effects occur during long maneuvers because in
accounting for earth oblateness effects in the initial targeting
programs (P-34 and P-35), it is assumed that an impulsive
maneuver will be applied at ignition time. Since a finite maneu-
ver time is required, the precomputed target aim point be-
comes less accurate as the maneuver progresses. The _gb(t —tIG)
correction is an approximate substitute for a retargeting pro-

cedure which can not be performed during a powered maneuver,

The velocity-to-be-gained subroutine of Fig, 3, 3-13
accounts for the possibility that the Ya computation will not be
completed for use during the next 2 second computation cycle,
In this case the Vg is extrapolated forward over a 2 second At
interval by use of the velocity-to-be-gained increment b At,
which was just computed, and the last PIPA velocity measure-

ment, Av.
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5.3.3.6 AV Monitor Subroutine

The purpose of the AV Monitor Subroutine is to
detect and monitor the presence of engine thrust every 2
seconds commencing at the nominal ignition time. The sub-
routine also turns on the cross product steering routine if
the maneuver is not a short burn, If subsequent to the nominal
ignition time or during the thrusting period, the engine thrust
is detected to be below a given level for 2 cycles of this routine, |
control is transferred to the engine fail procedure (Section 4).

The AV Monitor Subroutine logic diagram is illus -
trated in Fig. 3. 3-14. The following parameter definitions
apply to this figure.

Av PIPA measured velocity change over the

last computation cycle.

A counter in the AV Monitor Subroutine
which indicates an engine failure when < 0,
This counter is initialized during pre-thrust

computations to a value of 4, I
Impulse Switch
0 Allows steering at the proper

time via AV Monitor Subroutine

1 Indicates short maneuver and no
steering is required

AV. A constant set by the pre-thrust routine
which establishes the AV which must be
sensed in a 2 second computation interval

if the engine is to be considered on,
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Initialization

NC=4

§, = 0
W

-3 Yes
N = Nc -1 is Gimbal
€ apparent
Transfer to fail set
DPS/ APS Thrust
Fail Routine
R -40 of Section 4
DO NOT ALLOW ALLLLOW USE OF
USE OF TRIM GIMBAL TRIM GIMBAL
RETURN
SW’ Nc

Figure 3,3-14 AV Monitor Subroutine
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s A logic switch in the cross product steering

routine which when set to 1 allows steering

commands and tgo calculations to be made,

When set to 0, the velocity-to-be-gained,

b

, is computed by b At and Av only,

(Section 5,3,3,4).

S AV Monitor Idle Switch

IDL

1 By pass AV Monitor Operation

S

SIDL
maneuvers,

L 0 Activates AV Monitor Operation

is set to 1 prior to ignition for all

For all RCS maneuvers (P-41),

APS maneuvers (P-42) and DPS maneuvers

(P-40) of less than 6 seconds estimated

duration (SI =1) SIDL is maintained at 1,
For DPS and APS maneuvers of greater

than 6 seconds, S is set to zero at

ignition, SI_DL

seconds,

DLY

IDL

is setto 1 whent <« 4
go

AV Monitor Delay Switch

0 By pass AV test in AV Monitor

S

The function of S

DLY 1 Activate AV test in AV Monitor

DLY is to prevent the AV

Monitor from checking AV until (tIG 4+ 2),

since S is set to 0 at tIG'

IDL

It should be noted that the AV Monitor Subroutine is activated
by the Servicer Routine during all PGNCS controlled thrust maneuvers,

The AV Monitor Subroutine is activated at (tIG + 2) for DPS and APS

maneuvers exceeding 6 seconds. The engine fail procedures activated

by this subroutine differ for various mission phase maneuvers as

described in R-40 of Section 4.
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5.3.6 THRUST MONITOR PROGRAM

The Thrust Monitor Program, P-47, is used during
manual or non-PGNCS controlled maneuvers to monitor and
display the velocity change applied to the vehicle, The program
should be called at least one minute before the start of such a
maneuver, The selection of this program suspends state vector
updating by the RR (resets the update and track flags), and P-47 then
advances the vehicle state vector to the current time plus one minute
(t +60) by the Coasting Integration Routine of Sec, 5,2,2, At
t + 60 the Average-G Routine of Sec, 5, 3,2 is called and left
on until the program is terminated after the maneuver, The
primary output of the P-47 is the measured maneuver AV in

vehicle coordinates as described in Section 4,

The Thrust Monitor Program is normally used during
the manually controlled terminal rendezvous phase, During
this mission phase the Rendezvous Display Routine R-31 is
normally called to display range, range rate and the line-of-
sight angle 6, The operation of R-31 with the Average-G Routine
of P-47 is described in Section 5, 6.7,
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5.4 TARGETING ROUTINES

5.4,1 GENERAL COMMENTS

The objectives of the targeting routines presented in
this section are to provide the LLGC capability to determine the
required input target parameters and set control modes for the
various powered flight guidance routines of Section 5,3, The
LGC targeting capability represented by the programs in the
following subsections is sufficient to complete the nominal LM
rendezvous phases of the mission, These LGC targeting routines

are summarized in the following subsection:

5,4.4 Rendezvous Targeting

These routines include the following rendezvous

maneuver phases:

1., Pre-C51

2, Pre-CDH

3. Pre-TPI

4, Rendezvous Midcourse Corrections

All LLGC targeting programs use the Basic Reference

Coordinate System defined in Section 5,1,4,1, The Rendezvous
Targeting Routines of Section 5, 4,4 can be used in either earth
or lunar orbits, The basic input parameters required by the

targeting routines of this section are the vehicle state vector

estimates determined by the navigation programs of Section 5, 2,

The above four routines are discussed in the following
sections as if they could be used with either vehicle being the
active vehicle., This is no longer the case. The routines associated
with allowing the CSM to be the active vehicle (P-72, P-73, P-74
and P-75) have not been tested and are not available for use,

although their coding remains in the LLGC computer.
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5.4.4 RENDEZVOUS TARGETING

5.4.4.1 General

The rendezvous Targeting Programs P-32,P-33, P-34
and P-35 in the LGC are based on the Concentric Flight Plan ren-
dezvous scheme. This scheme illustrated in Fig. 4. 4-1 employs
an active vehicle to ideally make three impulsive maneuvers to
establish a rendezvous intercept trajectory with a passive vehicle
in an approximately coplanar orbit. Sufficient constraints are im-
posed to allow only one degree of freedom in choosing the final ren-
dezvous profile. These constraints include the timing of both the
first and third maneuvers, the direction of the first maneuver, a
unique formulation for the second maneuver and the relative ge-
ometry of the two vehicles at the final maneuver point. The second
maneuver results in the active vehicle orbit becoming ''coelliptic''
or'toncentric' with the passive vehicle orbit, resulting in the dif-
ferential altitude between the orbits being approximately constant,
The following names have been given to the basic maneuvers of

the Concentric Flight Plan rendezvous profile:
1) Coelliptic Sequence Initiation (CSI),
2) Constant Differential Altitude (CDH),
3) Transfer Phase Initiation (TPI).

A rendezvous midcourse correction program is used in addition
to the above three primary rendezvous programs to maintain an
intercept trajectory from the TPI maneuver until the manual ter-

minal rendezvous is started.
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Figure 4.4-1 Concentric Rendezvous Profile
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The LGC Rendezvous Targeting Programs consist of

the following programs:

1) P-32 Pre-CSI Maneuver Program, This program
is called by the astronaut any time before the Co-
elliptic Sequence Initiation (CSI) maneuver is per-

formed,

2) P-33 Pre-CDH Maneuver Program. This program
is called between the CSI and Constant Differential
Altitude (CDH) maneuvers,

3) P-34 Pre-TPI Maneuver Program, This program
is called between the CDH and Transfer Phase

Initiation (TPI) maneuvers.

4) P-35 Rendezvous Midcourse Maneuver Program.
This program is called after the TPI maneuver has

been performed.

Each program is designed to select either the LM or
CSM as the active vehicle depending on the program number se-
lected by the astronaut. All program operations in Section 5. 4. 4

are independent of which vehicle is chosen as the active wehicle,

A LM direct rendezvous capability is possible using

the last two maneuvers in the above list,

All computations performed in the Concentric Rendez-
vous Program are in the Basic Reference Coordinate System
(Section 5, 1,4,1) and use the latest state vectors obtained from

the Navigation Routines (Sections 5.2 and 5,3.2),

The pre-thrust programs P-32 and P-33 use External
AV guidance (Section 5,3.7) and P-34 and P-35 use the Lambert
targeting concept employing two precision offsets (Section 5,3.6).
All four of these programs use the Cross-Product Steering of
Section 5. 3, 3.
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An alarm code is displayed if the initial conditions along

with the astronaut inputs fail to result in a satisfactory solution.

5.4.4.2 Pre-CSI Maneuver

This program, corresponding to Program P-32 (LM
active) or P-72 (CSM active) of Section 4, ¢computes the para-
meters associated with the CSI and CDH maneuvers. The astro-

naut inputs are:
1. Choice of active vehicle (P-32 LM, P-72 CSM).

2+ Time tl of the CSI maneuver.

3. Number N of the apsidal crossing.
(If N =1, the CDH maneuver occurs when the
active vehicle reaches its first apsidal point

following the CSI maneuver, etc,)

4. Desired line of sight LOS angle E at the time of the
TPI maneuver, (See Fig. 4, 4-2 and Fig. 4. 4-3).

5. Time t3 of the TPI maneuver.

The active vehicle state vector r,, VA and passive vehicle state

vector r

I'ps Vp are available in the guidance computer,

The following constraints must be satisfied (see
Fig. 4. 4-1 and Fig. 4. 4-2).

1. The CSI AV is applied in the horizontal plane of

the active vehicle at the CSI time.
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ACTUAL PASSIVE
VEHICLE ORBIT

Fig. 4.4-2a TPI geometry, active vehicle below

ACTUAL PASSIVE
VEHICLE ORBIT

Fig. 4.4-2b TPI geometry, active vehicle above

5.4-6

Rev, 1 - 6/68



UH = UNIT HORIZONTAL
IN FWD DIRECTION
AS DETERMINED

BY Va

1) IF THE LOS PROJECTION ON UH 1S POSITIVE:

a) WHEN THE LOS 1S ABOVE THE HORIZONTAL
PLANE 0 <E < m/2

b) WHEN THE LOS 1S BELOW THE HORIZONTAL
PLANE 3m/2 < E < 27 ‘

2) IF THE LOS PROJECTION ON UH 1S NEGATIVE

a) WHEN THE LOS 1S ABOVE THE HORIZONTAL
PLANE m2 <E <

b) WHEN THE LOS IS BELOW THE HORIZONTAL
PLANE m < E < 3w?2

Fig. 4.4-3 Definitign of Elevation Angle, E
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2. The CDH maneuver occurs when the active vehicle

is at a specified apsidal crossing,

3. The semimajor axis and radial component of veloc -
ity of the active vehicle are such that the active and
passive vehicles are in coelliptic orbits following
the CDH maneuver.

4, The line of sight connecting the active vehicle and
the passive vehicle at the TPI time forms the angle
E with the horizontal plane of the active vehicle.

5, The time intervals between the CSI-CDH and CDH -

TPI maneuvers are 10 minutes or greater,

6. After both the CSI and CDH maneuvers, the perigee
altitude of the active vehicle orbit is greater than
35, 000 ft. for lunar orbits and 85 nm. for earth orbits.

The program solution, as illustrated in the logic flow
diagram in Fig. 4, 4-4, is based on conic trajectories and contains

an iteration loop to select the CSI maneuver magnitude vy

After updating of the active and passive vehicle state
vectors to the CSI time, the active vehicle state vector is rotated
into the passive vehicle orbital plane resulting in coplanar orbits.
The passive vehicle is then updated through the time t3 -t, to

1
the TPI point obtaining p3r Vpge The initial guess of Vs when
added to the velocity of the active vehicle, results in the active
vehicle attaining a radius equal to rp3 180 degrees from the CSI

point,
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If the eccentricity e of the active vehicle orbit is now
less than . 0001 or the vertical velocity at the CSI point is less
than . 05 ft/sec., the time t2
the CSI time plus N times half the period tP

Otherwise, the angle y to the nearest perigee is computed and

of the CDH maneuver is set equal to

of the active vehicle,

used in the Time-Theta Subroutine to find the corresponding time
of flight At, This is then used to calculate t2 based on the value
of N, After verifying that t3 is greater than t2, both vehicles
are updated to the CDH point.

The angle ¢ between the active and passive vehicles
at this CDH point is calculated and used in the Time-Theta Routine
to update the passive vehicle to a point radially above or below the
actiye vehicle, obtaining EPC’ Vpe-

The semimajor axis an and the radial component of

velocity v along with a radius, uniquely define the orbit of

the activeér‘e/:hicle immediately following the CDH maneuver.
The equations for an (based on the semimajor axis ap of the
passive vehicle) and Vay contained in Fig. 4. 4-4, therefore
specify the "coelliptic'" CDH maneuver Av,,.
The active vehicle state vector is next updated to the
TPI time. The unit vector which passes through the active ve-
hicle position and is coincident with the desired TPI line of sight
is given by Uy -
section between the line of sight and a circle (with origin at the

The position vector of the two points of inter-

center of the attracting body) as shown in Fig. 4. 4-2 is defined

by:

E=£A3+kl_1_L (4.4.1)
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where k normally assumes two values (see Fig. 4. 4-4). Equating
the magnitude of b to rpg results in a quadratic expression for k

2
P3

2

k+2k£ -r

2 -
A3 Y, t Tag =0 (4. 4. 2)

If there are no real solutions to the above equation
(c2 < 0 in Fig. 4. 4-4), the line of sight does not intersect the
circle, If there is a real solution to the above equation, the k
of minimum absolute value is chosen as the desirable TPI solu-
tion. The error v is defined as the central angle between the
position vector of the passive vehicle at the TPI point and the
position vector b representing where the passive vehicle should
be based on the active vehicle location., This error is driven to
zero using a Newton-Raphson iteration loop with v, as the indepen-
dent variable., The two initial values of v, are 10 ft/sec apart
with the succeeding step size Av1 restricted to 200 ft/sec,

A second computational attempt is made if the first
iteration attempt fails, vy is incremented in steps of 50 ft/sec.
in the direction opposite to that initially taken in the first at-
tempt until the error vy has undergone a sign change. The second
attempt then starts with the latest value of vy and an adjacent
point in the direction of the 50 ft/sec. steps.

Included in the Pre-CSI program are the following
seven program checks and the corresponding Alarm Codes AC
(see Fig. 4. 4-4).

1, If on the first iteration there is no solution to the
TPI geometry, the iteration cannot be established.

The alarm code AC is set equal to A in this case.

The alarm code is listed in Section 4.
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The iteration counter n exceeds 15. (AC = C)

Two succeeding iterations resulting in \2] greater
than 1000 ft/sec. (AC = B)

The altitude of perigee hPl following the CSI maneu-
ver is less than a minimum acceptable amount,
(AC = D)

The altitude of perigee h following the CDH maneu-

P2
ver is less than a minimum acceptable amount,

(AC = E)

The time AT2 between the CDH and CSI maneuver is
less than 10 minutes. (AC = F)

The time ATS between the TPI and CDH maneuvers
is less than 10 minutes. (AC = G)

For the first check above, a check failure results in an

immediate program exit. The last four checks are made only if

the iteration has succeeded. The alarm codes are set (excluding

the first check) only if the second iteration attempt has been made.

The outputs for the Pre-CSI maneuver program are:

1,

Differential altitude AHCDH at the CDH point,

AHCDH is positive when the active vehicle's altitude
is less than the passive vehicle's altitude when

measured at the CDH point,

Time AT2 between the CDH and CSI maneuvers

displayed in minutes and seconds with hours de-
leted.

Time AT, between the TPI and CDH maneuvers

3
displayed in minutes and seconds with hours deleted.

AYCSI(LV) in local vertical coordinates at CSI time

AV (LV) in local vertical coordinates at CDH time

~CDH
The alarm codes
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In the Pre-CSI program P-32, the astronaut can change
the CSI computed maneuver by over writing the displayed maneuver
velocity vector in local vertical coordinates, A-YCSI (LLV). In such
a case the astronaut input then becomes the defined velocity -to-be -
gained in the External AV Maneuver Guidance (Section 5. 3. 3. 3.1) used’
to control the CSI maneuver., The over writing procedure is nor-
mally used to correct or minimize out-of-plane conditions which
are not directly controlled by the CSI or CDH maneuvers computa-
tions such that minimum out of plane conditions exist at the TPI
maneuver,

In addition, M the number of navigation measurements
processed since the last maneuver, MGA the middle gimbal angle
at the start of the last maneuver assuming plus X acceleration and
TFI the time between the CSI maneuver and the present time are
displayed. The middle gimbal angle is computed with the following

equation,
sin [

MGA = Y

IREF °
if -90° < MGA< 0°, MGA is redefined such that 270° < MGA< 360°,
AV is the maneuver AV in reference coordinates and Y is the

—REF
second row of the REFSMMAT matrix defined in Section 5. 6. 3.

UNIT (AV )]

5,4.4,3 Pre~-CDH Maneuver

This program, corresponding to Program P-33 (LM
active) or P-73 (CSM active) of Section 4, computes the parameters
agssociated with the CDH maneuver,

The astronaut inputs to this program are:
1. Choice of active vehicle (P-33 LM, P-73 CSM)

2. Time t2 of CDH maneuver

The active and passive vehicle's state vectors Tps Vpo
rps Vp are available in the guidance computer, The TPI eleva-
tion angle E and the TPI maneuver time t3 are also available from

the previous Pre-CSI program computations.
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Figure 4. 4-4 illustrates the program logic., The state
vectors of both the active and passive vehicles are advanced to the
CDH time using the Coasting Integration Routine, After rotating
the active vehicle state vector into the plane of the passive vehicle,
the CDH maneuver is calculated as in the Pre-CSI program. Fol-
lowing a precision update of the state vectors to time t3, the Pre-
TPI program is used to calculate the time t at which the specified ele-
vation angle is attained. If the iteration was not successful an alarm
code is displayed. At this point, the astronaut can elect to recycle
the program or to proceed with the calculation of the displays,

which are:
1is AYCDH (LLV)

2. Differential altitude AH at the CDH point,

CDH
3. Time AT3 between the calculated TPI time and the
CDH time displayed in minutes and seconds with

hours deleted,

4, Time ATTPI between the calculated TPI time and
the specified TPI time. (This number is positive

if the new TPI time is later than that previously used).

If the iteration did not converge, the last two displays
reflect an unchanged TPI time. In addition, M, MGA and TFI are
displayed as in the Pre-CSI program displays.,

The astronaut can modify the CDH maneuver to mini-
mize out-of-plane conditions by overwriting the displayed maneu-

ver velocity vector, AV (LV), as in the Pre-CSI program,

—CDH
The out-of-plane information used in this process is determined
by the astronaut with the aid of the Out of Plane Rendezvous Display

Routine, R-36 of Section 5. 6. 7. 3.
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Pre-CSI Program

Check CSM Primary Body
Indicator PC (See Sec. 5. 2. 2.6)

PC = 0 for Earth : hmin = 85 nm,
PC = 1 for Moon : hmin = 35, 000 ft,

l

Inputs: Tpar Vas o Vp tl, t3,

N, E, active vehicle

Update Tas Vo and EP’ Y—P to time t1

obtaining E—Al’ Y—Al and £P1’ Vp1 using

Coasting Integration Routine (Sec.5.2.2)

Update rp1s Yp1 through time t3 - t1 obtaining

b3 Vpg using Kepler Routine (Sec., 5. 5. 5)

l

h, = UNIT (uXr,,)

®

=1
10 ft/sec.

=

n

Av

<
[
L]

%

Fig. 4,4-4 Pre-CS8I-CDH Maneuver Program
( Page 1of 7 )
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n=n-+l

S1 =1
i = SGN (Vl) 989 ft/sec.
i’
v' = v + v, h Vi = 1 - v
~A1 A1 1 =1’ R =Al1 —A1l ]

k

. . 3 1 = O
Obtain period tP using ryq, V'zqs 6 = 359.99

in Time -Theta Subroutine (Sec. 5. 5.7)

v

Fig, 4.4-4 Pre-CSI-CDH Maneuver Program

[V]Revised SUNDANCE
[ JAdded  csop # R-557

(Page 2 of 7)
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Obtain hPl’ Py € using LK ‘_"Al’ PC

in Periapo Routine (Sec. 5.5, 14)

e < .0001>. eS8

cosy = (pler1 -1)/e

1/2

sin ¢ = IVRI(upl/ril) e u

ObtainAt using Taqs - SGN (VR) v! sin{,

17 —A1’
cos ¥ in Time Theta Routine (Sec. 5. 5. 7)

|

Yes

>0

’Itz =t1 —At+NtP/2|-—J

E= t1+At+ (N - 1)tplﬂ

L.

AC =G

L_ Update LINE K'Al and p1r Vpp throughtime 1:2-t1 obtain- :
ingr ), vpqand rp,, v, using Kepler Routine (Sec.5.5.5)

Fig, 4.4-4 Pre-CSI-CDH Maneuver Program
(Page 3 of 7)
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re-CDH Program

Inputs: Ty, vy, e Yp B,
t

9 t3, active vehicle

!

Update _I:A, VA and EP’ XP to time t2
obtaining Taor Yao and Tpgs Vpg using

Coasting Integration Routine (Sec. 5. 2.2)

!

u = UNIT (£P2 X KPZ)
g™ Tag UNEL 12y - @ap - WU
Vaz = Vag UNIT [vyy -~ (vpp - W]

cos ¢ = Tpg- £P2/I'A2 by

@“——"sm ¢ = (1 - cos?$)l/?

Update rpo, vy with cos », SGN (SW)sin¢

obtaining EPC’ KPC’ aP using Time-Theta

Routine (Sec. 5.5.7)

AHepy = Ppe " Ta2 Vpv T Ypc * Fao/Tas
ay = ap " AHopy Vay = Vpy (aplay)?/2
VA S SQRT [u (2/1‘A2 - llaA) - VAV.Z]
'A2= Vaz UNIT (WX 1, ,) + vyy UNIT (r,,)

AV Vs — -
V9™ Yag " Vap £ UNIT (-1r),)

Y= -u, X =UNIT (Y X Z)

AVeppV) = (X Y z]T Av,

4
;3
Fig.4.4-4 Pre-CSI-CDH Maneuver Program
(Page 4 of 7)
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’ i ¢ e
Update £A2’ VA9 and —I:PZ’ Vpo to time t3 obtaining Tpas Vp
using Coasting Integration Routine (See 5. 2, 2)

btain t or ALARM using EA"—’A'EP’Y-P’ n=0,FLAG =1,t= 1;3,

tmax= 250 sec, , E in Pre-TPI Program (Sec, 5, 4, 4, 4) entering at

endrp, Vp

Astronaut

SEE Recycle

Is ALARM set

Update Lo z'Az through time t3 - tz obtain-
ing r, 4, V,gusing Kepler Routine (Sec.5.5.5)

u; = cos E UNIT (u X £A3)+ sin E UNIT (EAS)
€1 % Epn* By,

_ .2 _ 2 2
Cg=C ~Taz*t 'pg

EXIT

Fig, 4,4-4 Pre-CSI-CDH Maneuver Program
( Page 5 0of 7)
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b=rpgtku

_ -1
v=cos ~ (b- £P3/b rPS) SGN [u- (b X rPB)]

Yes No

- T (v - 7o) <0

Av, = -SGN (SL) SGN (1) 50 ft/ sec.

v1=v1 -Avl -D@

€S

vlo—vl, ’YO=7
S2 0, v, =v, -Av ()

07 AV =5 ]

Fig, 4,4-4 Pre-CSI-CDH Maneuver Program
( Page 6 of 7)
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v, =V —Av1 Av1 = SGN (Avl) 200 ft/sec

| Obtain hpy using r'y 5, Vp,, P 0

AT, =t -t Periapo Routine (Sec.5,5.14)

[B1=0, 82=1, 83=0, n=y-®

Z=UNIT (-£,,), Y= —u
X=YXZ I—
- 4 R
A.YCSI(LV) - Vl [}_( X Z] El
EXIT

Fig, 4,4-4 Pre-CSI-CDH Maneuver Program
(Page 7o0f7)
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5.4.4,4 Pre-TPI Maneuver

This program corresponds to Program P-34 (LM active)
or P-74 (CSM active) of Section 4., Its objective is to establish the
terminal phase initiation TPI maneuver, The position of the TPI
maneuver is determined by specifying either the TPI time or the
elevation angle which specifies the relative geometry of the vehicles

at the TPI point, The astronaut inputs are:

1. Choice of active vehicle (P-34 LM, P-714 CSM)
2. Time t of the TPI maneuver
3. Elevation angle E (set equal to zero if t is specified)

4, Central angle ot between the passive vehicle at the
TPF and TPI points,

The active r and passive vehicle r state

Zar Yar pr Ypr
vectors are available in the guidance computer. The program

starts with a precision update of these vectors to the TPI time,

If the elevation angle is not specified, it is computed
after the precision updating of both vehicles to the TPI maneuver
time. If E is specified, an iteration procedure is initiated to find
the TPI time at which E is attained., This procedure uses the in-
put TPI time as the initial guess and is based on conic trajectories
(except for the original precision update). The time correction
6t is based on (1) the angular distance between r_, and the desired
position of the passive vehicle, obtained by assuming the passive
vehicle is in a circular orbit, and (2) assuming the vehicles are
moving at a constant angular rate, The flow diagram for this pro-

cedure is shown in Fig, 4. 4-5,
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The iteration is successful when the computed elevation

angle EA is sufficiently close to E.

To help insure convergence, the following steps are

taken:

Qo

C.

The step size 6t is restricted to 250 secs.

If the solution has been passed (6E 6E0 < 0), the
step size is halved and forced in the opposite

direction of the last step.

If the iteration is converging (|6EO| - |8E]| > 0),
the sign of 6t is maintained,

If the iteration is proceeding in the wrong direc-

tion, the step direction is reversed,

i

The iteration is terminated for any of the following

reasons, and a single alarm described in Section 4 is set:

1

The iteration counter n has exceeded its maximum

value of 15,

The line of sight emanating from the active vehicle
does not intersect the circular orbit with radius
equal to that of the passive vehicle,

The elevatiom angle is inconsistent with the relative
altitudes of the two vehicles (e. g. if the elevation
angle is less than 1800 when the active vehicle is

above the passive vehicle).

Upon convergence, the state vectors are precision updated to the

TPI time,

The TPI-TPF phase of the program starts with the use
of the angle wt in the Time -Theta Subroutine (Section 5. 5. 7) to de-

termine the corresponding transfer time tF' After precision
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updating of the passive vehicle through tF’ the Initvel Routine
(Section 5. 5. 11) is then called to compute a transfer trajectory
between the TPI and TPF points with the switch N1 set equal to
two and the cone angle € set equal to 15°, This results in the pre=
cision offsetting procedure to be used twice in succession. The
rotation projection switch f2 is obtained from the Initvel Routine

for use in the powered flight steering program as SR'

The central angle ¢ traversed by the active vehicle from
the TPI time to intercept is computed as shown in Fig. 4. 4-5 for
display if requested by the astronaut. This display is used to

avoid 180° transfer angle problems.

The displays for the Pre-TPI program are:

1. AVTPI

2. AVTPF

3. AKTPI(LOS) : Line of Sight Coordinates
4, A\_/’TPI(LV) : Local Vertical Coordinates

5. Perigee altitude (HP) following the TPI maneuver

The display of AV (LV) may be overwritten by the

—TPI
astronaut. If so, a new target vector is generated as shown in

Fig. 4. 4-5, This new aimpoint is used for powered flight steering,

In addition, M, MGA, and TFI are displayed as in the
Pre-CSI program displays.

5.4.4.5 Rendezvous Midcourse Maneuver

This program, corresponding to Program P-35 (LM
active) or P-75 (CSM active) of Section 4, computes a midcourse
correction maneuver, This maneuver insures that the active ve-
hicle will intercept the passive vehicle at the time established in
the previous Pre-TPI program. The astronaut may call this pro-
gram any time after the TPI maneuver but in general no later than
10 minutes before the intercept time. The flow diagram for this

program is shown in Fig. 4. 4-6.

5,4-23

Rev, 2 - 12/68



There is one astronaut input: choice of the active
vehicle (P-35 LM, P-75 CSM). The active s Vp and passive
o Vp vehicle state vectors, the intercept time tTPF (from the
Pre-TPI program) and a time delay are available in the guidance
computer, The time delay (673 for P-35 and 67, for P-175) is the
time required to prepare for the thrust maneuver and is stored

in either of two erasable locations.

When the program is initiated the number of navigation

measurernents since the last maneuver is displayed, In addition, on

the first pass through the program the time from the previous
TIG,if P41 was performed, or time from previous cutoff if P40
or P42 was performed, is displayed, On the second pass through
the program, the time from the previously computed TIG is
displayed, Based on this information and additional displays dis-
cussed in Section 5. 6, 7, the astronaut may elect to proceed with
the midcourse maneuver at some time. When he does so, the
program updates the state vectors to the present time plus the
time delay using the Coasting Integration Routine. The Initvel
Routine is then called to obtain the velocity vector on the trans-
fer ellipse. The cone angle € is set equal to 15° and the N1 switch
is set equal to two, resulting in a double use of the offsetting pro-
cedure., The rotation projection switch f2 is obtained from the
Initvel Routine for use in the powered flight steering program as
SR"
The central angle ¢ traversed by the active vehicle from
the maneuver time to intercept is computed as shown in Fig. 4. 4-6
for display if requested by the astronaut. This display is used to

avoid 180° transfer angle problems.

After obtaining the maneuver AV, it is rotated into a
local vertical (LV) and a line of sight (LOS) coordinate system
obtaining AV (LV) and AV (LOS), and both are displayed.

The display of AV (LV) may be overwritten by the as-
tronaut., If so, a new target vector is generated as shown in

Fig. 4. 4-6. This new aimpoint is used for powered flight steering.

In addition, M, MGA and TFI are displayed as in the
Pre-CSI program displays.
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[Pre-TPI Program |

Inputs: Tap Yap Lpp Ypr t, E, wt, FLAG =0,

active vehicle, n= 0, (Stmax = 250 secs.

v
Update ap VAT and op Vpr to time t

obtaining Tps Vp and EP’ Y—P using  feg—

Coasting Integration Routine (Sec. 5. 2. 2)

4

(O—55"% Tar " *a Yar " Ya' Tpp - Ip Vpp - Vp|

u; = UNIT (rp -r,) u=UNIT (ry Xvp)

O TR NENDN

* Up SGN (Ep - uX ?—A)]
T

_ =
EA-cos [EL

Yes IJ EXIT

with ALARM

n=n+1, 6E0=6E, 6E=EA-E
wp = Ve UNIT (EXEA)/I'A
wp = Vp' UNIT [(EP X XP) K EP]/rP
a = E+ SGN [(E'_AX;'_P)- 1_1_]cos'1 (EA' EP/I‘A rs
it - a - T+ SGN (rP - rA) [7 - cos™1 (rA cos E/rP)]
“A TP

Figure 4.4-5 Pre-TPI Maneuver Program (page 1 of 3)
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Yes
[ot]> 6tm 6t

8t oy SGN (6t)
1

6t = ~SGN (ato) |6t]/2 [

s -
6tmax ’tmax/'j

6t = SGN (6t0) [ 6t | frum

|
t=t-156t) t=t+ 6t
6t =- 6t /2 oty = 6t

L l

Update Tap VAR and 'op Vpp through timet - fS obtaining‘ :

Tps Y and o Vp using Kepler Routine (Sec. 5. 5. 5)

( : > Obtain tF using o Vps wt in
Time-Theta Routine (Sec. 5. 5. 7)

’ Update r P to time t + t,, obtaining r

~p* 1 F pre Ypp using |
Coasting Integration Routine (Sec.5.2.2) |

¢ = T+ cos_l(EA. SGN

Tpp/ Tp Tpp) T Lfp X rp)® B

. 7 - — . .0
Obtain v}, f2 and VAR using r , ’EPT’ tF‘ €=15",
N1 = 2 in Initvel Routine (Sec, 5,5,11)
1]
: 7 A
Obtain HP using r,, v, in

Periapo Routine (Sec, 5,5,14)

AV

e 1 = - -
AVrppr = VA “Ypr AVgppR = Vap " YpT

X:—E’L: UNIT('EA): K_ZXX._Z_

v

Figure 4, 4-5 Pre-TPI Maneuver Program (page 2 of 3)
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AVypr (LV) = [X

I
N
>
<

! =
VA =Vt AVppy

Obtain new target vector
1 1
T by using o Via tF

in Kepler Routine
(Sec. 5. 5. 5)

Replace offset target vector,
r (tz) generated by Initvel
Routine (Sec. 5. 5.11) by T

found above.

Ry =u, tppp =ttty
R, = UNIT [(uX R;) X R/
Bs =B, XEy
AV... (LOS) = [R, R. R.]T AV
Vrpr R; By, By Vrpr

EXIT

Figure 4,4-5 Pre-TPI Maneuver Program (page 3 of 3)
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[Rendezvous Midcourse P;ogr_'r;m
¥ it 2

Inputs: T'ps Vo EP’ Vp

tpppe active vehicle, time delay

v
[— 6T = time delay

'

Update s Vp and rP, Vp to time t

6T

+
present

using Coasting Integration Routine (Sec, 5,2.2)

-

to time t

Update EP’ Vp TPF obtaining EPT

using Coasting Integration Routine (Sec, 5,.2,2)

v

u=UNIT (r, X v,)

_ -1
o =T+ [cos (EA I_‘P,IJI'A I‘PT) - W}SGN [(EA b3 £PT>--1_1_]
Obtai ! i -
ain vj and f2 using r,, 'pm, tTPF (tpresent +67),
€ = 15°, N, = 2 Initvel Routine (Section 5, 5, 11)

i}

= 1 -
AV YA~ ¥a
Sg = £y
I=*n
Z = UNIT (-r,)
X=YXZ

T Av

AV(LV)=[X Y Z]

v

Figure 4, 4-6 Rendezvous Midcourse Program

(page 1 of 2)
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‘Astronau
Overwrite

No

of AV (LV

AV=[X Y 2] AV (LV)

VA T Vp T AY

Obtain new target vector T by using Tps K'K

+ 67) in Kepler Routine

l

Replace offset target vector, r (tz),

t (t

r = trpE T
(Sec. 5. 5. 5)

present

generated by Initvel Rouiine (Sec. 5.5.11)

by r.. found above

T
i
R, = UNIT (EP - EA)
R, = UNIT [(uX R;) X R;)]
By=E X 8y

i T
AV (LOS) = [R; R, Rg] AV

EXIT

Figure 4, 4-6 Rendezvous Midcourse Program

(page 2 of 2)
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5.5 BASIC SUBROUTINES

5.5.1 GENERAL COMMENTS

The basic solar system and conic trajectory sub-
routines which are used by the various guidance and navigation
routines are described in this section.

5,5.1,1 Solar System Subroutines

The subroutines used to determine the translation
and rotation of the relevant solar system bodies (earth, moon
and sun) are designed specifically for a fourteen day lunar
landing mission, The method of computing the moon and the
sun lines-of -sight relative to the earth is given in Section
5.5.4. The transformations between the Basic Reference
Coordinate System and the Earth- and Moon-fixed Coordinate
Systems are described in Section 5,5,2, The procedure for
transforming between vectors in the Basic Reference Coordinate
System and latitude, longitude, altitude coordinates is given in
Section 5, 5.3 Although these subroutines are normally used
in the lunar landing mission, they are valid for use in any
mission of not more than fourteen days duration in earth-moon

space,
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5.5.1.2 Conic Trajectory Subroutines

This is a description of a group of conic trajectory
subroutines which are frequently used by higher level routines
and programs in both the Command Module and the Lunar

Module computers.

These subroutines, whose block diagrams are presented
inSections 5. 5. 5to 5. 5, 10, provide solutions to the following conic

problems, (See nomenclature which follows)

(1) Given r (tl'), !(t1 ), tD; solve for r (tz), v (tz)
(Kepler Subroutine)-
(2) - Given r (tl s £ (t2 ), tD21'8G; solve for X(tl)
( Lambert Subroutine )
(3) Giveng(tl), !(tl)’ 0 ; solve for t21' _1_'_(t 2), !(tz)
( Time-Theta Subroutine )
(4) Given r (t1 ), v (t1 ),r (tz),sr; solve for t21’ g_(tz). !(tz)
( Time-Radius Subroutine)
(5) Giveng_,(t), !(t).; solve for Tps Tps ©
(Apsides Subroutine)

In addition, the following useful subroutines are pro-

vided.

(6) Conic Parameters Subroutine (See Fig. 5. 10-1).

(7) Geometric Parameters Subroutine (See Fi.g. 5. 10-2).
(8) Iterator Subroutine (See Fig. 5. 10-3).

5.3—2
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The solutions to the above set of conic problems
have stringent accuracy requirements, Programming the
fixed-point Apoilo computer introduces two constraints which
determine accuracy limitations: the 28 bit double precision
word length, and the range of variables which is several orders

of magnitude for the Apollo mission.

In order to maintain numerical accuracy when these
subroutines are programmed into the Apollo computer, floating
point programming te'chniques must be exercised., The effect
is for even a simple equation to require a large number of com-
puter instructions, The alternative to this is to separate the
problem into phases, each with a different variable range,

This, however, requires an even larger number of instructions.
These considerations provide the incentive for efficiently organiz-
ing the conic equations as shown in the block diagrams.

In addition to the requirement for accuracy,
the solution to the Keplér and Lambert Problems must be ac-
éomplished in a minimum of computation time in order that the
guidance system operate satisfactorily in real time, This ad-
ditional constraint dictates that a minimum of computer instruc-

tions be performed when solving the problem,

Method of Solution

To minimize the total number of computer instruc-
tions, the problems are solved in the "universal" form; i. e,
only equations which are equally valid for the ellipse, parabola
and hyperbola areused, Also these subroutines can be used with

either the earth or the moon as the attracting body,

5.5-3
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Kepler's equation, in the universal form, isutilized
to relate transfer time to the conic parameters, All other
necessary equations are also universal, The Kepler and Lambert
problems are solved with a single iteration loop utilizing a
simple first-order slope iterator. In the case of the Kepler
problem a third order approximation is available to produce the
initial guess for the independent variable (See Eq. (2,2,4)of

Section 5. 2, 2, 2).
Sections 5. 5.5 thru 5. 5. 10 provide block diagrams

of the detailed computational procedures for solving the various

problems. The equations are presented in block diagram
form with nomenclature below.

Range of Variables

As indicated previously, the programming of the
conic subroutines requires @ careful balance between ac-
’curacy, computational speed and number of instructions. This
balance, in the Apolio Guidance Computer, leaves very little

margin in any of these areas,

Since the values of problem variables are determined
by the solution of the problem being solved and since the prob-
lem may originate from the ground system, it is essentia.

“that the variable range limitatjons be defined. The conic
routines are incapable of handhng problema then. the'lolution
lies outside of the range.

The following is a list of the maximum allowable
numeric values of the varizbles. Note that, in addition to
fundamental quantities such as position and velocity, there
are limitations on intermediate variables and combinations

of variables.
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Scaling for Conic Subroutines (Sections 5, 5. 5 to 5. 5.10)

Maximum Value

Earth Moon
Parameter ¢
—_ Primary Body Primary Body
- 229 227
v 27 25
t g%8 g2t
a** 2—22 2-20
QN** o6 96
PN 24 24
cot vy g" 2°
cot A 25 25
2
x 217 216
o KK
E = a X - 50 - 50
+ 472 + an®
ey=re v /Nu 2l g8
6 6
cy =1 vz/u -1 2 2
A=r (tl)/r (tz) 2 2
cos 6 - A g7 27
%

All dimensional values are in units of meters and centiseconds.

* K . - .
The maximum absolute value occurs for negative values of

this parameter,

*%%Both the maximum and minimum values are listed since
neither may be exceeded,
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Maximum Value*

Parameter Earth Moon
e 23 48
2 23'4 232
x2 c (£) 233 231
3 s (€)/NI 528 528
cy x2 s (£) 235 233
x [y x? 8 (6) + r(t,)] g4® 946
£ s (8) L . 2
x2 c(E)/r 28 28
NIEx (8 8 (8) - Dfr(ty) 20 23
o(8) 24 | i
s(€) gl a1

Alldimensional values are in units of meters and centiseconrl
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Nomenclature for Conic Subroutines (Sections 5, 5,5t05,5,10)

s(tl) initial position vector

v(t,) initial velocity vector

£(t2) terminal position vector

!(tz) terminal velocity vector

Uy unit normal in the directioi. of the angular
momentum vector

a reciprocal of semi-major axis
(negative for hyperbolas)

ri:, radius of pericenter

Tp radius of apocenter

e eccentricity

ay ratio of magnitude of initial position vector
to semi-major axis

PN ratio of semi-latus rectum to initial
position vector magnitude

Y inertial flight path angle as measured {rom
vertical

[} true anomaly difference between E(t1) and .":(tz)

T true anomaly of r (t2)

5.5-17
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Acot vy

Revised SUNDANCE

a universal conic parameter equal to the ratio
of eccentric anomaly- difference to N+a for the
ellipse, or the ratio of the hyperbolic analog
of eccentric anomaly difference to mfor
the hyperbola

value of x from the previous Kepler solution

computed transfer time from Kepler's equation

transfer time corresponding to the previous solu-

tion of Kepler's equation

desired transfer time through which the conic

update of the state vector is to be made

desired transfer time to traverse from f.(tl)
to E(tz)

error in transfer time

fraction of desired transfer time to which t

must converge e

increment in x which will produce a smaller tERR

value of Ax which will produce no significant

change in t21.

increment in cot ¢y which will decrease the
magnitude of tERR

value of Acot ¥ which will produce no signifi -

cant change in tay

5. 5-8
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U product of universal gravitational constant

and mass of the primary attracting body

XMAX maximum value of x
XMIN minimum value pf X
cotM AX maximum value of cot v
cotMIN minimum value of cot vy
QMAX upper t;ound of general independent variable
MIN lower bound of general independent variable
XMAX 1 absaolute upper bound on wiith respect to the moon
XMAX 0 absolufe upper bqund on x with respect to the earth
k a fractjon of the full range of the independent
variable which determines the increment of
the independent variable on the first pass
through the ite.ator
y general dependent variable
y' previous value of y
YERR error iny
z general independent variablé
5, 5-9
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Az increment in z which will produce a smaller YERR

a sign which is plus or minus according to

8
G :

whether the true anomaly difference betwoen
r(t,) and r(t,) is to be less than or greater
than 180 degrees

82 a sign which is plus or minus according to
whether the desired radial velocity at r(tz)
is plus or minus :

U1 general vector # 1

ng general vector # 2

L angle between n 1 and "lz

f, a switch set to 0 or 1 according to whether a
guess of cot v is ‘available or not

fz a switch set to 0 or 1 according to whether
Lambert should determine u, from r(t,) and r(t,)

- oruis an input

fa a tag set to 0 or 1 according to whether the
iterator should use the' Regula Falsi'or bias
method

1, a flag set to 0 or 1 according to whether the
iterator is to.act as a first order or a second
order iterator '

f5 a flag set to 0 or 1 according to whether

Lambert converges to a solution or not

5. 5-10
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f a switch set to 0 or 1 according to whether or
not the new state vector is to be an additional
output requirement of the Time-Theta or Time-

Radius problems,

f a flag set to 1 if the inputs require that the conic

trajectory must close through infinity

f a flag set to 1 if the Time-Radius problem was

solved for pericenter or apocenter instead of
r (‘c2 )

f a flag set to 1 if the input to the Time-Radius

9
Subroutine produced an e less than 2 18,

t Period of the orbit

t integral periods subtracted from tD to produce

a tD less than tp
value of x corresponding to tR

k the minimal acceptance fraction of tD21 to

which tER.R must converge

n a flag set to 0 or 1 according to whether or not
the velocity vector at the terminal position is to
be an additional output requirement of the Lambert

Routine,

i the maximum number of iterations to be allowed

in the Lambert Subroutine,
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5.5.2 PLANETARY INERTIAL ORIENTATION SUBROUTINE

This subroutine is used to transform vectors between the
Basic Reference Coordinate System and a Planetary (Earth-fixed or
Moon-fixed) Coordinate System at a specified time, These three
coordinate systems are defined in Section 5. 1. 4.

Let r be a vector in the Basic Reference Coordinate System,
rpthe same vector expressed in the Planetary Coordisate System, and
t the specified ground elapsed time (GET) Then,

rp= M{t) (r - £Xr) (5.3.1)

and

= MW (cp+ LoXr) (5. 2. 2)

where M(t) is a time dependent orthogonal transformation matrix, £
is a small rotation vector in the Basic Reference Coordinate System,
and !P“ the same vector { expressed in the Planetary Coordinate
System. The vector £ is considered constant in one coordinate sys -
tem for the duration of the mission. The method of computing M(t)
and £ depends on whether the relevant planet is the earth or the.moon.

Case I - Earth

For the earth, the matrix M(t) describes a rotation about
the polar axis of the earth (the Z-axis of the Earth-fixed Coordinate

5, 5-12
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System), and the vector { accounts for the precession and nutation
of the polar axis (the deviation of the true pole from the mean pole).

Let AX and AY be the small angles about the X-and Y -axes
of the Basic Reference Coordinate System, respectively, that de-
scribe the precession and nutation of the earth's polar axis. The
values of these two angles at the midpoint of the mission are inclu-
ded in the pre-launch erasable data load and are considered constant

throughout the flight. Then,

AX
£ = AY
0
Az = Azo+ wg (t+ty) (5. 2. 3)
cos Az sin AZ 0
M(t) = | -sin Az cos AZ 0
0 0 1
Lp = M) 2

where A, is the angle between the X-axis of the Basic Reference
Coordinate System and the X-axis of the Earth-fixed Coordinate
System (the intersection of the Greenwich meridian and the equatorial
plane of the earth) at July 1.0,1968 universal time (1i,e,, midnight

at Greenwich just prior to July 1, 1968 ), to is the elapsed time
between July 1, 0,1968 universal time and the time that the computer
clock was zeroed, and i is the angular velocity of the earth,

5, 5-13
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Case II - Moon

For the moon, the matrix M(t) accounts for the difference
in orientation of the Basic Reference and Moon-fixed Coordinate Sys -
tems in exact accordance with Cassini's laws, and the rotation vector
£ corrects for deviations from the above orientation because of physi-

cal libration.

Define the following three angles which are functions of

time:

B =  the obliquity, the angle between the mean earth
equatorial plane and the plane of the ecliptic,

@ =  the longitude of the node of the moon's orbit
measured from the X-axis of the Basic Reference

Coordinate System.

F = the angle from the mean ascending node of the

moon's orbit to the mean moon.

Let I be the constant angle between the mean lunar equatorial plane
and the plane of the ecliptic (1° 32.11). Then, the sequence of
rotations which brings the Basic Reference Coordinate System into
coincidence with the Moon-fixed Coordinate System (neglecting li-

bration) is as follows:

5.5-14

Rev, 2 - 12/68



Rotation Axis of Rotation Angle of Rotation

1 X B
2 Z QI
3 X -1
4 Z T+ F

The transformation matrices for these rotations are,
respectively,

1 0 0
M, =0 cos B s8in B

0 -sinB co0s8s B

cos QI sin QI 0
M2 = | - gin QI cos QI 0
0 0 1
(5. 2. 4)
1 0 0 :
M3 =| 0 cos I -gin I
0 sin I cos I
-cos F -gin F 0
M4 = sin F -cos F 0
0 0 1/
5, 5-15
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The matrix M(t) is then given by
M(t) = M, Mg My M, (5. 3. 8)

The following approximate method is used to determine
the transformation between the Basic Reference and Moon-fixed
Coordinate Systems.

The angles B, nl and F are computed as linear functions
of time, Let £M be the value of the vector libration iP (expressed
in the Moon-fixed Coordinate System ) at the midpoint of the mission.
The vector £M is included in the pre-launch erasable data load and is
considered constant throughout the flight. ‘Then,

g b
£

con gl (5.2.6)

cos B sin ﬂI

gin B sin nl

-sinﬂI
b =| cos Bcos a9

sin B cos ﬂl
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u
1
®
-
=
os)

e
]
i
Q
1
(o]
?2

2 ) SR |
(6.2.6)
m, = -a cos F d sin F feont, )
m, = asin F -dcos F
T
LU
Mt)= | m,"
m.
~ T
L2 =M _(t) EP

where B nm, and Fo are the values of the angles B, 2, and F, re-
spectively, at July 1.0, 1968 universal time; B "I and I are the
rates of change of these angles; and CI and SI are the cosine and sine,
respectively, of the angle I,
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5. 5.3 LATITUDE -LONGITUDE SUBROUTINE

For display and data load purposes, the latitude, longitude,
and altitude of a point near the surface of the earth or the moon are
more meaningful and more convenient to use than the components of a
position vector. This subroutine is used to transform position vec-
tors between the Basic Reference Cooxdinito System and Geographic
or Selenographic latitude, longitude, altitude at a specified time.

In the case of the moon, the altitude is computed above either
the landing site radius, ris, or the mean lunar ;'adius, T For the earth,
the altitude is defined with respect to either the launchpad radius, rp, or
the radius of the Fisher ellipsoid, T which is computed from

2 :
er = b (5.3.1)
3

bz
1-Q -—!)(1 - SINL
a

where a and b are the semi-major and semi-minor axes of the
Fischer ellipsoid, respectively, and SINL is the sine of the geocen-
tric latitude,

The computational procedures are illustrated in Figs,
5.3-1, 5,3-2, and 5.3-3. The calling program must specify cither
a vector r or latitude (Lat), longitude (Long), and altitude (Alt). In
addition, the program must set the time t and the two indicators P

and F where

0 for earth

1 for moon

5,5-18
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1 for Fischer ellipsoid or mean lunar radius

0 for launch pad or landing site radius

5, 5-19
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ENTER

Call Planetary Inertial Orientation
Subroutine to Transform r to rp

Yo
u=|u |=UNIT (rp)
\'2

SINL = u

Determine 7y and r0
Fig. 5.3-3

EXIT

Fig.5.3-1 Vector to Latitude, Longitude, Altitude
Computation Logic Diagram
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.

ENTER

Determine vy
Fig. 5.3-3a

u, cos (Long) cos (Lat)
rp=|yu, [= UNIT |sin (Long) cos (Lat)
u, v sin (Lat)

SINL = u,

Call Planetary Inertial Orientation Subroutine

to Transform Unit Vector EP to Unit Vector r

A

Determine ro
Fig. 5. 3-3b

EXIT

Fig, 5.3-2 Latitude, Longitude, Altitude to Vector

Computation Logic Diagram
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ENTER

2
"
m“, c‘w

EXIT

Figure 5, 3-3a Determination of vy

ENTER

o LS

r.=rym —> EXIT P W———

Compute r'e

| Eq. (5.3.1)

Figure 5, 3-3b Determination of r,
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5,5.4 LUNAR AND SOLAR EPHEMERIDES

This subroutine is called by LOSSEM (Section5,5,13)
in order to obtain the line-of-sight unit vectors of the moon and
sun, with respect to the LM, which may be used for IMU align-

ment,

The positions of the moon and sun are obtained from

simple approximation schemes which are stored in the compu-

ter's fixed memory.

If the obliquity of the ecliptic and the inclination of
the lunar orbit are considered constant, the unit position vector
of the moon with respect to the earth in the Basic Reference Co-
ordinate System defined in Section (5, 1,4), is given by

cos (LOM)
Upnm = K1 sin (LOM) - K2 sin (LOM - LON)
K3 sin (LOM) + K4 sin (LOM - LON)

where the longitude of the mean moon (LOM) is approximated
using its value and rate at July 1.0, 1968, and using empirically

determined periodic terms:

LOM = LOMo + LOMRt - [A sin (OMEGAAt + PHASEA)

+ B sin (OMEGABt + PHASEB)]

and where the longitude of the moon's node ( LON) is similarly

approximated:
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LON = LON, + LONRt

(0]

and where t i8 measured from July 1,0, 1968,

The approximate unit position vector of the sun with
~ respect to the earth is given by:

cos (LOS)
Upg = K1 #in (LOS)

K, 8in (LOS)

3

where the longitude of the mean sun is approximated by:

LOS = LOS, + LOSRt - C sin (OMEGACt + PHASEC)

(0]

and where K1 and K3 are the same as for the moon,
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5.5.5 KEPLER SUBROUTINE

The Kepler Subroutine solves for the two body posi-
tion and velocity vectors at the terminal position given the
initial position and velocity vectors and a transfer time to the

terminal position.

This section contains information to aid the reader
in understanding the less obvious aspects of the Kepler Sub-
routine block diagram depicted in Figs. 5.5-1 thru 5. 5-3. The
subroutines referred to in these figures are presented in

Section 5, 5, 10, Nomenclature is found in Section 5,5, 1. 2.

Prior to entering the Kepler Subroutine an initial
estimate of x can be generated via Eq. (2.2.4) of Section5,2.2,2

s B ~ _ "
with &= tD t21 B and 7 =t However, x' and t are

D: 21
non-zero only if the subroutine is being used repetitively,

Although, theoretically, there is no upper bound on

x, the practical bound is set to XMAX0 °F XMAx1 to eliminate

non-feasible trajectories and increase the accuracy to which x
can be computed. In addition, axz has a practical range of

-50 <ax2 <(2ﬂ)‘2which determines an independent upper bound
on x. The XMAX used, then, corresponds to the smaller of

the two values.

The transfer time convergence criterionis approxi-
mately the same as the granularity of the time input. Since,
for some of the problems to be solved, the sensitivity of time
to x is so large that the granularity in x, € < produces a change
in time which exceeds the granularity in time, it is necessary

to introduce €, asa redundant convergence criterion,

The Kepler Subroutine, provided the parameter range
constraints are satisfied,will always produce a solution,
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A negative value of tD will cause the subroutine to
update the state vector backward in time, If tD is negative but
its absolute value is greater than one period, the solution re-
turned will correspond to an update backward of exactly one
period, If tD is positive but greater than one period the update
will correspond to the true, total value of tD’ just as it does for

tD less thanr one period,
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ENTER

E(t,), vit), ty, x, x', t,,", u

im20, xp=0, tg= 0
rit,) =| rtt)) |
u., = UNIT(x(t,)

rit,) -!(tl)
[+ =
1

r(tl)x(t') » vit))
cy " m =1

a =(1-cy)r (t,)

o 0 2

lmx = 2% IV; xMAx '.\,'5_olﬂ-.

Moon primary

IMAX " *MAX 1 XMAX " *MAX 0

Figure 5, 5-1 Kepler Subroutine
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YES

NO
X < XMIN

YES

X

= XMIN
2

NO

X
< = MAX

Figure 5.5-2 Kepler Subroutine
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Ax = x - x'

Call KEPLER EQUATION subroutine
cl. °2’ x, €, r (tl)'“

Resume
tyyr 8(E), c(E)

t

tgrr " 'p " a1

Call ITERATOR subroutine
0, 0, tgys tg"s typpe A% X 0 Xpane XpN

Resume

Ax, Xpaxe *MIN

Call STATE VECTOR subroutine
o (tl)a X (tl)o r (tl)' “l‘l' %, Eo s (t)a [ (‘)o ‘zll“

Resume
(), x (ty)

x-x+x—R

mty, *t

21

Return
r(t,), vit)), X ta1

Fig, 5.5-3 Kepler Subroutine
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5.5.6 LAMBERT SUBROUTINE

The Lambert Subroutine solves for the two body
initial velocity vector given the initial and terminal position

vectors and a transfer time between the two,

This section contains information to aid the reader,
in understanding the less obvious aspects of the Lambert Sub-
routine block diagrams depicted in Figs, 5.6-1 and 5, 6-2,
The subroutines referred to in these figures are presented in
Section 5.5, 10, Nomenclature is found in Section 5. 5. 1.2,

If the Lambert Subroutine is used repetitively and
rapid computation is required, the previous value of the in-
dependent variable, cotvy, can be used as a starting point for
the new iteration, Flag fl provides this option.

The Lambert Subroutine computes the normal to the
trajectory, Une. using the two input position vectors. If these
vectors are nearly colinear, it is desirable to specify the nor-
mal as an input rather than rely on the ill-defined normal based
on the two input position vectors. Flag f2 provides this option.
The presence of the inputs in parentheses, therefore, is con-
tingent upon the setting of these flags.

The theoretical bounds on the independent variable,
cot v, correspond to the infinite energy hyperbolic path and
the parabolic path which tloses through infinity. These bounds
are dynamically reset by the iterator to provide a more efficient
iteration scheme. In addition, if during the course of the itera-
tion, cot ¥ causes a parameter of the problem to exceed its
maximum as determined by its allowable range, the appropriate
bound is reset and the iterator continues trying to find an ac-
ceptable solution, (This logic does not appear in Figs.5.6-1and 2
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as it is pertinent only to fixed-point programming). If no acceptable
solution is reached, the transfer time input was too small to produce

a practical trajectory between the input position vectors. When this
happens, Acot vy approaches its granularity limit €, before time
converges to within a fraction € of the desired time. However, this
same granularity condition exists when the sensitivity problem
described in the Kepler Subroutine, Section 5. 5.5, occurs. In this
case an acceptable solution does exist. This dual situation is resolved
via a third convergence criterion. If the error in transfer time is
greater than the usual fraction €4 of the desired transfer time, but

still less than a slightly larger fraction k1 of the desired transfer

time and Acot y is less than € then the solution is deemed acceptable
and the required velocity is computed. If, on the other hand, the error
in the transfer time is greater than the fraction kl of the desired transfer
time and Acot v is less than € then the flag f5 is set to indicate that

the required velocity will have degraded accuracy.

The maximum number of iterations allowable in the

Lambert Subroutine has been made an input to the routine, in order

to give the user direct control over the maximum computation time

to be allowed. If no initial guess of cot Yo is supplied, this number
should be set to 20, If an initial guess of cot Yo is supplied, which

is sufficiently close to the true cot Yo [such as the cot Yo from the
previous computation cycle during powered-flight guidance computation
sequencing (see Section 5, 3, 3, 2)], then this number may be set as

low as 5.
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ENTER

Lr(!,). Elt,), tha,. 8g. nji fy, (ot U™ (“N)’iJ

Call GKOMETRIC PARAMETERS subroutine

£lty), xlty), 8g, 1,

Resume
r(ty), r(ty), sin 0, cos "(‘N)'“rl

l

A =r(t)/rity)

tg=1
Py " 1- cos @
Py ° cos 6 -
sin 0
cot Tyax " T+ cosd * V3P

cot v, = 3. 98437ll(ﬂ

oot Voo © p’/nln [ ot Yy

l\/] Revised
[__l Added

= =-31,984371104

1}

P
PN " Sin U coty - b,

'N"'pﬂ (l#cot"r)

Call UNIVERSAL VARIABLE subroutine
oin 0, cos 0, cot v, rit)), @y, py

Resume
x &, e

Ly

Figure 5, 6-1 Lambert Subroutine
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. Call KEPLER EQUATION subroutine
cpr S X, & r (), m

Resume
tyys 8(8), c(€)

:

*ERR " 'D21 " 21

Call ITERATOR subroutine
0, ‘3' t“, t"', 'ERR' Acot v, cot v, k, cot TMAX® cot TN

Resume

Acot v, ‘3‘ cot Ypgax: cot YN

NO
tgrrl” ¥; tpag +
1 csec

cot v =cot v + Acot vy

[’}
x &) 'J%—(“‘ T eyt Oy X upy)
YES o Y x u
0 mp By (@ - 1) u, + (1"7@“) Y,

NO
Return Return
w(t,), yit), vity),
cot ¥ cot v

Figure 5, 6-2 Lambert Subroutine
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5.5.7 TIME-THETA SUBROUTINE

The Time-Theta Subroutine solves for the two body
transfer time given the initial position and velocity vectors and
the true anomaly difference (transfer angle) to the terminal

position,

This section contains information to aid the reader
in understanding the less obvious aspects of the Time-Theta
Subroutine block diagram depicted in Fig. 5.7-1. The sub-
routines referred to in this figure are presented in Section

5.5,10, Nomenclature is found in Section 5,5,1.2,

The flag f, must be zeroifthe user desires compu-

tation of the terminal state vecior in addition to the transfer time.

If the conic trajectory is a parabola or hyperbola and
the desired transfer angle, 6, lies beyond the asymptote of the

conic, f, will be set indicating that no solution is possible.

7

In additionto the parameter range constraints imposed on
Kepler's equation, the additional restriction on Time-Theta
that the trajectory must not be near rectilinear is indicated by

the range of cot 7.

The Time-Theta problem is not well defined for near
rectilinear trajectories, i e. the transfer angle 6 is no longer
a meaningful problem parameter. This will not cause difficul -
ties provided the input variables are within the specified ranges.
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l ENTER

:(tl)' y(tl), u, sin @, cos @, fs

Call CONIC PARAMETERS subroutine
£(ty), vit)),

Resume
@ Py €O Y, uy, Tit), u

Call UNIVERSAL VARIABLE subroutine
sin 6, cos 0, cot v, r(tl), an Py

Resume
x, §, €y,

Call KEPLER EQUATION subroutine
;p X, clu cz, l’(ll)’y

Resume

ty ,8(E), c(§)

Call STATE VECTOR subroutine
x(ty), wit)), r(t)), u.,, x,

!l .(g)l c(‘)l '210“

-Return

21

Resume

), vity)

Return

Figure 5. 7-1 Time-Theta Subroutine
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5.5.8 TIME -RADIUS SUBROUTINE

The Time Radius Subroutine solves for the two body
transfer time to a specified radius given the initial position and

velocity vectors and the radius magnitude,

This section contains information to aid the reader
in understanding the less obvious aspects of the Time-Radius
Subroutine block diagramsdepicted in Figs. 5.8-1 and 5.8-2.
The subroutines referred to in this figure are presented in
Section 5.5.10. Nomenclature is found in Section 5.5.1.2

Paragraphs 3, 4, and 5 of Section 5. 5.7 apply to the

Time-Radius Subroutine as well,

Since an inherent singularity is presext for the cir-
cular orbit case, near-circular orbits result in a loss of ac-
curacy in computing both the transfer time, t21, and the final
state vector, This is caused by the increasing sensitivity of
t21 to r(tz) as the circular orbit is _ai%proached. In the extreme
case that eccentricity is less than 2 , the problem is undefined
and the subroutine will exit without a solution, setting flag f9

to indicate this,

If r (t2) is less than the radius of pericenter or
greater than the radius of apocenter, then r (1:2 ) will be ignored
and the pericenter or apocenter solution, respectively, will be
computed. A flag, f8’ will be set to indicate this.
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ENTER l

xty), vit,), w, rity), sg, fg

Call CONIC PARAMETERS subroutine
xlty), ¥it)), u

Resume
aye P €OLY, Uy, rty), vy, vit)), uo,

e=(1- aN) -‘—‘rl.- coty /pN(z - aN) L

u, = UNIT (e)

coaf-(pur(tl) - 1> ]
r(ty) -

ra-o

.‘[ 2
llnf-ll-_ l1.cos" ¢

YES

RETURN

cos f <0

NO

cos(f) = - 1

cosfw=1l

f,=0
9.
v, ¢:oa(f)3_xe + sin(f)(gN x Ee)

con{) = U, * By

#in(6) = (Erl-XErZ) © UN

V4

Fig. 5.8-1 Time-Radius Subroutine
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Call UNIVERSAL VARIABLE subroutine |
sin 6, cos 9, cotvy, r(tl), an: Py

Resume

x' El cll C2

£ X;

Call KEPLER EQUATION subroutine

Cy» Cgs r(t,), u

Resume

ty). (), c(f)

NO

Return

21

Call STATE VECTOR subroutine
rit,), vit ), rt)), u.., x, & 8(§), c(§), t,,, »

Resume

r(t,), vit,)

'

Return
rity), vity)

tar

Figure 5.8-2 Time-Radius Subroutine

5.5-38

Rev.1 - 6/68




5:5.9 APSIDES SUBROUTINE

The Apsides Subroutine solves for the two body
radii of apocenter and pericenter and the eccentricity of the
trajectory given the position and velocity vectors for a point

on the trajectory.

This subroutine is depicted in Fig. 5.9-1. The
subroutines referred to in this figure are presented in Section

5.5,10. Nomenclature is found in Section 5,5.1. 2,

It is characteristic of this computation that the
apsides become undefined as the conic approaches a circle,
This is manifested by decreasing accuracy. When the conic is
nearly parabolic, or hyperbolic, the radius of apocenter is
not defined. In this event the radius of apocenter will be set

to the maximum positive value allowed by the computer.
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ENTER

;

Ty, vy,

]

Cal] CONIC PARAMETERS subroutine

Resume

a P T (t,)

Figure 5.9-1 Apsides Subroutine
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5.5.10 MISCELLANEOUS SUBROUTINES

There are, as part of the Conic Trajectory Sub-
routines, three subroutines which are useful in their own right.
These are the Conic Parameters, the Geometric Parameters
and the Iterator Subroutines which are depicted in Figs. 5. 10-1,
5. 10-2 and 5. 10-3, respectively.

The Conic Parameters and Geometric Parameters

Subroutines are self explanatory.

The Iterator Subroutine serves several purposes, It
is used when flag f4 is set to zero to solve for the value of the
independent variable which drives the error in the dependent
variable to zero, provided the function is monotonically increas-
ing. To improve convergence for functions whose derivative

changes rapidly, the limits are reset as shown in the block diagram.,

With f4 set to 1, the Iterator seeks & minimum of
the function, provided the first derivative is single «alued be-
tween the limits. The inputs are redefined so that ''y'" is the
derivative of the independent variable with respect to the dependent
variable, and ''x" is the value at which the derivative was computed
or approximated, Since the desired value of y is zero, YERR = Y

Since the Iterator uses the ''Regula Falsi' technique,
it requires two sets of variables to begin iteration. If only one
set is available, flag f3 must be set to 1, causing the iterator to
generate the independent variable increment from a fraction
of the full range,
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In addition to. the above subroutines there are three’
other subroutines of primary interest to the five basic conic
subroutines described in Sections 5.5.5t05.5.9. These are the
Universal Variable Subroutine, the Kepler Equation Subroutine,
and the State Vector Subroutime shown in Figs. 5. 10-4, 5.10-5 and

5. 10-6, respectively,
The Universal Variable Subroutine i8 utilized by the

Lambert, the Time-Theta and the Time -Radius Subroutines to
compute the universal parameter x required for the time equa-
tion, There are two different formulations reqtired according

to the size of the parameter w.

If the input to the subroutine requires the physically
impossible solution that the trajectory 'close through infinity'",
the problem will be’ aborted; setting flag f7.

_ The Kepler Equation Subroutine computes the transfer
time given the variable x and the conic parameters.

The State Vector subroutine computes the position
and velocity vectors at a point along the trajectory given an
initial state vector, the variable x and the transfer time.

The final miscellaneous subroutine, the SETMU Sub-
routine, is depicted in Fig. 5.10-7. It sets u to the appropriate

primary body gravitational constant consistent with the estimated
CSM or LM state vector as defined in Section 5. 2. 2. 6,
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lENTER

[(tl)n !(tl)' M

l

Call GEOMETRIC PARAMETERS subroutine

Resume
r(t)), v (), siny, cos v, up Uy, Uy

l

cot v = cos 'y/sin v
r(t ) v(t 2

-2-03

e
N
_ 2
pN—casin 0%

l

cot v,

Return

N Py uys T (),
» v(t), u

Y vl

Figure 5.10-1 .Conic Parameters Subroutine
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ENTER

NO

uy = N/sin ¢

Return
Mys N 8in ¢ . cos ¢, (up) s Upgs Uy

Figure 5.10-2 Geometric Parameters Subroutine
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lEN’I‘EII

. 1 < .
lf f4, f3, y. y" yERR' az; 2, k, lMAX' lMlN\‘

YES NO

=0 1

Az = SIGN(y o o Yk (g a o = Lyyy)

f3=0
Az = SIGN(ypo o) 42|
YES/ NO
d Az >0
NO NO
YES YES
vy * haax ° 2
N X
1MAX 2 z+ Az NO 1
YES
Az = .91y, o - 2) Az = . 9(Ly - 2)
Return
4z, 13, lyax: IMin

Figure 5,10-3 Iterator Subroutine
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ENTER

(=],

oy Voy li'.r‘:?-'ﬂ"“"

“1 'm vy

Coay )
oy = VFR T ooty
c'-l-a“

=0

Return
x, 8, ¢y 0

RETURN

Figure 5,10-4 Universal Variable Subroutine
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ENTER

Cln Czi X, Er r(tl)y ©

2
: 1 £
S(6) = 37 - 57 +47 -
2
o8) =37~ 77 + g7

l

ty, = [clxz clE) + x (czxzrs(f) +r(t1))] /\/F

Return
t21: S(‘E ). C(E)

Figure 5.10-5 Kepler Equation Subroutine
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ENTER

Y

£ v (), (), u, X, £, s(E), c(6), by, u

2

r(t,) = |1 -—5— c(6)| r(t,) + s(s)) vit,)
=2 ( r(tl) )— 1 EZ& \/—'

r(t,) = | rit,)|

VB x -
vity) = r(tz)(E s€) - 1u,

“”) (t,)

Return
rity), vit,)

Figure 5,10-6 State Vector Subroutine
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ENTER

NO YES
& PC = 1
B =bgp
i
Return
u

Figure 5.10-7 SETMU Subroutine
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5.5.11 INITIAL VELOCITY SUBROUTINE

The Initial Velocity Subroutine computes the required
initial velocity vector for a trajectory of specified transfer time
between specified initial and target position vectors. The trajec-
tory may be either conic or precision depending on an input para-
meter (namely, number of offsets). In addition, in the precision
trajectory case, the subroutine also computes an "offset target
vector", to be used during pure-conic cross-product steering.
The offset target vector is the terminal position vector of a conic
trajectory which has the same initial state as a precision trajec-

tory whose terminal position vector is the specified target vector,

In order to avoid the inherent singularities in the 180°
transfer case when the (true or offset) target vector may be slight-
ly out of the orbital plane, the Initial Velocity Subroutine rotates
this vector into a plane defined by the input initial position vector and
another input vector (usually the initial velocity vector), whenever
the input target vector lies inside a cone whose vertex is the origin
of coordinates, whose axis is the 180° transfer direction, and whose

cone angle is specified by the user,

The Initial Velocity Subroutine is depicted in Fig., 5. 11-1.
The Lambert Subroutine, Section 5. 5. 6, is utilized for the conic
computations; and the Coasting Integration Subroutine, Section 5. 2. 2,

is utilized for the precision trajectory computations.

The Initial Velocity Subroutine sets the maximum number
of iterations allowable inside the Lambert Subroutine to 20 in all
cases, except when the powered-flight guidance computation sequencing
is being performed (see Section 5, 3. 3. 2), in which case it is set
to 5.
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Nomenclature for the Initial Velocity Subroutine

r(t,)
vit,)

[cot 7]
vplty)

r(t,)

Yrplty)

rpity)
cot v

Initial position vector,

Vector (usually the actual initial velocity vector)
used to determine whether the transfer from the
initial position vector to the target vector is through
a central angle of less or greater than 1809, and also
used in certain cases to specify the transfer plane
(see text),

Target Vector (True target vector if N; >0, or
Offset target vector if N1 = 0),

Desired transfer time from initial position vector to
target vector.

Number of offsets to be used in calculating the offset
target vector from the true target vector. (N; =0
implies conic calculations only with offset target vec-
tor input).

Cone Angle of a cone whose vertex is the coordinate
origin and whose axis is the 180° transfer direction
(i. e., the negative initial position direction). The
cone angle € is measured from the axis to the side

- of the cone,

Switch set to 0 or 1 according to whether a guess of
cot v is input or not.

Guess of cot v.

Required initial velocity vector of a precision [a conic]
trajectory which passes through the true [or offset]
target vector, or the rotated true [or offset ] target
vector' if the original target vector was in the cone,

at the end of the desired transfer time, if N1 >0

[or N1 =0].

Computed offset target vector.

Final precision [conic¢] velocity vector resulting from a
precision [conic] update of the initial position vector and
the required initial velocity vector vn(ty), if N, > 0,

b4y | 1
[or N; = 0, respectively].

Final precision position vector,

Value to which the Lambert Subroutine converged
(for later use as guess to minimize computation time).

Switch set to 0 or 1 according to whether the input
true or offset) target vector was not or was in the
cone, and consequently was not or was rotated into
the plane.
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ENTER

{‘g(tl), v(t,), rolty), th, Ny,e, £, [cotv], u

|

£(t,) = rylty)

w= COS €
N, = -1
h = UNIT [z(t,) X v(t,)]

'

z = UNIT [E(tl)] * UNIT [ET(tz)]

r(ty) = IT(t,)] UNIT [r(ty) - (z(t,) - h) h]

Yes

rp(t,) = x(t,)
4 ¥ vle l

[Sg = SIGN ((t,) - BXE(E, 7]

Average-G ON

Initial Velocity Subroutine
(page 1 of 2)
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Call LAMBERT Subroutine
‘ E(tl)’ E(t2)) tD: SG: Nl: fl) [Cot ‘Y]; fz: [ E]: i
Resume
v (ty), [vp(ty)].cot ¥
Lg
Call Coasting
Integration Routine
Resume
Lg
4
¢ Return
r(ty) = r(t,) - [rq!(ty) -rp (t5)] r(ty), vip(t)), £ty), vp(ty), rp'(ty),
cot v, f2
¢
Figure 5, 11-1 [Initial Velocity Subroutine
(page 2 of 2)
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5.5.13 LOSSEM SUBROUTINE

The LOSSEM Subroutine computes the lines -of -sight
of the Sun, Earth, and Moon with respect to the spacecraft in
the Basic Reference Coordinate System, This data is used by
the IMU alignment programs whenever the astronaut elects to
sight on the Sun, Earth, or Moon instead of a star for purposes
of IMU alignment, The data is also used by the Star Selection
Routine (Section 5,6, 4) when testing for star occultation, In°
~addition, this subroutine computes the sizes of the occultation
cones used in the Star Selection Routine,

The unit vectors Ugs Ups and U specifying the lines-
of -sight to the Sun, Earth, and Moon, respectively, in the Basic
Reference Coordinate System are computed as follows:

u if P=E
={‘ES (5.13.1)

B
UNIT (upg - PUpy) i P=M
-UNIT (r; ) if P=E
Up = (5.13,2)
“UNIT (rpp Upn e+ T;) U P=
UNIT (r u -r.,) ifP=E
Uy EM-EM =L (5,13.3)
AUNIT (r; ) if P=M

where P, E, M, S, and L respectively denote the primary body,

Earth, Moon, Sun, and Lunar Module, £L

~ of the LM with respect to the primary body, UpM and Upg are

is the position vector

the unit position vectors of the Moon and Sun with respect to the
Earth obtained from the Lunar and Solar Ephemerides Subroutine

of Segtibn 5,5, 4, TEM is the mean distance (384402 km ) between
the Earth and Moon, and p is the ratio (0,00257125) of Tpnm OVer.
the mean distance between the Sun and Earth, The line-of-sight
vectors are determined for a time specified by the calling program

or routine, When LOSSEM is used by the sighting mark routines it is
not called until just after the astronaut finishes his optical marks on

the Sun, Earth, or Moon, and the time used inthis case is that recorded
for the last mark, When LOSSEM is used by the Auto Optics Positioning
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Routine (R-52) it is called just before positioning the spacecraft
and the specified time is the present time, When LOSSEM is
called by the Fine Alignment Routine (R-51) just prior to calling
the Star Selection Routine, the specified time is the present time
plus an additional amount (TSS) in order to project it into the
middle of the sighting mark process. This is done to insure that
the line-of-sight vector of the primary body used in the occulta-
tion test of the Star Selection Routine is that which occurs during

the sighting mark process.

The bccultation cones used in the Star Selection Routine

for the Sun, Earth, and Moon are computed as follows:

Cq = cos 60° (5.13.4)
( o -1 R
cos | 57 + sin — ifP=E
cg = ¢ "L (5,13,5)
cos 5° ifP=M
A
cos 5° ifP=E
ey =S R (5.13,6)
cos [50 + @in > (?M)] ifP=M
| L

where c is the cosine of one half the total angular dimension of
a cone and represents a more convenient way of treating the di-

mension of a cone in the Star Selection Routine, r. is the mag-

L
is the equatorial radius

is the mean radius (1738, 09 km)

nitude of the LM position vector, R
(6378, 166 km ) of the Earth, and R
of the Moon,

E
M
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5.5,14 PERICENTER - APOCENTER ( PERIAPO) SUBROUTINE

"The Pericenter - Apocenter Subroutine computes the
two body apocenter and pericenter altitudes given the position
and velocity vectors for a point on the trajectory and the primary

body.

This subroutine is depicted in Fig, 5. 14-1,
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ENTER

l

Loy Yty Pe

Frp

Call APSIDES subroutine

oy Lpp®

N

Resume rp, rps € P

1]
Le

Return hp, h, € P

Figure 5, 14-1 Pericenter - Apocenter Subroutine
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5.6 GENERAL SERVICE ROUTINES

5,6,1 GENERAL COMMENTS

The routines presented in this section are used for

the following general service functions:

1) IMU alignment modes
2) Basic Coordinate Transformations
3) Computer initialization procedures

4) Special display routines which can be called by

the astronaut
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5.6,2 IMU ALIGNMENT MODES

5.6.2.1 Orbital Alignment

5.6.2.1,1 IMU Orientation Determination Program

The IMU Orientation Determination Program (P-51)
is used during free-fall to determine the present IMU stable
member orientation with respect to the Basic Reference Coor -
dinate System by sighting on two navigation stars or known
celestial bodies with the Alignment Optical Telescope (AOT) or
the Crew Optical Alignment Sight (COAS). At the start of pro-
gram P-51 the astronaut acquires the desired celestial bodies
by maneuvering the spacecraft until they are visible in the op-
tical device which he intends to use. During the above operation
he checks to insure that gimbal lock does not occur. Afterwards,
the Inflight Sighting Mark Routine (R-53) is used twice to sight
upon each of two celestial bodies. Prior to sighting on each
body, the astronaut indicates to the computer which optical de-
vice he is going to use and which celestial body he is going to
sight on, The method of selection and operation of the AOT
and COAS is given in Section 5, 6. 3, 1.1 and in the Inflight
Sighting Mark Routine (R-53) of Section 4. The identity of the
celestial body is indicated by the astronaut at the beginning of
the Inflight Sighting Mark Routine by use of a star (or celestial
body) code. Separate codes are provided for the 37 navigation
stars, Sun, Earth, Moon, and a general celestial body, The
latter code is referred to as the Planet code, If the astronaut
selects the Sun, Earth, or Moon code, the subroutine LOSSEM
of Section 5, 5, 13 will be called after optical sightings have been
made on the body to compute the line-of-sight vector to that
body in the Basic Reference Coordinate System. If he selects
the Planet code, the computer will request after the optical sight-
ings that he load the coordinates of the desired celestial body

in the Basic Reference Coordinate System.
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After optical sightings have been made on both celestial
bodies, the Sighting Data Display Routine (R-54 of Section 4)
computes the angle between the line-of- sight vectors obtained
for the two bodies in stable member coordinates and the angle
between the corresponding line-of-sight vectors for the two bodies
stored in basic reference coordinates. The difference between
these two angles is displayed to the astronaut and he either ac-
cepts or rejects the vectors obtained in stable member coordinates.
If he accepts the vectors, they are used with the corresponding
vectors stored in basic reference coordinates to determine the
present stable member orientation and REFSMMAT, using the

procedure given in Section 5. 6. 3. 4. 1.

5.6.2.1.2 IMU Realignment Program

The IMU Realignment Program (P-52) is used during
free-fall to align the IMU from a known orientation to one of
the desired orientations given in Section 5. 6. 3. 4 and in P-52
of Section 4. This alignment is' made by sighting on two navi-
gation stars or known celestial bodies with the AOT or the COAS.
Initially, the astronaut selects the desired stable member orien-
tation, and the program computes and displays the IMU gimbal
angles for the desired stable member orientation using the pre-
sent vehicle attitude, If the computed gimbal angles are unsat-
isfactory, the astronaut maneuvers the vehicle to a more suitable
attitude and has the program re-compute and display the new
gimbal angles. Once satisfactory angles have been obtained,
the Coarse Alignment Routine (R-50 of Section 4) is used to
coarse align the IMU to the desired orientation, TIi all of the
required gimbal angle changes are less than or equal to one
degree, routine R-50 will leave the IMU at its present orientation.
Afterwards, the astronaut maneuvers the vehicle to a desired
attitude for celestial body acquisition and the Fine Alignment
Routine (R-51) is used to obtain the necessary sightings and to
align the IMU to the desired orientation. This routine accomplishes
the above tasks by using various other routines. Initially, the
astronaut decides whether or not to use the Star Selection Routine

of Section 5. 6, 4, If he selects the Star Selection Routine, routine
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R-51 will call the subroutine LOSSEM of Section 5. 5. 13 prior

to calling the Star Selection Routine since LLOSSEM computes
certain parameters which are used in the occultation tests of
the Star Selection Routine, If the Star Selection Routine is
unable to find two satisfactory stars at the present vehicle
attitude, the astronaut either repeats the above process of
changing the vehicle attitude and using the Star Selection

Routine or selects his own celestial bodies. It should be noted
that the Star Selection Routine only selects stars for the forward
viewing position of the AOT. However, the astronaut may select
stars or celestial bodies with the intention of using one of the

other viewing positions described in Section 5. 6. 3. 1. 1.

Prior to performing the optical sightings on
each celestial body, the astronaut is given the option of either
maneuvering the vehicle himself to place the celestial body at
the desired sighting position or having the Auto Optics Position-
ing Routine (R-52 of Section 4) command the vehicle attitude
so as to place the celestial body at the desired sighting position,
The sighting position is established by the astronaut at the be -
ginning of the Auto Optics Positioning Routine in the same
manner as is done at the start of the Inflight Sighting Mark
Routine, By selecting the appropriate detent code as described
in Section 5. 6. 3. 1. 1 and in routines R-52 and R-53 of Section 4,
the sighting position can be the center of the field-of -view of the
COAS or any of the six fields -of-view of the AOT. In addition
to establishing the sighting position, the astronaut can also
specify the celestial body (star, etc.) which is to be used in the
Auto Optics Positioning Routine just as is described for the
Inflight Sighting Mark Routine in Section 5. 6. 2, 1.1, If he selects
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the Sun, Earth, or Moon code, the subroutine LOSSEM of
Section 5,5, 13 will be called just prior to positioning the
spacecraft to compute the line-of-sight vector to that body.

If he selects the Planet code, the computer will request that

he load the coordinates of the desired celestial body just before
positioning the spacecraft. Once the celestial body is properly
positioned in the field-of-view, the Inflight Sighting Mark Routine
is used to perform the sightings on the body.

After sightings have been mdde on two celestial
bodies, the Sighting Data""Displé.y Foutine is used te gheck the
angle between the two measured directions, and the Gyro
Torquing Routine (R-55 of Section 4) is used to torque the
IMU stable member to the desired orientation,

It should be noted that the ground can indicate to the
LGC via uplink the present stable member orientation or a
desired stable member orientation., If the present orientation
is being indicated, this is done by transmitting a REFSMMAT
to the LGC. Under normal circumstances, however, it would
not be desirable for the ground to indicate the present stable
member orientation since this orientation should be determined
by the LGC PGNCS. However, if an orientation different from
the present orientation is desired by the ground, this desired
orientation can be transmitted as a Preferred orientation. By
treating a desired stable member orientation in this manner,
program P-52 will be able to correct for any large differences
between the present and desired orientations by coarse alignment,
In addition, this approach avoids the introduction of orientation
errors which affect celestial body acquisition. Whenever a
Preferred orientation is being transmitted, the ground or the
astronaut must also set the Preferred Orientation flag so that

program P-52 will know what is desired.

5,6-5
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5. 6. 3 IMU ROUTINES

5.6.3.1 AQOT and COAS Transformations

5,6.3,1.1 Determination of the Sfar Line-of-Sight During Free-
Fall

To perform IMU alignment during free-fall it is nec-
essary to determine the lines-of-sight to two separate navigation
stars or known celestial bodies in stable member coordinates. As
a matter of convenience all celestial bodies used for this purpose
shall be referred to as stars in this section, The line-of-sight
to a star is determined during free-fall by making optical Sight—
ings on the star with the Alignment Optical Telescope (AOT) or
the Crew Optical Alignment Sight (COAS). These optical sight-
ings are made by varying the LM attitude so that the star crosses
the X and Y reticle lines of the AOT or the equivalent X and Y
lines of the COAS. The astronaut depresses the X or Y mark
button whenever the star crosses the corresponding feticle line,
When the star coincides with one of the reticle lines, this defines
a plane containing the star, Once the location of the star has been
established in two separate planes, the line-of-sight to the star
can be obtained by solving for the intersection of these two planes.

The AOT is a unity power telescope with a field-of-
view (FOV) of 60 degrees and can be rotated to six distinct posi-
tions about an axis parallel to the navigation base X-axis, These
positions are accurately obtained by the use of detents., The
center of the FOV for each of the viewing positions is defined by
the azimuth (AzN) and elevation (ELN) angles shown in Fig. 6. 3-1
where the subscript N denotes the viewing position being used.

* The approximate values of these angles for the six viewing posi-
tions are: |
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Fig. 6.3-1 AOT Alignment Geometry
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Position 1 (left forward) AZ = -60° , EL, = 45°
Position 2 (forward) AZ2 « 0% ; EL2 = 45°
Position 3 (right forward) A.Z3 = 60° 5 EL3 = 45°
Position 4 (right rear) AZ, = 120°, EL, = 45°
Position 5 (rear) AZ, = 180°, ELg = 45°
Position 6 (left rear) AZg = -120°, ELj = 45°

Under normal circumstances only the three forward positions

(1, 2, and 3) are used since the fields of view of the three rear
positions are either completely or partially blocked by a prism
shield, However, since the shield can be removed by the astronaut
for backup purposes, provisiens have been made in the computer

for using the rear positions,

At the beginning of the Inflight Sighting Mark Routine
(R-53) and the Auto Optics Positioning Routine (R -52) the
astronaut indicates whether he is going to use one of the viewing
positions of the AOT or the COAS by selecting one of the following

detent codes:

Detent Code Use
1 AQT Position 1
2 AOT Position 2
3 AOT Position 3
4 Any rear AOT Position
5 COAS
5, 6-8
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If detent code 1, 2, or 3 is selected the computer uses the angles
AZN and ELN

pre-stored in erasable memory. These angles must be stored

associated with the AOT position which have been

in erasable memory since the exact values vary slightly from
one AOT to another and are not known until the final AOT instal-
lation. If detent code 4 is selected the astronaut must load-in
the correct angles AZ and EL for the desired rear AOT position.
These angles completely specify the desired position to the com-
puter, If detent code 5 is selected the astronaut must load-in
the correct angles AZ and EL for the COAS. If the COAS

is pointed along the LM +Z axis when used in this application,
its AZ and EL angles are approximately zero.

The direction of the center of the FOV (or optical axis)
for each AOT viewing position and the COAS can be expressed in

navigation base coordinates by the following unit vector:

sin (ELN)

Uoan = | €08 (ELN) sin (AZN) (6.3.1)

cos (ELN) cos (AZN)

where N denotes the viewing position of the AOT (N = 1 through 6)
or the COAS (N =17),
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The X and Y reticle lines of the AOT (shown in
Fig. 6.3-1) and those of the COAS define two planes perpendicular
to each other, The orientation of these planes with respect to *
the navigation base for each viewing position of the AOT and the
COAS are given by the following unit vectors:

0

B . o
E'YPN = | sin (90" + AZN)

cos (90° + AZN)
(6. 3. 2)

1 =
UxpN = YypN X Y0AN

where N denotes the viewing position of the AOT or the COAS
(N = 7). Note that the X and Y reticle lines of the COAS are
assumed to be in the planes defined by the respective vectors

XPN and E'YPN in Eq. (6. 3. 2). Since the AOT reticle can be

rotated about the AOT optical axis by means of a knob near the

eyepiece, it is necessary for the astronaut to set the reticle

u'

rotation angle to zero when performing optical sightings during
free-fall in order for the vectors in Eq. (6. 3. 2) to correctly define
the X and Y reticle planes,

At this point it is necessary to consider one important
difference between the AOT and the COAS which is the following,
When the AOT is rotated from one viewing position to another,
the apparent star field observed through the instrument rotates
about the optical axis, This effect is due to the optical design of
the AOT and does not occur for the AOT reticle lines, In the
forward position ( Position 2) the apparent star field is the same
as the true star field, As the AOT is rotated through a given
azimuth angle from Position 2 to 3, the apparent star field rotates
with respect to the true star field by an equal amount in a clockwise
direction about the AOT optical axis, For Position 3 the relation-
ship between the apparent and true positions of a star would be as
shown in Fig, 6, 3-1 where the amount and sense of rotation is
shown as ROT, Consequently, when an apparent star coincides
with the Y reticle line, as shown in Fig, 6,3-1, the true location
of this star is in a plane obtained by rotating the Y plane about the
optical axis by an amount ROT in the reverse direction, If it is

5.6-10
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assumed that the azimuth angle, AZN, is positive as shown in
Fig. 6,3-1, then the correct sense and magnitude of the rotation
(RN) which is applied to the X and Y planes for a given AOT

viewing position is

(N = 1 thru 6) (6.3.3)

Therefore, the correct orientation in navigation base
coordinates of the planes represented by the AOT X and Y reticle

lines is
1 1
Ugpn = ©08 (Ry) uypy + 8in (Rg) uypy
(6. 3. 4)
I I
Uypy - - 8in (Ry) uypy + cos (Ry) uypy

Since the above AOT planes (H'XPN and EYPN) and
those for the COAS in Eq. (6. 3. 2) are fixed with respect to the
navigation base coordinate system it is only necessary to com-
pute them once when using a given AOT viewing position or the

COAS; regardless of the number of marks made on a star.
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The orientations of the above AOT planes for a given

viewing position are obtained in stable member coordinates by

Uxp = [NBSM]X U PN

(6. 3.5)

Syp = {NBSM]Y SyPN

where [NBSM]X and [NBSM]Y are the transformation matrices
based upon the IMU CDU readings stored during the X and Y

marks and are defined in Sectioh 5.6.3.2.1,

The orientations of the corresponding COAS reticle

planes are obtained in stable member coordinates by

1
Uy p [NBSM] X UX PN

(6. 3. 6)

]

!
Uyp [NBSM]Y ypN
The vector describing the line-of-sight to the star in

stable member coordinates is

Sgpp = UNIT (uyp X Uyp) (6.3.7)

To achieve greater accuracy in determining the line-
of -sight to a star, a multiple mark capability is provided, whereby
the astronaut can make up to five pairs of marks, This is

accomplished by storing the IMU CDU readings for each pair of
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X and Y marks until the marking process is completed for the
star and then using the CDU readings for each pair of marks to
obtain a star vector §SM as indicated in Eqs, (6,3.5) and
(6.3.6), As each star vector Sqm is computed it is averaged
with the previously computed star vectors to obtain an average

star vector s, as follows:
s = L [(n -1)s + 8
Bn "3 8n-1 7 Bsm]

where n is the number of ESM accumulated,
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5.6.3.2 IMU Transformations

5.6.3.2.1 Stable Member -Navigation Base

Let IGA, MGA, OGA be the IMU inner, middle and
outer gimbal angles, respectively., Define the following matrices:

cos IGA 0 -sin IGA
Ql = 0 1 0 (6.3.14)
sin IGA 0 cos IGA
cos MGA sin MGA 0
Q2 = | =-sin MGA cos MGA 0 (6.3.15)
0 0 1
. 0 0
Q3 = 0 cos OGA sin OGA (6.3.16)
0 -sin OGA cos OGA]

Stable Member to Navigation Base Transformation

uwp = U ugy
(6.3.17)

[SMNB] - Q3Q,Q,
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Navigation Base to Stable Member Transformation

T . T T T T T
Ysm = Q1 Qe Q3 Yypr [NBSM] =Q Qy Qg

(6.3.18)

5.6.3.2.2 Calculation of Gimbal Angles (CALCGA)

Given a stable member orientation and a navigation
base orientation both referred to the same coordinate system,
the following procedure is used to compute the corresponding

gimbal angles.

amg = UNIT (xyp X ygp)
cos OGA= v ENB
sin OGA= ave © INB

OGA= ARCTRIG (sin OGA, cos OGA)

cos MGA= yopr - (2 X Xyp) (6.3.19)
sin MGA = ZSM . ENB
MGA = ARCTRIG (sin MGA, cos MGA)

cos IGA = iMG . ESM

sinIGA = avg * ESM

IGA= ARCTRIG (sin IGA, cos IGA)
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where the inputs are three vectors along the stable member axes
and three vectors along the navigation base axes, In the above
equations ARCTRIG implies computing the angle, choosing either

; =], : ;
sin © or cos ~ so as to yield maximum accuracy.

5.6.3.2.3 Calculation of Gyro Torquing Angles (CALCGTA)

In the fine align procedure, after the present platform
orientation is determined, the torquing angles required to move
the platform into the desired orientation must be computed. This

is achieved as follows:

Let Xpr Ype and Zp be the desired stable member axes
referred to present stable member orientation. The rotations are

performed in three steps: (1) rotating through Gy about the y axis,

yielding §]'), Ypr Eb; (2) rotating through GZ about the z' axis,
yielding z']'), )_r]‘), E'D; (3) and finally rotating through Gx about
the x'" axis, yielding 5'1'3, Z’]E)’ E'I')‘ The relevant equations are
as follows:
1 - -
Zh = UNIT ( XD, 3 0, XD, 1)
sin By = Z'D,l
cos Gy = Z'D, 3
¢. = ARCTRIG (sin §_, cos 0
y ( y y)
sinBZ = XD,2
(6.3.20}
cosfh = z! X - iz b3
Z D,3°D,1 D,1°D,3
GZ = ARCTRIG (sin ez, cos GZ)
cos GX = E'D ©Zp
sinf, = z'p - ¥p
Gx = ARCTRIG (sin Bx, cos Bx)
5, 6-16
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The required inputs are the three coordinate axes of
the desired stable member orientation referred to the present

stable member orientation.

5.6.3.2.4 Coordinate Axes Generator (AXISGEN)

Given two unit vectors (usually star vectors), Bp
and 8gp’ expressed in two coordinate systems, denoted by
primed and unprimed characters, i.e., EA' EiB’ Bp» 8ps this
routine computes the unit vectors X, ¥, 2 which are the primed
coordinate system axes referred to the unprimed coordinate
system. This is accomplished by defining two ortho-normal
coordinate sets, one in each system, in the following manner :

ux = B

uly, = UNIT (gA X E'B)

uy, . Rex By

(6.3.21)
= ]

=X Ea

uy = UNIT (s, X 8p)

L5 - ig* By

The primed coordinate system axes expressed in
terms of the unprimed coordinate system axes are:
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It should be noted that vectors can be transformed
from the unprimed to the primed coordinate systems by using
the following matrix constructed with the output (Eq. (6. 3.22))
of AXISGEN:

yr (6.3.23)
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5.6.3.4 REFSMMAT Transformations

The matrix required to transform a vector from the
Basic Reference Coordinate System to the IMU Stable Member
Coordinate System is referred to as REFSMMAT. This matrix
can be constructed as follows with the unit vectors Uysm® Yysme
and Uz esm defining the orientations of the stable member axes
with respect to the Basic Reference Coordinate System:

- —
T
Uxsm

REFSMMAT = BYgM (6.3.29)

EZTSI\ﬂ

5.6.3.4.1Present REFSMMAT From Star Sightings_

The present IMU stable member orientation with re-
spect to the reference coordinate system, and the associated
REFSMMAT, can be determined by sighting on two navigation
stars with the AOT. If ), and EiB are the unit vectors defining
the measured directions of the two stars in the present stable
member coordinate system, and Bp and Bp are the unit vectors
to the corresponding stars as known in the reference coordinate
system, then these vectors can be used as the input to the
routine AXISGEN (Section 5.6.3.2.4) to obtain the present IMU

orientation and REFSMMAT (Eqgs. (6.3.22) and (6.3.23)).
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5.6.3.4.2 Alignment for Thrusting Maneuvers ( Preferred Orientation)

During certain thrusting maneuvers the IMU will be
aligned according to the following equations.

YxsMm ~ Ytp

UNIT (u (6.3.30)

Uysm Uygm X L)

Yzsm = Yxsm < Yysm

where Urp is the unit vector in the desired thrust direction at ig-
nition and r is the LM position vector.

The associated transformation matrix (REFSMIVfAT) :
is given by Eq. (6.3.29).

5.6.3.4.3 Alignment to Local Vertical in Orbit (Nominal Orientation)

The IMU stable member may be aligned to the local
vertical at a specified time. For this type of orientation the
stable member axes are found from the following.

YoM = UNIT (3‘_)
uygy = UNIT (v X 1) (6.3.31)
Uzsm = UNIT (uygny X Uygpy)

where r and v are the position and velocity vectors of the LM
at the specified time,

The REFSMMAT associated with this IMU orientation
is found from Eq. (6.3.29).
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5. 6.4 STAR SELECTION ROUTINE

The Star Selection Routine is used by the Fine Align-
ment Routine (R-51) to select the best pair of stars in or near
the forward AOT field of view for fine alignment of the IMU. The
logic diagram for this routine is shown in Fig. 6. 4-1,

Each pair from the computer catalog of 37 stars is
tested to see if both stars are within a 100 degree viewing cone
centered with respect to the optical axis of the Alignment Optical
Telescope (AOT) when in the forward viewing position (Detent 2).
Although this viewing cone is larger than the actual field of view
(60 degrees) of the AOT, it is used to enhance the probability
that a star pair will be found with sufficient angular separation

so as to insure accurate IMU alignment,

Afterwards, the routine checks to see if the angle of

separation between the stars is at least 50 degrees.

If a pair passes the above tests, a check is then made
to see if either star is occulted by the Sun, Earth, or Moon.
The sizes of the occultation cones about each of the three bodies
are such as to not only account for true occultation but to also
prevent the selection of stars too near the bodies because of
visibility problems. The directions and the associated occul-
tation cone sizes of the three bodies are actually computed by
the subroutine LOSSEM (Section 5. 5. 13) which is called by the

Fine Alignment Routine (R-51) just prior to calling the Star

Selection Routine,

The pair of stars passing the above tests and having
the largest angular separation is chosen by this routine. Ifthe
routine is unable to find a satisfactory pair of stars after test-
ing all combinations, it'is seen in Routine R-51 of Section 4
that an Alarm Code is displayed, whereupon the astronaut may
either repeat the star selection process at a different spacecraft
attitude or select his own stars later in the Fine Alignment
Routine (R-51).
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Figure 6, 4-1 Star Selection Routine
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5.6.5 GROUND TRACK ROUTINE

This routine is used by the astronaut in near-earth
or near-moon orbit to obtain CSM or LM trajectory information.
The astronaut specifies a time (GET) and a vehicle (CSM or
LM). The routine uses the Coasting Integration Routine (Section
5.2.2) to extrapolate the desired vehicle's state vector to the
specified time, The resulting estimated position vector is con-
verted to latitude, longitude, altitude coordinates by means of
the Latitude-Longitude Subroutine (Section 5,5, 3) and these data
are displayed. Altitude is defined with respect to the landing
site radius for lunar orkit, and the launch pad radius for earth
orbit. The astronaut can request the state vector extrapolation
to continue in ten minute steps, or to another specified time,
and obtain additional displays of the coordinates of points in the

spacecraft's orbit.
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5.6.7 ADDITIONAL RENDEZVOUS DISPLAYS

During the rendezvous sequence the following routines
may be called by the astronaut for the purpose of computing and

displaying special quantities related to the rendezvous geometry.

5.6.7.1 Range, Range Rate, Theta Display

Routine R-31 may be called in order to display the
computed range and range rate between the two vehicles and an

angle 6 shown in Fig. 6. 7-1.

@

=/

\}\ HORIZONTAL PLANE

U

B

r
Figure 6.7-1 Definition of Theta

The angle 6 represents the angle between the LM
Z-body axis and the local horizontal plane of the LLM. It is de-
fined in a manner completely analogous to the definition of E in

Section 5. 4. 4. 2 and, therefore, has limits of 0 to 360 degrees.

The equations used to compute the display parameters
for R-31 are given below.

R=re - rp,

up = UNIT (R)
RANGE = |R | (6.7.1)
RANGE RATE = (v - v;) - up (6. 7. 2)

To compute 6 the following vector is defined

0
u, = [REFSMMAT]" [NBSM] |0
1
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where NBSM and REFSMMAT are defined in Section 5. 6. 3 and
u, is a unit vector along the Z-body axis expressed in basic re-
ference coordinates. The angle 6 is then found as follows:

~u= UNIT (r; Xv,;)
L.
up = UNIT |uy - % | L
= —1 L] L
0 =cos " [u, u, SGN (uj - uXx r)l (6.7, 3)
If EZ.£L<_0; =2r -0

The three displays of R-31 are automatically updated
until R-31 is terminated by the astronaut. The logic flow re-

quired to accomplish this update is shown in Fig. 6. 7-2.

5.6.7.2 Final Attitude Display

Routine R-63 may be used to compute and display the
FDA] angles required to point either the LM Z-axis or LM
X-axis at the CSM. The choice of axis is made by the astronaut
at the beginning of the routine as described in Section 4.

After initiation of this routine the state vectors of
both vehicles are extrapolated to the present time plus one
minute using the Coasting Integration Routine (Section 5. 2. 2).
Based on these new state vectors the required gimbal angles
are computed. These angles are converted to FDAI angles using
the transformation described in Section 5. 6. 12 and the result

is displayed.

There is no automatic display update; however, R-63

may easily be recycled manually.

5.6.7.3 Out-of-Plane Rendezvous Display

Routine R-36 may be used during any phase of the
rendezvous sequence to provide information about the out-of-
plane geometry, Three quantities (Y, S.{,and {) are computed
for a given time which is determined by the astronaut. The first
two, Y and ”SE', represent the out-of-plane position and velocity
in some sense, The third display, ¢, is the angle between the
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Extrapolate CSM, LM state
vectors to tF from t using
Kepler Subroutine (Section 5.5.5)
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Figure 6. 7-2 Range, Range Rate, 6
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line of sight and the forward direction, measured in the local
horizontal plane, It is equivalent to the yaw angle on the FDAI
ball if the ball were aligned to an inplane, local horizontal at-
titude and the vehicle were rotated such that the Z-axis were

pointed along the line of sight,

The exact definition of Y, S.{ and y is demonstrated

by the folloWing set of equations,
1_1=UNIT(XC><£C) (6,7,4)

where r and v are the position and velocity vectors of the

=C —C
CSM, respectively,

Y=r ° E
. (6,7,5)
Y = v ° E

where r. and v, are the position and velocity vectors of the LM,

=L L
respectively.
up = UNIT (r;) (6.7.6)

LL5 = Lo = Xy,

[V]Revised SUNDANCE

u; og = UNIT [LQS - (LOS : ER)ER]
41 = COS-I(ELOS : EF) (6. 7-7)
N =y o Xy
EN - r; <0; y=271 - ¢ (6.7,8)
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5. 6.8 AGS INITIALIZATION ROUTINE

The Abort Guidance System (AGS) initialization involves
a separate routine R-47 in the LGC that prepares a special tele-
metry downlink list with the required AGS initialization parameters.
The AGS-LGC initialization interface is through the telemetry sub-
system., At a desired GET, the astronaut may simultaneously make
an "ENTER'" in both LGC and AEA (Abort Electronic Assembly). The
LGC stores the GET at this ENTER and subtracts this time from all
state vector reference times used in the AGS initialization. There
is also the option of loading an AGS initialization time obtained from

an external source,

The AGS Initialization Routine next integrates the CSM and LM
state vectors to the current GET, This state vector integration (Sec, 5.2,2)
is based on the determination of the earth or lunar orbit condition
by examining the CSM primary body indicator PC of Section 5.2.2, 6.
In the earth orbital condition, the CSM and LLM state vectors are
divided by a factor of four and these modified state vectors are put
on the special down-link telemetry list together with the difference
between the state vector time and the AGS reference GET. In the
lunar orbit condition the CSM and LLM state vectors are modified by
only the subtraction of the AGS reference GET from the state vector
time before being put on the down-link list. This special telemetry
down-link list is then sent 10 consecutive times before the normal

down-link format is resumed.

Subsequent AGS initializations do not normally require
a new AGS time referencing operation involving the simultaneous
LGC and AEA ENTER inputs. During AGS initializations following
the first, the AEA clock initialization may be omitted. In that case,
the special initialization down-link is prepared by modifying the state
vector times by subtracting the initial GET reference time deter-

mined in the first initialization.

The final operation is to zero the IMU CDU's for the
AGS alignment procedure as described in Section 4 provided CDU

zeroing is permissible in the LGC at that time.
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5.6.9 LGC INITIALIZATION

The LGC initialization procedure prior to LM sepa-
ration is a manual operation which does not involve a numbered
LGC program, After the LGC is activated the first requirement
is to synchronize the LGC clock with that of the CMC., This is
a count-down and mark procedure described in R-33, CMC/ LGC
Clock Synchronization Routine of Section 4, to obtain an average
clock difference which is then used to increment the LGC clock,
The CMC and LGC clock synchronization can also be checked by
the Mission Ground Control Center using telemetry down-link
data, which can provide a more precise difference to increment
the LGC clock,

Next, the following parameters are voice-linked from
the CSM or uplinked from the earth to the LLM to be entered into
the LGC:

1) r'c CSM position vector

2) Ve CSM velocity vector

3) tC CSM state vector time

4) s ¢ lunar landing site vector in
moon-iixed coordinebes

5) tO : time difference between zero GET and
July 1,0, 1968 universal time,

0) PC s planet identifier

All of the above parameters are in octal, and all are double pre-

cision except item 9, tO’ which is triple precision and item 6, PC’

which is one bit.
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The estimated CSM and LLM state vectors (as defined
in Eq. (2,2,28) of Section 5, 2, 2, 6),the estimated landing site

state vector, and the reference time tO are then initialized as

follows:

Tco LT
Yoo o
TCcon e
YCcon Ye
*s 0
2c =
% §
Ve g
tc tc
£
TC 0
* 0
. -
0 for earth orbit
Fe {
1 for lunar orbit
b )
Y10 LA
F—Lcon E‘-C
XLcon XC
* ) 0
9y s
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L - 8
tL = tC
b
T, = 0
= X = 0
0 for earth orbit
P, - { |
1 for lunar orbit
&
D1s * is
t = Y

where the items on the left-hand side of the above equations are
LGC variables, and the items on the right-hand side are the up-
linked or voice-linked parameters. The subscripts C and L refer
to CSM and LM, respectively. The variables marked with an
asterisk (*) are initialized during the prelaunch erasable load and
do not have to be reset unless the values have been changed dur-

ing the mission,
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5.6.11 LGC IDLING PROGRAM

This program is used to maintain the LGC in a state of
readiness for entry into any other program. While the idling program
is in operation, the Coasting Integration Routine (Section 5. 2. 2) is
used to advance the estimated CSM state vector (and the estimated
LM state vector when the LM is not on the surface of the moon) to
approximately current time. This procedure has the lowest priority
of all programs, and is performed only when no other program is
active. This periodic state vector extrapolation is not necessary
from a theoretical point of view, but does have two practical pur-
poses, First, it is advisable to maintain current (or at least nearly
current) state vector estimates in case an emergency situation arises.
Second, a significant amount of computation time is transferred from
a period of high computer activity (navigation measurement processing,

targeting, etc.) to a period of low activity.

This periodic state vector extrapolation is restricted to
near-earth or near-moon orbits since the capability for cislunar-

midcourse integration does not exist in the LLGC.

In order to use the Coasting Integration Routine in an ef-
ficient manner, the maximum value for the integration. time step,
Atmax’ is computed as described in Section 5. 2.2.5. Let tc be the
time associated with the estimated CSM state vector and t1 be the
current time. The estimated CSM state vector is extrapolated ahead

when

1, >t +4Atm (6.11.1)

1 C ax
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The integration is terminated when Atmax is more than the
integration time-to-go, In this manner no extra and smaller-
than-maximum integration time steps are performed, and the
periodic integration is accomplished most efficiently,

The estimated LM state vector (if applicable) is
then extrapolated to the CSM state vector time in the same

manner,

The error transition matrix W (see Section 5,2,2,4)
is extrapolated with the estimated LM or CSM state vector if
RENDWFLG indicates that the W matrix is valid, RENDWFLG
is defined in Section 5,2,4.2,2, The selection of which state
vector to extrapolate the W matrix with depends upon whether

the LM is in flight or on the moon,

The logic for the periodic state vector extrapolation
is illustrated in Fig, 6,11-1, The variables D and V are
indicators which control the Coasting Integration Routine, The
quantities X, and Xo are the estimated LM and CSM state
vectors, respectively, and x is a temporary state vector used
for integration, Refer to Section 5, 2,2,6 for precise definitions
of these items, The switch SURFFLAG indicates whether or
not the LM is on the surface of the moon, This flag is set to
one (zero) by means of a special DSKY verb by the astronaut
when the LM has landed on (lifted off from ) the lunar surface,

As shown in the figure, time synchronization of the
two state vectors is achieved and maintained by this program.
The purpose of the state vector synchronization is to guarantee
correct W matrix extrapolation during rendezvous navigation,
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In order to permit correction of wrong erasable
memory parameters which have caused or could cause an invalid
and excessively lengthy integration process to begin, there is
an emergency special DSKY verb to terminate or inhibit the
Coasting Integration Routine, This special verb causes the

following to occur:

1, If the Coasting Integration Routine is in operation,
it is terminated at the end of the current time

step.
2, The current program is terminated,
3. The LGC Idling Program (P-00) is activated,

4, The first P-00 state vector test is bypassed so
that no state vector integratioh test oecurs for
ten minutes,

Note that this operation does not maintain state vector synchroni-
zation and can, therefore, cause incorrect W matrix extrapolation

in rendezvous navigation,
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EN

r—'i
S|
)

Inhibit Selection of New Program H

—

t., =&
Compute At ¥ : :
ompug —_— P— Vo= 1 | Wait Ten Minutes
x = xc "
Ll >t+4At Allow Selection of New Programl
F ma
Yes
ENDWFLG = Yes
& =
SURFFLAG =1
No l
D = 0| Compute At —

Extrapolate CSM State
Vector (and W Matrix
if D = 6) One time

Step to Time t + Atmax

D=9 D=0 X

v v 4

X

Extrapolate LM State Vector (and W Matrix
if D = 9) to time tF Using Coasting
Integration Routine (Section 5,2, 2)

Figurels. 11-1 L,GC Idling Program State Vector Extrapolation Logic Diagram
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5.6,12 FDAI-IMU TRANSFOR MA TIONS

The following transformations are used tp convert
IMU gimbal angles to angular readings on the LM FDAI Ball,

YAW
Y = sin”! I: cos (MGA ) sin(OGA)]

where the display is such that

or

360° > Y = 270°

PITCH
(If |sin Y| # 1.0)

-1 | sin (IGA) cos (OGA) + cos (IGA) sin (MGA ) sin (OGA)
cosY

= gin

1

cos'l cos(IGA )cos (OGA) - sin (IGA) sin (MGA ) sin (OGA)

cos Y
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ROLL

(1f |sin Yl #£1.0)

R - sin_l sin ( MGA) - cos_l cos (MGA) cos (OGA)

cos 'Y cos 'Y

where the displays for both P and R are always positive angles
less than 360°,

For Y = 90° or 270° the preceding equations are in-
determinate and the pitch and roll readings become meaningless
since they are not uniquely defined in terms of IMU gimbal angles
because the FDAI outer and inner gimbal angles are likewise
not unique. However, the following equations give the relation-
ships between the IMU gimbal angles and the sum or differences

of P and R.
If
1. Y = 90°, +hen either
a., MGA = 0° and OGA = - g whence
P+R = IGA
or

b. MGA = 7 and OGA = + ;r_ whence P + R = IGA + 180°.

2. Y = 270°, then either

a. MGA = 0° and OGA =+72—r whence P - R = IGA
or
b. MGA

7 and OGA = --271 whence P - R = IGA + 180°

where
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IGA = inner IMU gimbal angle
MGA = middle IMU gimbal angle
OGA = outer IMU gimbal angle

The IMU gimbal angles are defined to be zero when
the axes of rotation of the gimbals are mutually orthogonal.
Each gimbal angle is defined as that angle through which the de-
signated gimbal must be rotated, in the conventional right hand
sense, with respect to its outer neighbor to make the X, Y, Z
Coordinate Systems of both gimbals coincident.
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5.6.13 IMU COMPENSA TION

The IMU Compensation is designed to compensate
for PIPA bias and scale factor error and at the same time ac-
cumulate gyro torquing commands necessary to compensate
for the associated bias and acceleration caused gyro drifts.
The correction to the PIPA's is

PIPAC = (1 + SFEI) PIPAI = BIASI At

where

h

is the compensated data for the IJc PIPA

denoted PIPAX PIPAY PIPAZ

PIPA

c’ c’ C

SF - SF
nom

SFE = (erasable load)*

SF
nom

SF = Scale-factor M

Pulse

BIAS is the bias for the IlCh PIPA (an erasable load)

I

The compensated data is then used to compute the
IRIG torquing necessary to cancel the NBD, ADIA, and ADSRA

gyro coefficients, The computations are

XIRIG -ADIAX PIPAX_, + ADSRAX PIPAYC - NBDX At

C
YIRIG = -ADIAY PIPAYC + ADSRAY PIPAZc - NBDY At
ZIRIG = -ADIAZ PIPAZC - ADSRAZ PIPAYC + NBDZ At

*The term '"'erasable load'' refers to data entered in LLGC erasable
memory just prior to launch.
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where

XIRIG, YIRIG, ZIRIG are gyro drift compensationg
NBDX, NBDY, NBDZ are gyro bias drifts (anerasable load)

ADSRAX, ADSRAY, ADSRAZ are gyro drifts duetoac-

celeration along spinreference axis (an erasable load)

ADIAX, ADIAY, ADIAZ are gyro drifts due to acceleration

along the input axis (an erasable load)

When the magnitude of any IRIG command exceeds two
pulses, the commands are sent to the gyros.

During free-fall only the NBDX, NBDY, NBDZ are
the relevant coefficients and the routine is so ordered that only

these terms are calculated for the gyro compensation.
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5.6,.14 RR/ LR SELF TEST ROUTINE

The purpose of the RR / LR Self Test Routine (R-04
in Section 4) is to provide suitable DSKY displays and LLGC
down-link information to s\upportv the self tests of the.Rendezvous
Radar (RR) and the Landing Radar (LR ). In doing this the
routine also provides a check on the data transmission interface

between the LGC and the two radar systems.

The self test of either radar system is accomplished
by the astronaut through use of a radar test switch at the LM
console, When this switch is in the RR or LR position, artificial
target signals are generated within the associated radar system,
These signals when acquired by the tracking networks of the radar
correspond to certain known values in the measurement para-

meters (range, etc. ),

The self tests of the RR and LR can be conducted with
or without the assistance of the LGC. Since these tests can in-
terfere with the normal RR data read and update functions of
programs P-20 and P-22, it is essential that the astronaut not
have these programs operating when the radar test switch is in

one of its test positions (RR or LR).

If the astronaut wishes to have the radar self test para-

meters displayed on the DSKY and placed on the LGC down-link,

~ he calls the RR / LR Self Test Routine, At the beginning of the
routine he indicates which radar is being self tested, If he selects
the LR, the routine will start reading continuously the four LR
data parameters (VX, Vyr Vg and range) once per second, Each
parameter is sampled by a single 80 millisecond gate, These
parameters are placed on the LGC down-link and are displayed to

him in two separate DSKY displays.
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One display contains the range and the present position of the
LR antenna, The other display contains the three LR velocity
components (VX, Vs and vy ). The four data parameters
obtained from the LR are displayed and put on the down-link
regardless of the status of the Range and Velocity Data Good
discretes, However, whenever a given parameter is obtained
from the LR, the associated data good discrete is checked and
the Tracker Fail Alarm is turned on if the discrete is missing,

If the RR test mode is selected, a check is made to
see if the RR Auto Mode discrete is being received from the RR,
If it is present, the RR Track Enable discrete is issued to
allow the radar to lock-on the self test signals and subsequently
generate the RR Data Good discrete during the data reading process,
The purpose of checking the RR Auto Mode discrete is to insure
that the mode control switch of the RR is in the LLGC position
during the data read operation, This insures that the phase of
the RR resolver excitation is within tolerance for normal angle
measurements by the RR CDU's, If the RR mode control switch
is in either of its other two positions, this phase tolerance is
not insured, If the RR Auto Mode is absent, a request is issued
to the astronaut to place the RR mode control switch in the LGC
position, Once this has been accomplished, the routine starts
reading the RR CDU angles (shaft and trunnion) every second
and the range and range rate on alternate seconds, These quantities
are displayed on the DSKY in two separate displays, and thus
normally will be down-linked, One display contains the RR CDU
angles, It should be noted that the polarity of the displayed RR
trunnion angle is opposite that defined in Fig, 6,15-1, The other
display contains the range and range rate, The four RR data
parameters are displayed and placed on the down-link regardless
of the status of the RR Data Good discrete, However, whenever
a range or range rate measurement is obtained from the RR, the
RR Data Good discrete is checked and the Tracker Fail Alarm
is turned on if the discrete is missing,
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It should be noted that the RR or LR data initially displayed by
this routine may not be meaningful since the radar tracking loops may
still be in the process of locking onto the internally generated target
signals of the radar, In addition, the CDU data displayed at the be-
ginning of the RR self test may be that associated with the process of
zeroing the RR CDU's, Whenever the RR Auto Mode discrete is first
detected by the RR Monitor Routine (R-25) of Section 5,2, 4, 3, the
RR CDU's are zeroed,

It should also be noted that the LR used in this mission is dif-
ferent from that planned for a lunar mission in that the velocity data
(VX, Vs and VZ) obtained from the present LR by the LLGC is that
from the individual velocity beams, In order to display the LR velocity

parameters in feet per second, the following computations are made:

vy = kg (g - fgTiR)

Vy = ky(sy - i T1R)
vy, =k, (SZ - fB TLR)
where SX, SY, and SZ are the binary data words obtained from the

LR, fB is the bias frequency used in the LR, LR is the time interval
used by the LR when counting the cycles of the doppler and bias fre-
quencies so as to produce the data words (sX, SY’ and SZ ), and the
kX’ kY’ and kZ are the corresponding scale factors used to obtain
the above velocities in feet per second, The time interval IR is
80, 001 milliseconds,

The range data is sent to the LGC from the LR as a binary data
word RLR’ which represents the count of a certain frequency in the LR
during the time interval TILR® Within the LGC, the range IR along the

range beam is computed as follows:

k R

LR1 LR
LR T
krr2 BLR
where kLRl and kLR2 are the bit weights respectively for the long and

short range scales in order to obtain IR infeet, When the Range Low
Scalediscrete is being received from the LR by the L.GC, kLRZ isused,
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5. 6.15 RR ANGLE TRANSFORMATIONS

5.6.15.1 Determination of RR Antenna Direction in Navigation

Base Coordinates

To obtain a unit vector u. specifying the present di-

RR
rection of the boresight axis of the RR antenna in navigation base

coordinates use is made of the following:

sinS cos T

Upg © -sin T (6,15,1)

cos S cos T
where S and T are the shaft and trunnion angles of the RR antenna

as indicated by the RR CDU's. The positive sense of these angles
is shown in Fig. 6. 15-1,

5.6.15,2 Equivalent RR Angles for a Desired Pointing Direction

Let un be a unit vector defining a desired pointing di-
rection in navigation base coordinates. This direction may be a

desired direction for RR designation for which the corresponding
RR shaft and trunnion angles must be computed in order to see if
they are within the angular coverage modes of the antenna, The
corresponding shaft and trunnion angles for this direction are de-

termined as follows:
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u =

T (1) =

cos [S(1)] =

sin [S(1)]

S(1)

S(2) =

- (X': O:

(x, y, 2)

~gin~! (y)

180° - T (1)

z') = UNIT (x, 0, =z)

ARCTRIG <sin [S(1)], cos [S(l)]}

180° + s(1)

(6.15.2)

where T (1) and S (1) are the shaft and trunnion angles for Mode 1

of the RR antenna,

T (2) and S (2) are the corresponding angles for

Mode 2, and ARCTRIG implies computing the angle, choosing

either sin"1

or cos 1

so as to yield maximum accuracy.
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5.6.15,3 Determination of RR Gyro Commands during RR

Target Designation

When the RR is being designated towards the CSM, the
commands issued to the RR CDU's for digital to analog conversion
before being sent to the RR gyros are computed approximately
every 0,5 seconds as follows: Let CS (1) and CT (1) be the
shaft (S) and trunnion (T) commands to the RR CDU's for the
antenna in Mode 1, and CS (2) and CT (2) be the corresponding
commands for the antenna in Mode 2, Initially, the unit vector
up defining the desired direction of designate in navigation base

coordinates is obtained from stable member coordinates as follows:

u =[SMNB]UNIT(r (6.15.3)

: )
D =LOS

wheve [SMNB] is defined in Section 5.6.3.2.1 and r! ¢ is the

lag compensated range vector in Section 5.2,4,1, The commands

are then computed as follows:

cos S
Co (1) = K| u, - 0 (6.15,4)
S -D -sin S
sin T sin S
CT(l) = CT(Z) = -K up - cos T (6.15,6)

sin T cosS

where S and T are the present shaft and trunnion angles and K
is a scale factor to establish the proper number of bits in the
RR CDU's, A limit check is made to insure that no more than
384 bits are sent to an RR CDU,

5,6-46 A

[ JRevised SUNDANCE
[V]Added  GSOP # R-557  PCR #_414 Rev. 1 Date 3-5-68



RR Antenna
# Boresight Axis

Positive Shaft
Angle Direction

Positive Trunnion

Angle Direction

*ZNB

out of paper

* YNB

+ ZNB’ and + Z.

NB 2Fe positive axes of Navigation Base

AN
Coordinate System,

2, Zero shaft and trunnion angles place the RR electrical boresight

axis parallel to + ZNB*
3. The antenna shaft axis is the outer gimbal axis and is parallel to
T INB
4, The antenna trunnion axis is the inner gimbal axis and is orthogonal

to the shaft axis and the RR electrical boresight axis,
5. Positive shaft rotation is clockwise motion of antenna as viewed
along + INB*

6, Positive trunnion rotation is clockwise motion of antenna as viewed

along + XNB when shaft angle is zero,

Figure 6, 15-1 Shaft and Trunnion Angles
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5,6,16 TARGET AV ROUTINE

The purpose of the Target AV Routine is to update
the estimated CSM state vector in accordance with the maneuver
AV which is voice-linked to the LM from the CSM and then en-
tered into the LLGC as described in Sections 5,2,1 and 5. 2,4, 2,
The logic for this routine is shown in Fig, 6,16-1, In the
figure, AV is the maneuver velocity change expressed in a CSM
local vertical coordinate system, and t is the time of the

AV
maneuver,
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START

Inhibit Rendezvous Navigation

Data Processing

y

Extrapolate CSM state vector to
Time tAV using Coasting Integration
Routine (Section 5,2,2)

¢

Rectify CSM State Vector
(Fig. 2.2-2) Obtaining Eeeon® Ycon® tC

;

Ys = -UNIT (ECcon)
By = URLT (XCCOH % ECcon)
%o "N Ry

%o
chon - chon ¥ AYT ot |

2a

Extrapolate CSM State Vector to
LM State Vector Time using
Coasting Integration Routine

Rectify CSM State Vector
(Fig. 2, 2-2) Obtaining T ceon’ Y.Ceon’ tC

v

EXIT

Figure 6,16-1 Target AV Routine
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5,6,17 ORBIT PARAMETER DISPLAY ROUTINE

The Orbit Parameter Display Routine R-30 may be
called by the astronaut via an extended verb in order to compute
and display certain orbital parameters defined below, This
display will be automatically update only when Average G is
running, Also the option to select the vehicle for which these
orbit parameters are to be displayed will only be available when

Average G is not running,

In the normal case the apocenter altitude, pericenter
altitude and the time from a reference altitude (300000 ft for
Earth orbit, 35000 for Lunar orbit) is displayed, If the chosen
orbit does not intercept this altitude, the third display is 59B59,
Under certain circumstances explained in Section 4 an additional
display of time from pericenter may also be requested by the
astronaut, The details of each option and acceptable astronaut

responses are discussed in Section 4,

The computational logic and equations used in R-30
are contained in Figs, 6, 17-1 through 6, 17-3, The following
is a list of important parameter definitions which apply to these

figures,

iy
- State vector of the selected vehicle
\4

’ ; 0 Earth
PC Primary body designator {1 Mo
ha : Apocenter altitude
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LP

LS

ff

PER °

Pericenter altitude

Earth launch pad radius

Lunar landing site radius

Time from a reference altitude

Time from pericenter
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ENTER

Yes

I el Vehicle — ¢
Extrapolate CSM to Extrapolate LM to
present time obtain- present time obtain-
ingr, v (Sec, 5,2,2) ingr, v (Sec,5,2,2)

Using r, A obtain a,
v
Call TFFRP/ RA Subroutine

Using o, p obtain r a’ r

(Earth) No /\Yes(Moon)

Call TFFCONIC Subroutine F l

. ;

n, =5 = Bp Ler, ¥y
hpzrp—rLP hp:rp_rLS
R = T p + 300000 ft, R = TS + 35,000 ft

Call CALCTPER Using | Yes
TFFF]., rp:|r|:£azsa :p’#
Obtain tPER

|

Call CALCTFF

USing SFF = O:, R,1£|,£; z:a > P o
Obtain tff

Display ha’ h_, tff

EXIT
R30

Display tPER |

Figure 6, 17-1 Orbit Parameter Display Routine
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ENTER

;

Input r, v, p

=3
I
|=
X
|<

k=3
|5

T
1l

<
| <

i8]
n

N
1

RETURN
a, p

Figure 6.17-2a TFFCONIC Subroutine

ENTER

Input o, p

RETURN

r r
a)

Figure 6.17-2b TFFRP/RA Subroutine
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ENTER

STFF: Lo rO’EO"KO’a s Ps 1 '
l ) 2 >:<
Cg=2-r « o =(£h'-Yh)
C4= T, 4 W

Conic does not
intersect ter-
minal radius

i
*

p C3 P
NO C=0| (force pericenter
! calculation)
Yes J
Yes
C4<

No

RNy

(Outbound) No /Ql%Yes (Inbound)

Y Q i
N = Qh - QO N = rh - ro
D=C,-r,@ D= Q,+ Q
[ J
(Highly circular or

0
rpandrgare peri-
Yes center and apocenter
orvice-versa or
Yes

“h" Yh
N

Qh=_

other singularity)

No
D=0

Yes No

\
Hyperbolic or

: @ parabolictrajec.
No
" '\- 2/ \ 3/ \4 /

% Supplementary Information

Fig. 6,17-3 CALCTFF/CALCTPER Subroutine
(page 1 of 2)
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= N/D 19 Z = D/N
i iz
0
Y = p zjz| Y = Esgn(Qy+ )
o X = 1)a 22

1 (7 i olx T(X) - 1
Wie =1 % Qh+J—aZ,__—]

LV a

t=0| [t=(2

+§3-5_§i
i 9

Note: T(X) = & - S .

w| =
| X

RETURN
t

Figure 6.17-3 CALCTFF/CALCTPER Subroutine
(page 2 of 2)
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5.6.18 LR SPURIOUS TEST ROUTINE

The purpose of the LR Spurious Test Routine (R-77 of
Section 4) is to read out the range and velocity data of the landing
radar and place it on the LGC down-link during the landing radar
spurious return flight tests. This is a special routine which is
not intended to be used on lunar missions. The routine sequen-
tially obtains individual data samples (80 milliseconds duration
each) from each of the three velocity beams and the range beam
once per second., This data is placed on the down-link regard-
less of the status of the LR Range Data Good and LR Velocity
Data Good discretes. This routine is instigated and terminated
by the astronaut and is capable of performing the above data read-

out prior to, during, and after a DPS maneuver.

Before performing the flight test it assumed that the
astronaut will place the LR antenna in either of its two positions

by use of the LR manual controls provided for this purpose.
It should be noted that the status of all LR discretes
(Range Data Good, Velocity Data Good, Range Low Scale, Antenna

Position One, and Antenna Position Two) is already indicated at

least once every two seconds on the down-link list,
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5. 6,19 RMS POSITION AND VELOCITY ERROR DISPLAY

In order to provide the capability for astronaut
monitoring of the G&N system's estimate of state vector accuracy,
there exists a special DSKY verb which causes the RMS position
and velocity errors to be computed from the W matrix and to be
displayed. Based upon the values in this display and the details
of the particular mission, the astronaut will elect to stop the
navigation that is in progress, to resume or continue with the
current navigation procedure, or to reinitialize the W matrix
and continue navigating, The capability of selecting the W

matrix initialization parameters is also included in this process.

The logic for the RMS position error (ArRMS) and
RMS velocity error (AVRMS) display is illustrated in Fig. 6. 19-1.
The vectors w, are partitions of the W matrix as defined in
Eq. (2. 2. 19) of Section 5, 2, 2, 4. The variables W and W, are
W matrix initialization parameters and RENDWFLG is the W
matrix validity flag, See Section 5, 2. 4. 2. 2 for further definitions

and usage of these terms.
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ENTER

Wait Until W Matrix Available

ATpMS ~
AVRMS ~
A 4
Display ArRMS’ AVRMS

EXIT

w__ = ArRMS/'\/_3—

W T AVRMS/'\/?

l

EXIT

RENDWFLG

0

Figure 6,19-1 RMS Position and Velocity Error Display Logic Diagram
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5.7 ERASABLE MEMORY PARAMETER LIST

This section presents a list of selected parameters re-
quired for various program operations., It should be noted that this is
a very limited LLGC erasable parameter list. The objective of this
selected list is to identify those parameters that should be stored in
erasable memory and are required primarily to initialize the opera-
tion of programs and routines. In most cases these parameters can
not be originated within the LLGC and must be stored prior to the mis-
sion. Some parameters then vary continually throughout the mission
(e. g. vehicle state vectors), others are constant for any one mission
phase, but may vary between different mission phases, and finally
some may be constant for one mission, but be required to change for

subsequent missions that use the same LGC program.

Page Parameter
5.2-21 Teor D1
Leor L1

r r
—C con, =1, con

v v
—C con, -1, con

6

S0 8

—L

Y Y,
o

TC, T

>

L
L
c PL
5,2-54

5 varp, varp .

var.,, var

A% Vmin
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Page Parameter

5,2=-57 varB
5,2-58 var6
5.2-60 6 rMAX
S Vyax
)
5.2-62 W
) 1l o
w
R i
g
Yo
5,3-3 Av (At)
5.3-19 AV
tIG
5,3-22 SE
5,7-2
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5.4-5

5.4-12

5. 4-21

5, 4-24

5.4-23
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AV (1Y)
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Page Parameter

5. 4-24 AV (LV)
5.5-13 Ay
Ay
Azo
ty
5.5-16 L
5, 5-22 rLS
5. 6-8 AZ, thru AZ
EL, thru EL
AZ
EL
5. -4
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Page

5.6-31

5. 6-40

B

7-5

Parameter
£r8

trs

SFEI’ SFE2, SFE3

BIAS BIASZ, BIAS3

1’
ADIAX, ADIAY, ADIAZ

ADSRAX, ADSRAY, ADSRAZ

NBDX, NBDY, NBDZ
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5.8 FIXED MEMORY CONSTANTS

Section 5, 8. 1 contains a list and the numerical values of those fixed
memory constants in Sections 5. 2 through 5. 6 which have not been specified
previously. Those constants which are considered to be control type data are
indicated by source references which are listed in Section 5. 8. 2, Explanatory
comments are noted in Section 5.8.1 where applicable and listed in Section 5.8.3.
It should be noted that only one page number is given for a constant in the list
of Section 5. 8.1 even though the constant may appear in other parts of Section 5.

In these cases the same value is used for the constant as reported in Section5.8.1.

T | Fixed Constants

Reference Comments

Page Constant Units Value (Sec.5.8.2) (Sec.5.8.3)
. o 0.3986032x10%° 2 3 4
8:2-3  Wp 3, 2 13
by s 0. 4902778X10 2.3, 4
5.2-12  J,p ” 0.10823 X 102 2,3, 4
i i =5
Jop 0.23 X 10 2,3, 4
-5
- g " -0.18 X 10 2,3, 4
ry m 6, 378, 165 2,3, 4
i i 3
5.2-13  Jyp, 0.207108 X 10 2,3, 4
Tant - 0 2,3, 4
34 - 0 2,3, 4
-4
S < 0. 207160 X 10 2,3,4
ry i 1, 738, 090 2,3, 4
5. 2-22 €, csec 3.0 — 1
5.8-1
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Reference Comments
Page Constant Units Value (Sec.5.8.2) (Sec.5.8.3)
5.2-50 fBRR cps 212, 500 14
fBRR TRR % 17,000 5
kRR fps/bit -0. 6278 5,14,15
kpyg ft/bit 75. 04 5,14,15
kR2 ft/bit 9. 38 5,14,15
5, 2-57 var (mr)2 1.0 6
* IMU :
5. 3-22 FDPS pounds 9712. 5 5,17
FAPS pounds 3500 5,17
FRCS pounds 400 or 200 5,17
LM only cm/sec 36 19
5.3-26 AVK(DPS){CSM cm/sec 12 18
docked
AVK(APS) em/sec 308 19
m (APS) kg/sec 5.14 SR
5.3-20  F[ pounds 200 17
K, kg-m/fcs 124,544 18
K, kg-m/cs 31,136 18
K, kg-m/cs®  1.5568 18
K4 pounds 1050 5,17
5,8-2
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PCR # 612.1, 657, 480 Dale 12-5-68
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Reference Comments
Page Constant Value (Sec.5.8.2) (Sec.5.8.3)
5,392 Abp o o (DFE) -38 20 I
At o (APS) -10 20
Vv, (DPS) m/sec 3000 —
Ve (APS) m/sec 3000 5,17
5.5-8  (Kepler) ¢ . e 12
(Lambert) €, 2_19 12
£, (moon) m1/2 9713 12
€ (earth) ml/2 2_12 12
€ - 923 12
C
5.5-11  k, - o 17 12
5.5-13  wp rad/sec  7.2921151% X107 ° g
5.5-16 B, rad 0. 4091 641 73 7,8 3
230 rad -6. 03249419 7,8 3
F, rad 2. 61379488 7,8 3
B rad/sec  -7.19756666x10 1% 7.8 3
o rad/sec  -1.07047016x10°° 17,8 3
i rad/sec  2.67240019%10°° 7,8 3
5.5-17  C; p 0.99964115 7,8 3
8 . 0. 02678760 7,8 3
5.5-18 a m 6,378, 166 2,3,4
b m 6, 356, 784 2,3,4
.8-3
[V]Revised ~ SUNDANCE Rev..2
[ ]Added GSOP # R-557  PCR # 587. 1 Date 12-5-68




5.5-24

Constant

Units

rad
rad/sec
deg
deg
rad/sec
rad/sec
rad

rad

rad
rad/sec
rad
rad/sec
deg
rad/sec

rad

Value

6,

0.
0.
0.

. 8-4

. 661699 X 10

. 6392078 X 10~

. 2725641 X 10~

,07037037X10

.9909838X 10"~

. 996542 X 10~

373,338

917454125
035711642

397841585

. 082353868

. 864381

6

. 2503

. 2725

6

6

. 8002776

. 7110406

. 25069148

8

. 7299995

7

. 9190

7

. 06544352
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(Sec.5.8.2) (Sec.5.8.3)

11

9,10 4
9,10 4
9,10 4
9,10 4
9,10 4
9,10 4
9,10 4
9,10 4
9,10 4
9,10 4
9,10 4
9,10 4
9,10 4
9,10 4
9,10 4
9,10 4
9,10 4
9,10 4
9,10 4




Page Constant
5, 5-54 TSS
5, 6-44 fB
I IR
kX
kY
kZ
ki R1
k1R2
5, 6-46A K
5,8-6 Star Table

Units Value
sec 360
cps 153, .600
- 12,288, 2
fps/bit -0. 6440
fps/bit 1.212
fps/bit 0. 8668
ft/bit 5. 3956
ft/bit 1.079
bit/rad 2200. 16
See Fig, 8-1
5. 8-5

Rev, 2 - 12/68
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Andromedae ( Alpheratz)
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Eridani (Achernar)
Ursae Minoris (Polaris)
Eridani (Acamar)

Ceti (Menkar)
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Figure 8-1 Unit Vectors of the Navigational Stars
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. 8.

2

References for Fixed Constants

Project Apollo Coordinate System Standards, SE008-001-1, Office
of Manned Space Flight - Apollo Program, National Aeronautics
and Space Administration, Washington, D.C., June, 1965,

Natural Environment and Physical Standards for the Apollo Program,
NASA M-DE-8020-008B, April, 1965,

Directory of Standard Geodetic and Geophysical Constants for
Gemini and Apollo, NASA General Working Paper No. 10, 020 B,
April 6, 1966.

Apollo Missions and Navigation Systems Characteristics, Apollo
Navigation Working Group Technical Report No, AN-1. 2, January 17,
1967,

Lunar Excursion Module Primary Guidance, Navigation and Control

Subsystem, Equipment (GFE) Performance and Interface Specification,

LSP-370-3, Grumman Aircraft Engineering Corporation, (C).

Primary Guidance, Navigation, and Control System for Lunar
Excursion Module, Part I, MEI No., 6015000, M. I T., October 15,
1965, (C).

Inertial Orientation of the Moon, R.C. Hutchinson, M, L T.
Instrumentation Laboratory, Report No. R-385, October, 1962,

Explanatory Supplement to the Astronomical Ephemeris and the

American Ephemeris and Nautical Almanac, 1961,
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9. JPL Ephemeris Tape E-9511.

10. Approximate Method of Sun - Moon Location, H. McOuat, M. I. T.
Guidance Monitor System Note #13, December, 1965,

11. NASA letter of direction to M. I. T. 67-FS55-91-329,

12, The Fixed Memory Constants in the Conic Subroutines, W.M.Robertson,
M. I T. SGA Memo No, 8-68, March 26, 1968,

13« GAEC-MIT Interface Document, LID280-10004, IMU-AQOT-NVB-PTA
Installation.,

14, SCN 22-44, Specification Change Notice for LLSP-370-3 (Reference 5).

15. SCN 22-50, Specification Change Notice for LLSP-370-3 (Reference 5).

16, SCN 22-40, Specification Change Notice for LLSP-370-3 (Reference 5).

177 Universal Mission Modular Data Book, LED-500-19, Grumman
Aircraft Engineering Corporation, October 15, 1967,

18, Result of Action by the 19th meeting of the Apollo Software Control
Board,

19, PCR 612. 1, Raise Thresholds for Delta V Monitor, October 28, 1968.

20. PCR 587.1, APS and DPS Tail Off Constants, October 4, 1968.
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5. 8.3 Comments on Fixed Constants

1 The quantity € is the limit used for the minimum time step in
the Coasting Integration Routine. When the time step drops below

€4 the routine is terminated.

3. The values given for the fixed constants used in the Planetary
Inertial Orientation Subroutine (Section 5. 5. 2) are obtained by
using Chapter 4 of Reference 7 and Sections 4C and 11D of
Reference &,

4, The Lunar and Solar Ephemerides (Section 5. 5. 4) are based upon
the technique given in Reference 10, The fixed constants were
determined from various data points on the JPL Ephemeris Tape
E-9511 (Reference 9 ).

o, The quantity TSS is a rough estimate of the time between the

initiation of the Star Selection Routine in the Fine Alignment

Routine (R-51) and the midpoint of the optical sightings on the

two celestial bodies.

6. The quantity K is the scale factor used to determine the number
of bits to be sent to the RR CDU's during RR target designation,
This scaling is applied to the angular difference between the
present and desired pointing directions of the RR. No more than
384 bits are sent to an RR CDU because of saturation conditions.
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The direction of each of the 37 navigation stars in Fig, 8-1 is
expressed as the coraponents of a unit vector in the Basic
Reference Coordinate System. These star directions are the
mean places of the stars at the beginning of the Besselian year

1969, The term "mean place' is defined in Reference 8, The e

star directions were computed by M., I. T. using essentially the °

same technique employed by the Nautical Almanac Office,

The AVK (DPS) values and AVK (APS) value are given in °
Reference 19, Two values are given for AVK (DPS), depending

on spacecraft configuration, The values were selected to be

between the maximum possible ullage acceleration and minimum

anticipated main engine acceleration.
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