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Date: 15 December, 1968

REVISION INDEX COVER SHEET
GUIDANCE SYSTEM OPERATIONS PLAN

GSOP #R-577 Title: For Manned CM Earth Orbital and

Missions Using Program Colossus I

Revision 237 and Colossus IA Revision 249

Section # 5 Title: Guidance Equations (Revision 4)

This revision of GSOP R-577 describes the guidance equations utilized
in Programs Colossus I (Rev, 237) and Colossus IA (Rev. 249). This
revigion of R-577 differs from the previous revision only by the addition
of pages designating the differences between Colossus I and IA and the
correction of a GSOP error. These pages are 5. 1-38A, 5,6-824,
5.8-2B, 5.9-2A and 5.9-12 as authorized by PCR's 250, 544, 602,

and 611,

PCR and PCN changes are indicated by denoting the applicable number
at the bottom of the page and indicating the location of the change by a
black line I on the side of the page. Editorial corrections (not covered
by PCR or PCN) are denoted by black dots : .

Below is a list of the PCR's and PCN's incorporated in this GSOP. In

addition, for convenience, the PCR's and PCN's included in previous

issues are listed,
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PCR - (PCN*) TITLE

Incorporated in Revision 1

3 Attitude Error Display During First 10 Seconds
of Launch (P-11)
60. 1 30° - 76 Star Selection Capability in Auto
Optics
63 Delete TLI Program
64 Add v, h and h Display to P-47
80,3 * State Vector Synchronization
81 AUGE-KUGEL Coefficient Change
87 * Initiation of Average-G Routine
88.1 Navigation Filter Variances Shifted to Erasable
Memory
94 * Entry Guidance Logic Modifications
108 * P-37 Description Modification
108 * Cross Product Steering Constant ¢ Clarification
130 Backward Integration at Lunar Sphere of Influence
1463 =* Emergency Termination of Integration Function
149 * Low Altitude, High Inclination Correction in P-37
155 Lift-Vector-Up Roll Attitude When Drag Less
Than 0, 056 g's
160 * Return-to-Earth Targeting Constants
166 * Correct Setting of QRBW Flag (Partial)
168 * IMU Error Variance Correction
i71.1 =* Targeting Interface with P-40 and P-41
173.1  * RMS Position and Velocity Error Display
176 A N-Second Lambert Cycle Updates
183.2 =* Section 5 Control Data Update
193 ® Low Thrust Detection Modification
199 * Section 5 Update Based on MIT and MSC Reviews
200 * P-61 Title Change to Entry Preparation Program
404 * Lunar Landmark Selection Routine Equation
Modification
vi
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PCR - {PCN¥%)

176
198
220
226

439.1

4432
462
465
468
485
491
501
5056
5086

*

PCR - (PCN%)}

166
231
507, 1
509
510
517

*

*

Incorporated in Revision 2

N-Second Lambert Updates { Reworked)
GSOP Update Section 4

Colossus Entry Logic Modifications
Change Priority Displays from 5 seconds to
2 seconds

Downgrade Preferred Orientation Flag
P-37 V-Gamma Polynomial Coefficients
Lambert Error in P-17

Resetting of VHFRFLAG and STIKFLAG
Change R~-32 to Program P-76

Increase Eniry Steering DAP Damping
Longer wait periods in R-22

Low Thrust Threshold in Erasable

SPS Engine Mechanical Bias

Correction to Time of Flight Calculation in
P-61

Incorporated in Revigion 3

Correct Setting of ORBW Flag {Complete)
Redefine P-41 Preferred Orientation
Termination of Integration

Eliminate P11 Interlock in R30

Account for 7,96 sec. of Ullage

No 90° Alarm for Trunnion Angle

vii
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PCR - (PCN%*)

518
521
522
524

525

526
528
529
570
573.1
590
597
621
626
628

*

EE

+*

PCR - (PCN¥%)

250
544
602

611

3*

Incorporated in Revision 3

Calculation of ¢ in R34

Change C Steering Constant in P37

Put COAS Variance in Erasable

Provide MAX Display for Perigee and Apogee
in P30, P31, R30

Increase Altitude above Earth for Disturbing
Acceleration

Variance for Integration Errors in Navigation
Display Change in P67

Inhibit Lateral Switch in P65

GSOP Change in R22

Definition of AX and AY in GSOP

GSOP Error in Time-to-Go

Advanced Ground Track Error

Correct SPS Engine Data

Engine Flag in P37

COLOSSUS GSOP Section 5 Update

Incorperated in Revision 4

MDOT in Erasable (Colossus IA)
Correction to Fixed Memory Constant
Permanent LM State Vector Update with
SURFFLAG Set (Colossus IA)

Use 6-Dimensional Matrix for V&7

Computations (Colossus IA)

viii
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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 the CSM
Apollo Lunar Landing Mission, These Routines are utilized by
the Programs outlined in Section 4 where astronaut and other
subsystem interface and operaticonal requirements are described.
The guidance and navigation equations and procedures presented
in Section 5 are primarily concerned with mission type programs
representing the current CSM GNCS Computer (CMC) capability.
A restricted number of CMC service type program operations

which involve computation requirements are also included.

The CSM GNCS Computer (CMC) guidance and naviga-
tion equations for the lunar landing mission are presented in the

following six categories:

Section 5, 2 Coasting Flight Navigation Routines

Section 5, 3 Powered Flight Naviggilon and

Guidance Routines ﬁ
Section 5, 4 Targeting Routines 3 N
)

Section 5. 5 Basic Subroutines

%
Ty

7 %

Guidance equation parameters required for program imfiag{}a-

-

Section 5. 6 General Service Routines ¢
©

Section b, 7 Entry Guidance

tion and operation are listed in Section 5. 8. These seldcted

parameters are stored in the CMC erasable memory, ral
constants used in the equations of this volume are presen in

Section 5.9, -

9,1-1
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A complete table of contents for Section 5 is presen-
ted in the following Section 5.1,2.1. A cross-reference be-
tweenthe CMC programs and routines of Section 4 that are
described in Section 5 is listed in Section 5.1.2.2. In the fol-
lowing Section 5 table of contents and text, missing section
numbers correspond to COLOSSUS programs that have been
deleted from the previous Section 5 GSOP's by MSC direction
resulting from the CMC Fixed Memory Storage Review Meeting
of August 28, 1967, and subsequently approved Program Change
Requests ( PCR ) by the Software Change Control Board (SCB).

The principal authors contributing to this Section 5

were: T. Brand
G, lLevine J. M. Reber
W, Marscher W, Robertson
R. Morth N. Sears
R, Phaneuf W, Tempelman
I’, Phiiliou R. White

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 CSM Lunar Landing Mission, using COLOSSUS,
including GNCS interfaces with the flight crew and Mission Con-

trol Center.

Revisions to this plan which reflect changes in the

above control items require NASA approval.

5,1-2

Rev, 3 - 11/68



5.1.2

5,1.2.1

TABLE OF CONTENTS

Section 5 Table of Contents

SECTION NO. TITLE
5.1 Introduction
5. 1.1 General Comments
5.1.2 Table of Contents
5.1.3 General Program Utilization
5. 1. 4 Coordinate Systems
5.1.5 General Definitions and Conventicns
9.2 Coasting Flight Navigation
5.2.1 General Comments
5.2.2 Coasting Integration Routine
5.2.2.1 General Comments
5.2.2,2 Encke's Method
5.2,2,3 Disturbing Acceleration
5.2.2.4 Error Transition Matrix
9.2. 2.5 Numerical Integration Procedure
5.2.2.6 Coasting Integration Logic
5.2.3 Measurement Incorporation Routine
5.2.4 Orbit Navigation Routine
5.2.4.1 L.andmark Tracking Procedure
5.2.4,2 State Vector Update from Landmark
Sighting
5.2.4.3 L.anding Site Designation
5. 2.4.4 Landing Site Offset
9.2.4.5 Orbit Navigation Logic

5.1-3
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SECTION NO. - ' TITLE
5.2.5 Rendezvous Navigation Program
5.2.5.1 Target Acquisition and Tracking
9. 2. 9.2 Rendezvous Tracking Data Processing
Routine
5. 2.6 Cislunar-Midcourse Navigation Routine
9, 2. 6.1 General Comments
2, 2. 6.2 Star-Landmark Measurement
5. 2. 6.3 Star-Horizon Measurement
9. 2. 6.4 Angle Measurement Processing Logic
5. 3 , . . Powered Flight Navigation and Guidance
9.3.1 General Comments
5.3.2 Powered Flight Navigation - Average G Routine 5
5,3.3 Powered Flight Guidance Using Cross Product
Steering
5.3.3.1 Introduction
5.3.3.2 Powered Flight Guidance Computation
Sequencing
5.3.3.3 Pre-Thrust Computations
5.3.3.4 Cross Product Steering Routine
5.3.3.5 Velocity-to-be-Gained Routine
5.3.4.86 SPS Thrust Fail Routine (R-40)
5.3.4 Thrust Monitor Program
5,3,0 Earth Orbit Insertion Monitor Program-P-11
5.3.5.1 Introduction
5.3,5,2 Nomenclature for P-11
5,3.5.3 Time Sequencing of P-11 Subroutines
5.3.5,4 Time Subroutine
5,3.5.5 State Subroutine
5,3.5.6 Display Subroutine

5,1-4
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9. 2-63
5. 2-63

2.2-70

9. 2-84
5, 2-84
5, 2-84
5. 2-87

5. 2-94



SECTION NO,

5.4

TITLE

Targeting Routines

5.4.1

5.4, 4
5.4.4,1
9.4, 4,2
5.4.4,3
5.4. 4.4
5.4. 4.5

5,4, 5
5,4,5.1
5.4.5.2
5.4.5.3
5.4.5. 4

5.4.5.5

General Comments

Rendezvous Retrieval Targeting
General
Pre-TPI Maneuver
Rendezvous Midcourse Maneuver
TPI Search Program
Stable Orbit Rendezvous

Return to Earth Targeting
Introduction
Program Input-Qutput
General Computational Procedure
Logical Description

Detailed Flow Diagrams

Basic Subroutines

2. 9. 1.1

9. 5.1.2

General Comments

Solar System Subroutines

Conic Trajectory Subroutines
Planetary Inertial Orientation Subroutine
Latitude-Longitude Subroutine
Lunar and Solar Ephemerides
Kepler Subroutine

Lambert Subroutine

5,1-5
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5.4-10
5.4-13
b.4-23
9. 4-31
5,4-31
5. 4-34
5. 4-36
5. 4-46
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SECTION NO. TITLE PAGE

5,5.7 Time “Theta Subroutine 5.5-34

5,5, 8 Time-Radius Subroutine 5.5-36
5.5.9 Apsides Subroutine 5. 5-39
5. 5,10 Miscellaneous Subroutines 5.5-41
9. 5. 11 Initial Velocity Subroutine 5.5-50
9.9.12 Transfer Angle Subroutine 5.5-53
5.5.13 LLOSSEM Subroutine 5. 5-55
5, 5. 14 Pericenter - Apocenter (PERIAPO) 5, 5-57
Subroutine
5. 6 _General Service Routines
5. 6.1 General Comments 5.6-1
5. 6, 2 IMU Alignment Modes 5, 6-2
5. 6, 2.1 IMU Orientation Determination 3. 6-2
Program
2.6, 2,2 IMU Realignment Program 5, 6-6
5.6.2.3 Backup IMU Orientation Determination 5. 6-12
Program
5. 6.2.4 Backup IMU Realighment Program 5.6-12
5.6.3 IMU Routines 5. 6-14
2.6.3.1 Sextant Transformations 5. 6-14
5.6,3.2 IMU Transformations 5.6-17
5.6,3.3 REFSMMAT Transformations 5.6-25
5.6, 4 Star Selection Routine 5. 6-28
9. 6.5 Ground Track Routine 5. 6-30
5, 6, 6 S-Band Antenna Routine 9. 6-31
5,16
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SECTION NO. TITLE

5)6.7 - Additional Rendezvous Displays
Range, Range Rate, Theta Display
Range, Range Rate, Phi Display
Final Attitude Display

Out-of -Plane Rendezvous Display

=1 =3 =3 =3
B W DN

5.6.8 Automatic Optics Designate Routine

General

.
[ =T

Line-of-Sight Subroutine
6.8.3 Command Subroutine

5.6.9 TLunar Landmark Selection Routine

5.6.10 Orbit Parameter Display Computations

5.6,.10.1 The Orbital Parameter Display
Routine R-30

5.6.10.2 Splash Error Computation Subroutine
DELRSPL

5.6.10.3 Maneuver to CM/SM Separation Attitude
Prior to Entry Preparation Program
{(P-61) Displays

6.10.4 TFF Subroutines
6,10.5 Equations used in Calculating the
Conic Time of Flight
5.6.10.6 CM/SM Separation and Pre-Entry

Maneuver Program (P-62) Display
of IMU Gimbal Angles

5.6,11 LGC Initialization

5.6.12 CMC Idling Program

5.6.13 IMU Compensation

5.6.14 Target AV Program

5.6,16 RMS Position and Velocity Error Display
5.7 Entry Guidance
5.8 Erasable Memory Parameter List
5.9 Fixed Memory Constants

5.9.1 Fixed Constants

5.9.2 References for Fixed Constants

5.9.3 Comments on Fixed Constants

5.1-7
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5.1.2,2

PROGRAM

NUMBER

P-60

P-11

P-17

P-20

P-21

p-22

P-23

P-30

P-31

P-34

P-35

Sections 4 and 5 Cross Reference

TITLE

CMC Idling Program

Earth Orbit Injection (EQI)
Monitor Program

CSAM TPI Seareh Program
Rendezvous Navigation Program

Ground Track Determination
Program

Orbital Navigation Program
Cislunar Navigation Program
External AV Maneuver Guidance

Lambert Aim Point Maneuver
Guidance

Transfer Phase Initiation {(TPI)
Guidance

Transfer Phase Midcourse
(TPM) Guidance

Return to Earth Maneuver
Guidance

Stable Orbit Rendezvous
Guidance

Stable Qrbit Rendezvous Mid-
course Guidance

5,1-8
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PROGRAM ~
NUMBER

P-40
P-41
P-47
P-51
P-52

P-53

P-54

P-61

P-62

P-63
P-64
P-65
P-66
P-67

P-74

P-76

P-77
P-78

P-79

TITLE

SPS Thrust Program

RCS Thrust Program

Thrust Monitor Program

IMU Orientation Determination
IMU Realignment Program

Backup IMU Orientation
Determaination

Backup IMU Realignment Prog,
Entry Preparation Program
CM / SM Separation and Pre-
Entry Maneuver

Entry Initialization

Post 0.05 G Entry Mode

Up Control Eniry Mode
Ballistic Entry Mode

Final Entry Mode

LM Transfer Phase Initiation
(TPI) Targeting

LM Transfer Phase Midcourse
{TPM) Targeting

Target AV Program

LM TPI Search Program
LM Stable Orbit Rendezvous

LM Stable Orbit Rendezvous
Midcourse Targeting

9.1-9
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SECTION 5
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5.3.4
5.6.2.1
5,6,2,2

5.6.2.3

5.6.2.4

5.7

5,4,4.2

2,4.4.3

5.6.14

5.4,4,4
5.4,4,5

5.4.4,5,3

PAGE
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2. 6-78
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ROUTINES

R-05

R-21

R-22

R-35

R-36

R-40

R-41

R-00
R-52

R-53

R-54
R-55
R-56
R-61

R-63

TITLE

S5-Rand Antenna

Rcndezvous Tracking Sighting
Mark

Rendezvous Tracking Data
Processing

Backup Rendezvous Tracking
Sighting Mark

Orbit Parameter Display

Rendezvous Parameter Display
Routine Number 1

Rendezvous Parameter Display
Routine Number 2

Lunar Landmark Selection

Rendezvous Qut-of -Plane
Display

SPS Thrust Fail Routine

State Vector Integration ( MID
to AVE ) Routine

Coarse Align
Automatic Optics Positioning

Sighting Mark

Sighting Data [risplay

Gyro Torquing

Alternate LLOS Sighting Mark
Tracking Attitude

Rendezvous Final Attitude

5.1-10
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9.1.3 GENERAL PROGRAM UTILIZATION

The following outline is a brief summary of the major
CMC programs and callable routines that would be used in the
principal phages of a lunar landing mission. This outline reflects
the CMC capability for the nominal and abort cases of such a

mission.

I Earth Orbit Injection (EQI) Phase

A) Nominal

P-11 Earth Orbit Insertion (EQI) Monitor

Program

B) Abort to Entry

P -61 Entry Preparation Program

P - 62 CM/ SM Separation Maneuver Program
P - 63 Entry Initialization Program
P - 64 Post 0,05 G Entry Program

P - 67 Final Entry Phase Program

5,1-11
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11, Earth Orbit Phase

A)

B)

lﬂ_o_zr_linal

P-217 CMC Update Program {Staie vector
update ).

R-30 Orbit Parameter Display Routine

Aborts to E_r}tg

1. RTCC Targeted Abort

P-27 CMC Update Program (De-orbit
targeting).

P-30 External AV Maneuver Program

{De-orbit)
{or)

P-31 Lambert Aim Point Maneuver Pro-
gram (De-orbit}

P40
SPS or RCS Thrust Program

P-41

P-61

P-62

P-63 , Entry Programs

P-64

P-67

5,1-12
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IT Earth Orbit Phase (cont)

B.

C)

Aborts to Entry

2,

P

CMC Targeted Abort

22 Lunar Orbit Navigation Program
(Earth Mode)

21 Ground Track Program

317 Return to Earth Program ( Targeting
and Pre-Thrust)

40
} SPS or RCS Thrust Program
41

61 )
62
63 r Entry Programs

64

67

Service Programs ( Nominal and Abort Cases)

P - 52 IMU Realignment Program

P-00 CMC Idling Program

R - 30 Orbit Parameter Display Routine

5,1-13
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111 Trans-Lunar Injection { TLI} Phase

A Nominal

P-4y Thrust Monitor Program (TLI

Maneuver Monitoring )

B) Aborts to Earth Entry

1. RTCC Targeted Abort

P - 27 CMC Update Program (Return to

earth maneuver targeting).

P - 30 External AV Pre-Thrust Program

P - 31 Lambert Aim Point Pre-Thrust

Program

P - 40
SPS or RCS Thrust Program
P - 41

P - 61
to } Eniry Programs
P - 67

5.1-14
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III Trans-Lunar Injection { TLI) Phase (cont)

B)

C)

Aborts to Entry

2. CMC Targeted Abort

P -23 Cislunar Navigation Program
P - 37 Return to Earth Program { Targeting

and Pre-Thrust)

P-40
} SPS or RCS Thrust Programs

P - 61
to } Entry Programs
P - 67

Service Programs Used in Abort Cases

P - 51 IMU Orientation Determination
P - 52 IMU Realignment Program

P - 06 GNCS Power Down

P -00 CMC Idling

9.1135
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v Trans-Lunar Phase

A)

B)

Nominal (Midcourse Correction Maneuvers)

P - 27 CMC Update Program (State vector
update and ciglunar MCC maneuver

targeting).
P> - 30 External AV Pre-Thrust Program

or
P - 31 IL.ambert Aim Point Pre-Thrust

Program

P - 40
SPS or RCS Thrust Program
P - 41

P - 47 ‘Thrust Monitor Program (Manual

Transposition and Docking Maneuver)

Aborts to Earth Entry

1, RTCC Targeted Abort

P - 27 CMC Update Program (Return to earth

maneuver targeting).
P6r30 External AV Pre-Thrust Program

P - 31 Lambert Aim Point Pre-Thrust

Program

P - 40
SPS or RCS Thrust Program
P - 41

5,1-16
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v Trans-Lunar Phase {cont)

B)

C)

Aborts

to Earth Entry

2. CMC Targeted Abort ( Limited Capability )

P - 23 Cislunar Navigation Program

P - 37 Return to Earth Program Targeting
and Pre-Thrust ( Capability limited
to ocutside lunar sphere of influence)

P - 40

} SPS or RCS Thrust Programs
P - 41
P -61
to } Entry Programs

P - 67

Service Programs for Nominal and Abort Cases

P - 06 GNCS Power Down

P - 51 IMU Orientation Determination

P - 52 IMU Realignment Program

P - 00 CMC ldling Program

R - 05 S-Band Antenna Routine

5.1-17
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Lunar Orbit insertion (LOI) Phase

A)

B)

Nominal

P - 27

P - 30
P - 31
- 40

CMC Update Program (State vector

update and L.OI maneuver targeting).

External V Manecuver Program
(Second LOI Maneuver)
Lambert Aim Point Pre-Thrust

Program (First LOI Maneuver)

SPS Thrust Program

Aborts to Return to Earth Trajeclory

1. RTCC Targeted Abort

P - 27
P - 30
P - 3i
P - 40

CMC Update Program (Return to earth

maneuver targeting).

External AV Pre-Thrust Program
{To establish safe lunar orbit if

required)

Lambert Aim Point Pre-Thrust
Program (TEI}

SPS Thrust Program

5.1-18
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Lunar Orbit Insertion ( LOIL) Phase (cont)

B)

C)

Aborts to Return to Earth Trajectory

2,

CMC Semi-Controlled Abort { L.imited Capability)

22 Lunar Orbit Navigation Program

21 Ground Track Program

35 Lunar Landmark Selection Routine

27 CMC Update Program (TEI targeting).

31 Lambert Aimm Point Pre-Thrust
Program {TEI)

40 SP5 Thrust Program

d"'v

Service Programs foé‘omi‘yl and Abort Cases

%

P - 52 IMU Realignm T am

R - 05 S-Band Antenna Ro

5.1-19
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VI Lunar Orbit Phase Prior to LM Descent Orbit Injection

A)

B)

Nominal

P -

22 Lunar Orbit Navigation Program

21 Ground Track Program
35 Lunar Landmark Selection Routine

27 CMC Update Program (Lunar Landing
timing and targeting parameters)

33 CMC/LGC Clock Synchronization

Routine

76 Target AV Program (I.M Separation)

P - 47 Thrust Monitor Program (CSM Separation)

P_

20 Rendezvous Navigation Program
{(Tracking Mode only for LM RR
Check -Qut)

Aborts to Return to Earth Trajectory

i.

P_

P -

P..

RTCC Tarpgeted Abort

27 CMC Update Program (TEI targeting

and State vector update).

31 Lambert Aim Point Pre-Thrust
Program (TEI)

40 SPS Thrust Program

5.1-20
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Vi Lunar Orbit Phase Prior to LM Descent Orbit In-

jection (cont)

B)

C)

Aborts to Return to Earth Trajectory

2. CMC Semi-Controlled Abort { Limited

Capability )

P - 22
P -21
R - 35
P - 27
P-31
P - 40
P - 47

Lunar Orbit Navigation Program
Ground Track Program

Lunar Landmark Selection Routine
CMC Update Program (TEI targeting)

Lambert Aim Point Pre-Thrust
Program { TEI)

SPS Thrust Program

Thrust Monitor Program ( TEI by
DPS Case)

Service Programs for Nominal and Abort Cases

P-06
P - 51
P - 52
P - 00
R - 05
R - 30

GNCS Power Down

IMU Orientation Determination
IMU Realignment Program
CMC Idling Program

S-Band Antenna Routine

Orbit Parameter Display Routine

5.1-21
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VI LM Descent Orhit Injection (DQOI), Descent Coast and

Landing Phases

A)

B)

Nominal

P - 20 Rendezvous Navigation Program
{ Tracking attitude and monitoring

only)

Aborts to Rendezvous Condition

1 1.M Active Vehicle

P - 20 Rendezvous Navigation Program
P -76 Target AV Program

P - 74 L.M TPI Targeting Program
( Monitoring or commands via voice
link)

P - 75 LM TPM Targeting Program
(Rendezvous NMCC monitoring or

commands via voice link)
P - 77 TPI Search Program (LM mode)

P - 78 LM Stable Orbit Rendezvous Targeting

Program

P - 79 LM Stable Orbit Rendezvous Midcourse

Targeting Program

P - 21 Ground Track Program
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VI LM Descent Orbit Injection {(DOI), Descent Coast
and Landing Phases {cont)
B) Aborts to Rendezvous Condition
2. CSM Active Retrieval
P - 27 CMC Update Program (State vector
update and phasing maneuver target-

ing if required)
- 20 Rendezvous Navigation Program
- 30 External AV Pre-Thrust Program
- 17 CSM TPI Search Program
21 Ground Track Program
- 34 TPI Pre-Thrust Program
- 35 TPM Pre-Thrust Program

- 38 Stable Orbit Rendezvous Program

i6v IS o R o R s B v L I ©

- 39 Stable Orbit Rendezvous Midcourse

Program

P -40
SPS or RCS Thrust Programs

P - 47 Thrust Monitor Program ( Manual

terminal rendezvous maneuver )

C) Service Programs

P -52 IMU Realignment Program

R -131 Rendezvous Parameter Display
Routine No, 1

R - 34 Rendezvous Parameter Display
Routine No, 2

R - 36 Out of Plane Rendezvous Display
Routine
- 63 Rendezvous Final Attitude Routine

-00  CMC Idling

05 S-Band Antenna Routine

v I~ L s R
1

- 30 Orbit Parameter Display Routine
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VIII

Lunar Stay Phase to LM Ascent Launch

A)

B)

_Nggninal
P - 22
P -21
R - 35
P - 27
P - 31
(or)
P - 30
P - 40

P - 20

Lunar Orbit Navigation Program
{for landing site surveillance and
CMC update if desired)

Ground Track Program
Lunar Landmark Selection Routine

CMC Update Program
{LLM launch time update and Lunar

Orbit Plane Change LOPC, targeting),

Lambert Aim Point Pre-Thrust
Program (LOPC)

External AV Pre-Thrust Program
{(LOPC)

SPS Thrust Program

Rendezvous Navigation Program
(Tracking attitude and monitoring

only)

Service Programs

=5 S~ A v B o v
o
o

Rev,

IMU Orientation Determination
IMU Realighment Program
CMC Idling Program

5-Band Antenna Routine

Orbit Parameter Display Routine
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LM Ascent and Rendezvous Phase

A) Nominal

P - 20 Rendezvous Navigation Program
(Preferred Tracking Attitude during
LM launch)
P - 27 CMC Update Program
{or) LM injection

state vector
P - 176 Target AV Program

P - 20 Rendezvous Navigation Program (LM
state vector updating)
R - 32 Target AV Routine
P-74 LM TPI Targeting Program (Monitoring)
P-175 LM TPM Targeting Program (Monitoring)
P -178 .
LM Stable Orbit Rendezvous Programs
P - 179 {Monitoring)
P-21 Ground Track Program

B) Aborts to Rendezvous Condition

1. LM Active Vehicle

P - 27 CMC Update Program (State vector

updates)
P - 20 Rendezvous Navigation Program
P - 176 Target AV Program
P-174 LM TPI Targeting Program (Monitoring)
P-175 LM TPM Targeting Program (Monitoring)
P -8 LM Stable Orbit Rendezvous Programs
_ 19 (Monitoring)

P - 21 Ground Track Program

P-171 LM TPI Search Program
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LM Ascent and Rendezvous Phase (cont)

133

Aborts to Rendezvous Conditions

2.

P_

9 " " wow o ow"oTwowow
1

CSM Active Retrieval

27 CMC Update Program (State vector updates

and phasing maneuver targeting if required)
20 Rendezvous Navigation Program

30 External AV Pre-Thrust Program
(Targeted from RTCC or LGC)

17 CSM TPI Search Program

38 Stable Orbit Rendezvous Program

39 Stable Orbit Rendezvous Midcourse Program
21 Ground Track Program

34 TPI Pre-Thrust Program

35 TPM Pre-Thrust Program

40
SPS or RCS Thrust Programs
41
47 Thrust Monitor Program (Manual terminal

rendezvous maneuver)

Service Programs for Nominal and Abort Cases

P_

B -

Eo T = VIR~ v o

52 IMU Realignment Program
05 S-Band Antenna Routine

31 Rendezvous Parameter Display
Routine No. 1

34 Rendezvous Parameter Display
Routine No, 2

36 Out of Plane Rendezvous Display Routine
63 Rendezvous Final Attitude Routine
30 Orbit Parameter Display Routine

00 CMC Idling Program
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Lunar Orbit Phase Prior to TEI

A} Nominal

P - 27 CMC Update Program (State vector update)

(or)
P - 22 Lunar Orbit Navigation Program
P-21 Ground Track Program
R - 35 Lunar Landmark Selection Routine
P - 52 IMU Realignment Program
P - 00 CMC Idling Program
P - 47 Thrust Monitor { Manual CSM-LM

Separation Maneuver )

B} Aborts Prior to Nominal TEI

P - 27 CMC Update Program (State vector update)
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XI Trans-Earth Injection ( TEl) Phase

A Nominal

P - 27 CMC Update Program (TEI target para-

meters for P-31}

P - 31 Lambert Aim Point Pre-Thrust Program

P - 40 SPS Thrust Program

B} Aborts to Earth Return Trajectory

Same as nominal case

No CMC targeting capability
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X1 Trans-Earth Phase Midcourse Correction Maneuvers

A)

B)

C)

Nominal

P - 27

P61"31
P - 30
P - 40

P -41

!

CMC Update Program (Cidlunar midcourse
correction maneuver targeting)

Lambert Aim Point Pre-Thrust Program
External AV Pre-Thrust Program

SPS or RCS Thrust Program

Aborts to Maintain Earth Return Trajectory

(CMC Limited Capability)

23

37

40

41

}

Cislunar Navigation Program

Return to Earth Program
( Outside lunar sphere of influence only)

SPS or RCS Thrust Programs

Service Programs for Nominal and Abort Cases

T % 9 7T 4w

06
51
52
05
00

GNCS Power Down

IMU Orientation Determination
IMU Realignment Program
S-Band Antenna Routine

CMC Idling Program
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XIII Entry Phase

A) Nominal

P -61 Entry Preparation Program
P - 62 CM/ SM Separation Maneuver
P - 63 Entry Initialization

P - 64 Post 0.05 G Entry Phase

P - 65 Entry Up Control Phase

P - 66 Eniry Ballistic Phase

P - 67 Final Entry Phase
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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, 9, 2 where applicable., Any
other coordinate system used in any particular CMC program is de-

fined in the individual section describing that program.

5,1.4.1 Basic Reference Coordinate System

The Basic Reference Coordinate System is an orthogonal
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 (P-XI)
is along this intersection with the positive sense in the direction of
the ascending node of the ecliptic on the equater (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 Section 5, 9,2 as Standard Coordinate
System 4, Geocentric Inertial in Fig, A-4.

This coordinate system is shifted from earth-centered
to moon-centered when the estimated vehicle position from the moon

first falls below a specified value r , and is likewise shifted from

moon-centered to earth-centered wggrll-lthe estimated vehicle position
from the moon first exceeds spH* This procedure is described in
Section 5.2.2.6 and Fig, 2,2-3, All navigation stars and lunar-solar
ephemerides are referenced to this coordinate system, All vehicle

state vectors are referenced to this system,

5.1,4,2 IMU Stable Member or Platform Coordinate System

The orthogonal inertial coordinate system defined by the
GNCS 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 5.6,3.3

are summarized below and designated by the subscript SM:

5.1-31

Rev, 3 - 11/68



1. Preferred Alignment
sy UNIT(EXSMXE) (1.4.1)
UzsM = Zxsm X Zysm

where;
UxsMm
_ IMU stable member coordinate unit vectors
UysM referenced to the Basic Reference Coordinate
s o System
Xp = vehicle or body X-axis at the preferred

vehicle attitude for ignition

r = position vector at ignition

2, Nominal Alignment { Local Vertical)

Uxsm = (Yysm X Bzsm!

Uygy = UNIT (v X 1) (1.4.2)

u ey = UNIT (-r)

where r and v represent the vehicle state vector at the

alignment time, t

3.

align®

Earth Pre-launch Alignment

Prior to earth launch the IMU stable member is aligned
to a local vertical axis system where

Uzong = UNIT ¢ 'E) (local vertical)

Yo = UNIT (A) where A is a horizental vector pointed

at the desired launch azimuth angle,

Uysm - Yzsm * Yxsm
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4. Lunar Landing Alignment

EXSM = UNIT (ELS) at tL
Yoram © UNIT [(EC X XC) X EXSM] {1.4.3)
Yyswm - Yzsm X YxsMm

where rig is the lunar landing site vector at the predicted
landing time, tI_,’ and reo and Vo are the CSM pesition and
velocity vecters, as maintained in the CMC.

5, Lunar Launch Alignment

The same as that defined i-rﬁq. (1.4.3)except that
r; 5 is the landing or launchefhe sﬁthe predicted
launch time tL. < &

0 )

The origin of the IMU Stable Member@o%‘mate 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 theQ'thogonal

coordinate system used for the CSM structural body, The origin of

this coordinate system is on the longitudinal axis of the CSM, 1000
inches below the mold line of the heat shield main structure ablator
interface, The X-axis (EXB) lies along the longitudinal axis of the
vehicle, positive in the nominal SPS$ thrust direction. The positive
Z-axis (EZB) is defined by an alignment target (labeled +Z) at the top
of the service module and is normal to Uy g
pletes the right-handed triad, This coordinate system is defined in
Ref, 1 of Section 5, 9,2 as the Standard Coordinate System 8c, CSM

Structural Body Axes in Fig, A-8c,

The Y -axis (EYB) com-~-
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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 Section 5,9, 2
as the Standard Coordinate System 1, Geographic Polar in Fig. A-1,
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 -axig 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 Section 5,9.2
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 equa-
torial 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 (subscript NB}
is an orthogonal coordinate system whose orientation is essentialiy

parallel to that of the CSM Vehicle Coordinate System. The YNB axis

is defined by the centers of the two upper mounts between GNCS
navigation base and the CM structure located at vehicle station points
XC = 71,185 and ZC = 35,735 in Ref, 13 of Section 5, 9,2, The

positive YNB direction is in the same general direction as the CSM

+Y axis. The ZNB axis is defined as a line measured from the center

line of the optics (shown in Section A-A of Ref. 1) through an angle of
t [N

32° 31 23,19 about the Y

located on the Y axis half way between the mount points, The

NB
axis is in the same general direction as the vehicle +Z

axis towards the vehicle +Z axis, and

positive ZNB

axis, The XNB axig is defined as XNB X %NB toc complete the right-
handed triad,
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3.1.5 GENERAL DEFINITIONS AND CONVENTIONS

In this section the definitions of and the conventions
for using a selected number of parameters are given, Although
virtuaily 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,

5,1.5.1 Error Transition Matrix Maintenance

9.1.5.1,1 Definitions

The error transition matrix (W matrix) is defined in
Bection 5, 2,2, 4 and is used in processing navigation measure-
ment data, Control of the W matrix is maintained by means of
two flags, RENDWFLG (see Section 5.2.5.2,2) and ORBWFLAG
(see Sections 5,2,4,5 and 5,2,.6.4). If RENDWFLG is equal to
one, then the W matrix is valid for processing rendezvous navigation
data; while ORBWFLAG being equal to one indicates that the
W matrix is valid for processing orbit or cisiunar-midcourse
navigation data. If both of these flags are equal to zero, then
the W matrix is invalid, These two flags are mutually exclusive;

that is, they cannot both be equal to one,

5,1,5,1,2 W Mairix Control Flags

The two W matrix control flags are maintained according

to the following rules;

1. RENDWFLG and ORBWFLAG are both initially

Zero,
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2. A CSM state vector update from the ground causes
both flags to be zeroed.

3. A LM state vector update from the ground causes
RENDWFLG to be zeroed.

4. There exists a special DSKY verb by which the
astronaut can zero both flags, and a procedure for

zeroing either one (See Section 5. 6. 16).

5., Indication to the CMC by the astronaut that the
.M is on the lunar surface causes RENDWFLG

to be zerced,

6. Initialization of the W matrix for rendezvous
navigation causes ORBWFLAG to be zerced and
RENDWFLG to be set 1o cone,

7. Initialization of the W matrix for orbit or
cislunar-midcourse navigation causes RENDWFLG
to be zeroed and OCRBWFLAG to be set to one,

With regard to the last two items 6 and 7 above, there
exist in erasable memeory three sets of initialization parameters
for the W matrix: one for rendezvous navigation, one for orbit
navigation, and one for midcourse navigation. Eachof these sets contains
two elements, a positicn element and a velocity element. At the time
each item of navigation data is processed, the appropriate
W matrix control flag is tested. If the flag is found to be zero,
then the W matrix is initialized consistent with the appropriate
erasable parameters, and the flags are set as indicated in items
6 and 7. See Sections 5.2.4,5, 5.2.5.2,2, and 5,2,6,4 for

precise details of this initialization procedure,
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5,1,5,1.3 W Matrix Extrapclation

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 cccurs during programs P-00,
P-20, P-22, and P-23; and at the conclusion of programs P-40,
P-41, and P-47, The conventions under which the extrapolation

occurs during each of these programs are as follows:

P-00 : The W matrix is extrapolated with the
CSM (LM) state vector if ORBWFI.AG
(RENDWFLGY) is equal to one, The
W matrix is not extrapolated if both

flags are equal to zero, (SeeSectionb,6.12,)

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

P-22 i The W matrix is extrapolated with the

P-23 } ' CSM state vector if ORBWFLAG is
equal to 1, and not extrapolated if
ORBWFLAG is equal to zero, (See
Sections 5.2.4,5 and 5.2.6, 4, )

P-40 The result of the maneuver will be afinal
P-41 . state vector at the end-of -maneuver time
P-47 tF. The CSM state vector that existed before

the maneuver program wiil still exist; and,
cotemporal with it, there will alsobe the LM
state vector and the W matrix. Thefollowing
steps are performed after the Average-G

Routine (Sec, 5.3.2) is terminated:
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1. If either W matrix control flag is
equal to one, the old CSM state
vector and the W mairix are
extrapolated to time tF'

2. The CSM state vector is initialized

to the end-of -maneuver state vector,

3. The LM state vector is extrapoclated

to time tF'

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

will continue without the W matrix,
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COLOSSUS IA 'l A
ONLY

1. If either W matrix control flag is
equal to one, the old CSM siate
vector and the W matrix are

extrapolated to time tF‘

2. The CSM state vector is initialized

to the end-of-maneuver state vector.

3. If SURFFLAG is zero,the LM state
vector is extrapolated to time tF'
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 he receives voice confirmation
that the LM has landed on (lifted off

from) the lunar surface,

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

will continue without the W matrix.
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5.1.5,2 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

landing site radius magnitude, r in lunar orbit cases, The

Ls’
earth launch pad radius parameter, T is stored in fixed
memory, and the lunar landing site radius, TS is the magnitude

of the landing site vector, r available in erasable memory,

LS?
P-11 Earth Orbit Injection Monitor Program Section 5, 3.5
P-17&77 CSM and LM TPI Search Programs Section 5. 4. 4. 4
P-21 Ground Track Determination Program Section 5,6,5
P-30 External AV Maneuver Guidance Section 5,3.3,3,1
P-31 Lambert Aim Point Maneuver Guidance Sectionb5.3,3,3,2
P-34& 74 TPI Pre-Thrust Programs Section 5, 4, 4, 2
R-30 Orbit Parameter Display Routine Section 5,6, 15

The differential altitude, Ah, of programs P-17 and P-77 is
measured with respect to the CSM and LLM orbits at a specified
position vector,

The earth and lunar landmark coordinates required

in programs P-22 (Orbit Navigation Program )} and P-23 (Cislunar
Navigation Program )} involve an altitude parameter referenced to
the Fischer ellipsoid for earth landmarks, and the mean lunar radius,
rM, for lunar landmarks.

The 400, 000 foot and EMS altitude parameters used
in the Entry program P-61 (Section 5,6.10) are referenced to
the Fischer ellipsoid, The entry altitude of 400, 000 feet used in
the Return to Earth Guidance Program P-37 is likewise referenced

to the Fischer ellipsoid,
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5.1.5.3 Lunar Landing Site Definition

The lunar landing site is maintained in the CMC as
a vector, ELS’ in the Mcon Fixed Coordinate System of Section
5.1.4.5. This landing site vector is stored in erasable memory
prior to earth launch and can be changed in lunar orbit either by
the Orbital Navigation Program P-22 (Section 5,2.4) or by the
RTCC uplink program P-27, The final landing site vector existing
in the CSM prior to CSM-LM separation in lunar orbit is used to
initialize the LM Guidance Computer { LGC) for the LM descent
and landing phases, This ianding site initialization vector is
referred to as the most recently designated landing site in

Section 4.
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5.1.5.5 Time Definitions

Mission time t { or ground elapsed time GET) is
maintained by the Guidance Computer clock and is measured

relative to lift-off time,

The time tM is that time used to interrogate the
planetary orientation and ephemeris routines and is defined in

Section 5,5.4.

The time 1:O is that time interval between the beginning

of the ephemeris year (July 1 of the year in question) and the time
at which mission time is zeroed, Time tO is utilized in computing
tM' Shortly before launch, the mission time t is zeroed and

t0 is established utilizing the ground check-out system ACE and
the uplink {( Verb 55) and down link, Within 0.5 second of the

time the computer receives the lift-off crete, mission time

is again zeroed and tO is incremented b& elapsed time since

the last zeroing of mission time ( see prog&n PJ41 - Section 5,3.5).
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5.2 COASTING FLIGHT NAVIGATION

2.2.1 GENERAL COMMENTS

The CMC Coasting Flight Navigation Routines which are
presented in Sections 5, 2, 2 through 5,2, 6 are used during free fall
phases of the Apollo misgion, The basic objective of these navigation
routines is to maintain estimates of the position and velocity vectors
of both the CSM and the I.M, Let r and v be the estimates of a vehicle's
position and velocity vectors, respectively. Then, the six-dimensicnal

state vector, X, of the spacecraft is defined by

|~

v

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 tracking data by
the recursive method of navigation (Sections 5,2,3-5,2,6),

The Coasting Integration Routine (Section 5.2, 2) is used

by other navigation and targeting routines to extrapolate the following:

1) Present estimated CSM state vector
2) Present estimated LM state vector

3) An arbitrary specified state vector, such as the pre-

dicted result of a maneuver
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State vector extrapolation is accomplished by means of
Encke's method of differential accelerations. The motion of a space-
craft is dominated by the conic orbit which would result if the space-
craft were in a central force field, In Encke's method the differential
equations for the deviations from conic motion are integrated numeri-
cally. 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 accom-
plished by means of Nystrom's method which gives fourth-order ac-
curacy while requiring only three computations of the derivatives per
time step. The usual fourth-order Runge-Kutta integration methods

require four derivative computations per time step.

Regardless of the accuracy of the state vector extrapola-
tion, 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 estimates or modifications
to the current state vector estimates. These state vector modifications
are computed from navigation data obiained by means of navigation mea-

surements.

The CSM GNCS uses optical angle data from the scanning
telescope (SCT) and the sextant (SXT) and VHF range data to compute
state vector changes, while the LM PGNCSuses rendezvous radar (RR)
tracking data. Navigation measurement data are used to update state
vector estimates during orbit navigation, rendezvous navigation, and
cislunar-midcourse navigation procedures, These three navigation
procedures will be used normally during the lunar-orbit navigation
phase, all LLM-CSM lurar-orbit rendezvous phases, and CSM return-
to-~earth aborts, respectively, in the lunar landing mission. However,
in order to provide for alternate mission capability, the orbit and ren-

dezvous navigation procedures can be used near the moon or the earth,
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Although the state vector of the CSM is six-dimensionald,
it is not necessary that the quantities estimated during a particular
navigation procedure be the position and velocity vectors of the CSM.
A variety of "estimated state vectors', not necessarily of six-di-

mensions, are used.

In order to achieve desired landing objectives, it is
necessary to expand the lunar-orbit navigation procedure to nine di-
mensions,and to include in the estimation the position vector of the
landmark being tracked, The estimated state vector that is used in

orbit navigation is given by

& &

|+
o

where T and v are the estimated CSM position and velocity vectors

and Ty is the estimated landmark position vector,

During the rendezvous phase, the six-dimensiconal state
vector of either the CSM or the LM can be updated from the measure-
ment data obtained with the CSM-based optics. Normally the LM state
vector is updated, but the astronaut can select the CSM update mode.

The selection of the update mode is based primarily upon which vehicle's
state vector is most accurately known initially, and which vehicle is con-

trolling the rendezvous maneuvers,
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The standard six-dimensional CSM state vector is used

during cislunar-midcourse navigation,

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

ment Incorporation Routine is a subroutine of the following CMC navi-
gation routines:

1} Orbit Navigation Routine (Section 5, 2. 4)
2) Rendezvous Navigation Routine (Section 5, 2, 5)
3) Cislunar-Midcourse Navigation Routine (Section 5, 2, 6)

Simplified functional diagrams of the navigation programs which use

these routines are given in Figs. 2, 1-1, 2,1-2, and 2.1-3, respectively.

In all three navigation programs, estimated position and
velocity vectors are obtained at required times by means of the Coast-
ing 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,

5, 2-4

Rev, 3 - 11; 68



89/11 - ¢ “acy

c-z

CSM ORBIT
- Ie a - SL(
COASTING L - R -
INTEGRATION
ROUTINE
LANDMARK
POSITION, 1}
T 1
MEASUREMENT b | |WEIGHTING 7
GEOMETRY - VECTOR SO LN
VECTOR | | COMPUTATION |
ESTIMATE OF A | T
LANDMARK |
MEASUREMENT | w :
| |
| Be 1
31y | Sx=|8v ||
. | Ser || |ASTRONAUT
80 i w30 = +ed CHECK AND
|
: MEASUREMENT |
SCT LANDMARK} G L. INCORPORATION ROUTINE |
MEASUREMENT |

Fig. 2.1-1 Simplified Orbit Navigation Functional Diagram




UPDATE
MODE

9-¢% ¢

29/11 - ¢ ‘*aeyd

7 :
o
+ o + w
PASSIVE VEHICLE ORBIT < ACTIVE VEHI >
+ ) + >
w w
. + zZ ’ + pd
COASTING x [‘] g COASTING | £° {: ] S SLE:
INTEGRATION = INTEGRATION = Sv
ROUTINE ROUTINE
——— e —— ] - — — — — -
]
MEASUREMENT b | WEIGHTING '
GEOMETRY = = VECTOR !
VECTOR 2 _JCOMPUTATION |
ESTIMATE OF 3 ! |
REND. | |
MEASUREMENT f w |
! - ]
[ I
I
- | Sx: [Sr ] |
5! 050 By | [statE vecToR
f L | |UPDATE CHECK
+
: [ FAIL
i
MEASUREMENT
RENDEZVOUS | INCORPORATION ROUTINE ] |ASTRONAUT
TRACKING @] b ACTION REGQ'D
MEASUREMENT

Fig, 2.1-2 Simplified CMC Rendezvous Navigation Functional Diagram



39/11 - ¢ "ney

L-2°¢

STAR DIRECTION,

LANDMARK
POSITION

CSM ORBIT

COASTING

ROUTINE

INTEGRATION

Fig, 2.1-3

MEASUREMENT
GEOMETRY
VECTOR

ESTIMATE OF
STAR-LANDMARK/
HORIZON
MEASUREMENT

SXT
STAR-LANDMARK/
HORIZON
MEASUREMENT

0>

3Q

I N 1
| | WEIGHTING |
{— VECTOR 2% |
| JCOMPUTATION |
; |
| |
| |
| ¢ |
| |
| 5|
| Sx={8v |
| I
I wdQ }
| |

I
| MEASUREMENT |

ASTRONAUT
CHECK AND
PROCEED

Simplified Cislunar-Midcourse Navigation Functional Diagram




The navigation procedure, which is illustrated in simplified
form in Figs, 2,1-1 to 2,1-3, involves computing an estimated track-
ing measurement, a, based on the current state vector estimates,
This estimated measurement is then compared with the actual track-
ing measurement @ to form a measured deviation 63, A statistical
weighting vector, w, is computed from statistical knowledge of state
vector uncertainties and tracking performance, 02, plus a geometry
vector, b, determined by the type of measurement being made, The
welighting vector,w, is defined such that a statistically optimum linear
estimate of the deviation, & X, from the estimated state vector is ob-
tained when the weighting vector is multiplied by the measured devi-
ation 6Q. The vectors W, E and § X are of six or nine dimensions de-

pending 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 various

CMC navigation routines,

In the Orbit Navigation Routine (Section 5. 2. 4) the astro-
naut tracks a landmark and acquires a number of sets of optical angle
data before the state vector updating process begins, During the data
processing procedure the landmark is out of sight, and it is not possi-
ble to repeat the tracking. Before the first set of data is used to update
the estimated state vector, the magnitudes of the proposed changes in
the estimated CSM position and velocity vectors, ér and é v, respectively,
are displayed for astronaut approval. In general, successive accepted
values of ér and év will decrease during the processing of the tracking
data associated with one landmark, Thus, if the MARK REJECT button
has been used to erase all inaccurate marks, then all state vector up-
dates should be either accepted or rejected. If the first displayed values
of ér and év are judged to be valid, then all data associated with that

landmark will be accepted.
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The actual values of the first displayed ér and év will
depend upon the statistical parameters stored in the CMC 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 tracking performance errors, in-

cluding both hardware and astronaut errors
Type 4: A CSM GNCS failure

Type 5: Gross astronaut errors, such as incorrect

identification of the landmark

The existence of Type 1 errors is precisely the reason that the land-
mark 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 landmark tracking should not be performed
unless the IMU is well aligned and the GNCS is functioning properly,
and since bad marks should be rejected, it follows that the purpose of
the state vector change validity check is to discover a Type 5 error.
This validity check cannot distinguish between a Type 4 error and a
Type 5 error.

Based upon the last time that the state vector was updated,
when the IMU last was realigned, and an estimate of the tracking
performance for the first mark, very crude reascnable values for the
first 6r and év can be generated by the astronaut. The CMC will pro-
vide no information to assist the astronaut in his estimates of reasonable

values for ér and é&v.

5.2-9

Rev, 3 - 11/68



In the Rendezvous Navigation Routine (Section 5.2,5)
measurement data is processed periodically, and it is desirable that
the LM 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, 6 r and é v, respectively, are
both less than preset tracking alarm levels, then the selected vehicle's
state vector is automatically updated by the computed deviation, 6 X,
and no special display is presented, except that the tracking measure-
ment counter is incremented by one. If either §r or § v exceeds its
alarm level, then the state vector is not updated, and the astronaut is
alerted to this ceondition by a special display of é r and é v. Included
in this display is the source code which indicates whether optical or
VHF range-link data caused the display.

If this display should occur because of optics data, then
ithe astronaut should recheck the optical tracking and make sure that
he is tracking the L.M. Under certain conditions it is possible to mistake
a star for LM reflected sunlight, and it may take a period of a few
minutes to determine the LM target by watching relative motion of

the target and star background, After the tracking has been
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verified, and navigation data has again been aequired, the as-
tronaut has the option of commanding a state vector update if the
tracking alarm is again exceeded, or of repeating further optical
checks before incorporating the measurement data, If the astronaut
cannot determine the LM target due to no positive acquisition {(bright
background, etc. ) he can terminate the marking procedure and try

to achieve tracking conditions at a later time.

The displayed values of ér and év which have not passed
the tracking alarm test will depend upon the statistical parameters
stored in the CMC and upon the same five types of errors discussed
previously in regard to orbit navigation. The tracking alarm criterion
is incorporated in the Rendezvous Navigation Routine to alert the
astronaut to the fact that the state vector update is larger than nor-
mally expected, and to prevent the estimated state vector from auto-
matically 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 ac-
quisition and tracking conditions, As previously mentioned, this
condition is possible in the CSM if a star is optically tracked by mistake in-
stead of the LM reflected sun light, and it is therefore possible for
the alarm level to be exceeded in such cases even though the estima-
ted state vectors are essentially correct. It is also possible for the
state vector update alarm level to be exceeded afier correct 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 alarm
level would seldom be exceeded during the remainder of the rendezvous
phase, It should be noted that this statement is true only if the esti-
mated state vector of the active vehicle performing a powered rendez-
vous maneuver is updated by the Average-G Routine in the case of the
CSM being the active vehicle, or by a DSKY entry (R-32) of the maneuver
Ay_ if the LLM is the active vehicle (Section 5. 6. 14),
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The previously discussed method which the astro-
naut can use to generate crude estimates of expected ér and 4v values
in the case of the Orbit Navigation Routine can also be applied to the
Rendezvous Navigation Routine. The astronaut must decide whether
or not he is tracking the LM. The CMC cannot make this decision.

In the Cislunar-Midcourse Navigation Routine {Section
5, 2. 6) the astronaut meagures the angle between a star and a planetary
landmark or horizon. The data from each angle measurement is pro-
cessed immediately after it is made. The values of ér and év are
displayed for astronaut approval before the state vector is updated by
the computed deviation éx, Thus, it is a simple matter to repeat the
measurement if the astronaut is uncertain as to the validity of the

proposed state vector changes,

The parameters required to initialize the navigation
routines (Sections 5, 2,4 - 5, 2, 6} are the initial estimated CSM state
vector, plus the initial estimated LM state vector for the Rendezvous
Navigation Routine, 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 priori measurement error va-
riances. The basic input to the navigation routines is SCT or SXT
tracking angle data indicated to the CMC by the astronaut when he
presses the MARK button signifying that he has centered the optical
reticle on the tracking target (landmark or LM) or superimposed the
two objects in the case of a star-landmark/horizon measurement,ang
automatically-acquired VHF range-link tracking data, The primary
output of the navigation routines is the estimated CSM state vector,
plus estimated landmark coordinates in the case of ‘nrbit naviga-
tion or the estimated LM state vector in the case of the Rendezvous
Navigation Routine. The various guidance targeting modes outlined
in Sectiond, 4 are based on the state vector estimates which result

from these navigation routines,
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9.2.2 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

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

2

acig r )+ 5 r(t) = a () (2.2.1)
t

'1“" g-:s

where Hp is the gravitational constant of the primary body, and Ed(t) is
the vector acceleration which 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 gd(t) depends on the phase of the mission.

An approximate extrapolation of a vehicle state vector in which
the disturbing acceleration, éd(t) of Eq. (2, 2, 1), is set to zero may be

accomplished by means of the Kepler subroutine (Section 3. 5. 5 ).

5.2.2.2 ‘Encke's Method

If a4 is small compared with the central force field, direct in-
tegration of Eq. (2. 2. 1) is inefficient. Therefore, the extrapolation will
be accomplished using the technique of differential accelerations attribu-
ted to Encke,.

In the remainder of Section 5. 2 the subscripts P and Q will denote
primary and secondary body, respectively. When the body is known,
then the subscripts E, M, and 8 will be used for earth, moon, and
sun, respectively. The vehicle will be indicated by the subscripts

C for CSM and L for LM.
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At time t0 the position and velocity vectors,go and zo,define
an osculating conic orbit, The posgition and velocity vectors in the
conic orbit, Econ(t) and -"-rcon(t)’ respectively, will deviate by a small

amount from the actual position and velocity vectors,

The conic position and velocity at time t arc computed as
shown in Section 5. 5.5, Required in this célculation 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

T=t-1, (2. 2.2}

During the previous computation cycle the values

At
1 -
£ Ceon (T

vi=voon T -%t—) {2.2.3)
x'=x {7 -%)

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

xt=x'+s{1—ys(1—275)—%—r%—af)szl (2. 2. 4)

where

‘Yz__m (2.2.5)
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After specification of Tor Voo X4 and 7, the Kepler subroutine

(Section 5.5, 5)isusedto computezcon(-r Y, Xcon(-r). and x{71).

The true position and velocity vectors will deviate fromthe

conic position and velocity since ay is not zero. Let

r(t) = s{t)+ r__ (t)
(2. 2.6)

vit) = pth+ v, ()

where §(t) and ¥{t) are the position and velocity deviations from the

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

I
—‘1? oty =- —E— [f(q) rit) + g(t)] + ay(t) (2.2.7)

subject to the initial conditions

&tg) =0, wlt)=0 (2. 2.8)
where
(é - 2£) L] E
q = {(2.2.9)
r
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3+ 3q+ q2

(2. 2.10)
1+ 1+ q)pf2

flg) =g

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 Q(t) grows in magnitude, this term
will eventually increase in size, Therefore, in order to maintain the
efficiency of the method, a new osculating conic 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 §(t), as well as the variables 7 and x, are

again zero.

5.2.2.3 Disturbing Acceleration

The form of the disturbing acceleration gd(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 ap

be the acceleration due to the non-spherical gravitational perturba-

tions of the primary body, Then, for the earth

4
Hp 'm ' ) '
E” T Z Tig \7~/ |Fir1 (05 &) u, ~ P (cos ¢}y,

(2.2.11)

where
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le {cos ¢} = 3 cos ¢

PB' {cos ¢} = lg (15 cosz ¢ - 3)

(2.2.13)
! 1 1 1
P'4 (cos qb)-B- {7 cos ¢ P3 - 4P2)
; _ 1 L] 1
P5 (cos ¢)_I (9 cos¢P4 - 5P3)
are the derivatives of Legendre polynominals,
cos ¢ = u.»u,
0 (2.2.13)
u, = 0
- 1

and J2, J3. J4 are the coefficients of the second, third, and fourth
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,

respectively, and 'e is the equatorial radius of the earth,

In the case of the moon

i

2 2
<3 M M *M VM
M T YMm MM
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where rar is the mean lunar radius, J22M is the coefficient of the term
in the moon's gravitational potential function which describes the as-
symmetry of the moon about its polar axis, and XM and Yy &€ 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 and u, are computed by means of the Planetary

M Y
Inertial Orientation Subroutine (Section 5.5. 2).

During cislunar-midcourse flight (translunar and transearth)
the gravitational attraction of the sun and the secondary body @ (earth
or moon) are relevant forces. The accelerations due to the secondary

body and the sun are

I
a4g " 2 |:f(qQ) Tpg* 3] (2.2.15)

Eds"T[f‘qs)EPs+£] (2.2.16)
Tsc

where EPQ and Tpg

the sun with respect to the primary body,

are the position vectors of the secondary body and
rQC and rgo are the dis-
tances of the CSM from the secondary body and the sun, and the argu-

ments qQ and qq are computed from

[he]

(r ~2r_.-}-
aq * — Z_PQ (2.2.17)

T pQ

)l

(e

(2.2.18)

The functions f(qQ) and f(qS) are calculated from Eq.(2, 2. 10).
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The position vectors of the moon relative to the earth,rEM,
and the sun relative to the earth,r are computed as described in

)_ESD
Section (5. 5.4). Then,
TEM ifP=E
EPQ = - (2.2.19)
TEM ifP=M
and
EES if P=E
= . 2,20
oo 7 (2 )
Tps " fgm M P =M
Finally,
Yoc "L Ipqg
{(2.2.21)

5.2.2.4 Error Transition Matrix

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

puter to aid in the processing of navigation measurements.

If €(t) and n(t) are the errors in the estimates of the position
and velocity vectors, respectively, then the six-dimensional correla-

tion matrix E(t)} is defined by
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e e’ ew) nw?

Es(t) = {2. 2. 22)

at) T nw) nwT

In certain applications it becomes necessary to expand the
state vector and the correlation matrix to more than six dimensions
s0 as to include estimation of landmark locations in the CMC dur-
ing orbit navigaiion,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 ©

Eg(t)

E(t) = n(t) 8 (2. 2.23)

et gamT B8

where the componenis of the three-dimensional vector g 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 suf-
ficient 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 in 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) W) T (2. 2. 24)

Extrapolation of the nine-dimensional matrix W{t) is made by

direct numerical integration of the differential equation

O i O
%W(th Git) O O ww (2. 2.25)
O O O

where Gf{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 %1 . Ys
W = Wg Y0 Win {2. 2. 26)
¥ig  ¥i19 - Eog
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then,

$wag=c®w® §y i=01,....,8 (2. 2. 27)

d -
at Yirralt = 0

The extrapolation may be accomplished by successively integrating the

vector differential equations

w,(t) = G(t) w, (1) i=0,1,...,8 (2. 2.28)

&N| e

The gravity gradient matrix G{t) for earth or lunar orbit is

given by

o
G(t) = ;5%-) [3 r(t) E(t)T - r2(1) Ijl (2. 2.29)

During cislunar-midcourse flight

u
Glt) = f Es rit) r®) T - r2e) 1]
r(t) -~

(2. 2. 39)

+ _.;Q__ 3 roelt) E‘Qc(t)T‘ erC(t) I
r QC(t)
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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 Ei(t) vectors

are

—gdz (©) = E ) - w, ] ) - w0
: = . s u - W.
Rl el G ERC RS 0] IR R

{2. 2. 31)

L
+ Mg f5 fug )+ w, )] uge) -wi@

where gr(t) and EQC(t) are unit vectors in the directions of r{t) and

o (t), respectively, and

g

1 for cislunar-midco@;e flight
M = «© (2.2.32)
0 for earth or lunar orb% gf;
P <y
It is possible for a computation overflow @o‘%r during the
W matrix integration if any element of the matrix ex d 5 maximurn
value. This event is extremely unlikely because of thga\rge scale fac-
tors chosen. The overflow occurs if * )
1) any element of the position part (upper third) #the W
matrix becomes equal to or greater than 219 mo.

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 landmark part (lower third) of the ma-

trix must remain less than 219

m, 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 before the state vec-

tors 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
Eqs. (2. 2. 7) and (2. 2. 31). These are all special cases of the form

2
d -
_2. 1 = i (X’ t) (2- 2. 33)
dat
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 _ _
Fy- 2
(2. 2, 34)
d _
d_‘tE_ f_ ()_7; t)
and the formulas are summarized below.
Ine1 = ¥In T Sy )at
Znbl T it R 00
_ 1
8r) = 2+ (g + 2ky) A
{2. 2. 35)
1
W) = 5y + 4k * ky)
ky =iy, t)
. 1 1 2 1
Ky =Llp* gz, 8t gk (A07 t + a0
k, =f(y +z At+ ik, (A1) t +at)
-3 TWn T 2, 2 =2 ' 'n
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For efficient use of computer storage as well as computing

time the computations are performed in the following order:

1) Equation (2. 2. 7) is solved using the Nystrom formulas,
Eq. (2. 2. 35). It is necessary to preserve the values of the

vector r at times t , tn + Atf2, to+ At for use in the solution

of Egs. (2. 2. 31}

2) Equations (2. 2. 31) are solved one-at-a-time using Eqgs.
(2. 2. 35) together with the values of r which resulted from
the first step.

The variable At is the integration time step and should not be
confused with 7, the time since rectification. The maximum value for

At which can be used for precision integration, Atmax‘ is computed

from
o Kr3/2
Atmax = milnimuin Atﬂlm, ?— (2. 2. 36)
. Hp
where
Atﬂ. = 4000 sec.
im
(2. 2.37)
K =0.3

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 Xe and X, be the estimated CSM
and LM state vectors, respectively, and let x be a temporary state
vector, The state vector x iz a symbolic re;res entation of the follow -

ing set of variables:

L = rectification position vector

Yo = rectification velocity vector

Teon - comic position vector

v = conic velocity vector

—eon (2. 2. 38)

& = position deviation vector

v = velocity deviation vector

t = time associated with r , v , 6 and v
~con’ —con’ — -

T = time since rectification

X = root of Kepler's equation
¢ for earth

P = primary body =

1 for moon

The state vectors X and .39 represent an analogous set of variables.

The Coasting Integration Routine is controlied 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. 2.39)

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 (2.2.40)

-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 staie 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 1 The value of At for each time

step is At

e
max (Eq. (2.2,36}) or the total time-to-go whichever is
smaller, The integration is terminated when the computed value of

At is less than €4e

Figures 2,2-2, 2.2-3 and 2, 2-4 illustrate in more detail the
logic flow of this routine, In these figures certain items which have
not been discussed fully in the text are explicitly illustrated, The
following is a list of these items together with the number of the
figure in which each occurs,

1) Saving of r values for W matrix integration: Fig. 2.2-2,
2) Change in origin of coordinates: Fig, 2,2-3,
3) Rectification procedure: Fig, 2.2-3,

4) Selection of disturbing acceleration: Fig. 2.2-4.

The logic flow shown in these figures is controlled by the three
flags M, B, and F. Flag M is defined in Eq. (2.2,32), B prevents
the recalculation of already available quantities (EPQ’ EQC ), and
F 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 LM state vector and the LM is on the lunar surface,
then the routine will use the Planetary Inertial Orientation Subroutine
(Section 5. 5. 2) to compute the desired LM position and the normal
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. 12.
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ENTER

At = minimum [(tg-t), x4t ]
|at|< €, S Yes EXIT
No
Integrate State Vector x (t)
One Time Step to Time t + 4t
-
X, 7%
Yy
Integrate D-Dimensional W Matrix
e

One Time Step to Time t +At

Figure 2.2-1 Simplified Coasting Integratior

Routine Logic Diagram
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Y = signum “F - t)

con

K £3/2
At = Y minimum ItF-t], Bty 7“_;_
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Figure 2,2-2 Coasting Integration Routine
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In addition to the general criterien 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
oS 0,01
T
con
or if
0,75 X 222m for P=20
e 18
0,75 X 2" " mfor P=1
or if
0,75 x 23 m/csec for P =0
v > 1
0.75 X 2 "m/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
2-161'11/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-

tfication is performed,
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The definitions of the various control constants which ap-

pear in Figs, 2.2-1 10 2,2-4 are as follows:

1t

'spH

dE

dMm

ME

MM

integration time step criterion

radius of lunar sphere of influence

radius of relevance for earth non-spherical

gravitational perturbations

radius of relevance for moon non-spherical

gravitational perturbations

distance from the earth beyond which mid-

course perturbations are relevant,

distance from the moon beyond which mid-

course perturbations are relevant,
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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 LM) 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
the components of the estimated position and velocity 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
error transition matrix as described in Section 5.Z2.1. The error transi-
tion matrix, W, is defined in Section 5.2,2_4.

This routine is used to compute deviations to be added
tc 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
state 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
2 _ R
a = A priori measurement error variance
5Q = Measured deviation, the difference between the

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

vector x'.

5. 2+-34

Rev.3 - 11/68



The procedure for incorporating a measurement into the estimated

state vector is as follows:
@ Compute a D-dimensional z vector from
z=W'T b (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 {rom

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)

W=W!' - (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.

¥or ¥yr vov v Hag

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

the three-dimensional matrices

| €
=)
| &

kS
k3
=)

so that

W T
Wo4
_ T
W8- ‘_”_25 (2.3.6
W T
Wag
T
Wy
w T (2.3.7)
5
T
Wa

Leet the nine-dimensional vectors 8x, b, w, and z be partitioned as

follows:
b2 2 29
6x = 551 b= El R
= b, ©g
5,2+36

Rev, 3 - 11/68

Z0 Z9
A S U I S
7‘:8 2

(2. 3. 8)



Then, the computations shown in Egs. (2. 3. 1) through (2. 3. 3) are

performed as follows, using three-dimensional operations:

2-1
2 Z W'irsy B
j=0
2-1
)
= L, .+
a J E—J E] o
=0
{(2.3.9)
D
3-'1
T _ 1 T
9 = EZ Zj Wi
=0
o D
6{1 6Q21 (J.—U, 1, -.,g 1
Equation (2. 3, 5) is written
1
‘Y =
1+ arz/a
(2.3.10)
Ei+9j=Eli+9j_Tzi9~j i=0,1, ..., D-1
i=0, 1, ver Ig) -1
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The Measurement Incorporation Routine is divided into
two subreoutines, INCORP1 and INCORP2. The subroutine INCORP1
consists of Egs. (2. 3. 9), while INCORP2 is composed of Egs. (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, Eg.
(2. 3. 4) cannot be applied directly. The estimated position and

velocity deviations resulting from the measurement,éx, and éx,, are

added to the vectors § and p, the position and velocity deviations1 from
the conics, respectively. Since § and p 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 logic flow of the

subroutine INCORP?2 is illusirated in detail in Fig. 2. 3-2.

Overflow occurs when

222m for P=0
5>
- 218m for P=1
or
23 m/csec for P= 0
u>

2 1 mfcsec for P=1
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CALLING PROGRAM

Compute Geometry Vector b and
Measurement Deviation 6@Q. _
Set Dimension D and Apriori Variance 02.

Go To
Alternate
Procedure

Call INCORP2

CCNTINUE

INCORP1 INCORP2

Update State Vector X
and W Matrix
Egs.|2.3.4) ond (2310

Compute State Vector
Deviation Estimate &%

Eas. (239 1

'

RETURN RETURN

Fig. 2.3-1 Measurement Incorporation Procedure
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£c:on = £con * 650
a = ¥ + ox,
. = v +
Comptation
v=ue
Update W Matrix Rectification
Eqgs. (2. 3.10) Fig. 2.2-3

Fig. 2.3-2 INCORP2 Subroutine Logic Diagram
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5.2.4 ORBIT NAVIGATION ROUTINE

5.2.4.1 Landmark Tracking Procedure

While the CSM is in lunar or earth orbit, landmark
optical tracking data are used to update the estimated C5M state
vector and the coordinates of the landmark that is being tracked,
as described in Section 5, 2.1, This routine is used to process the
landmark-tracking measurement data, as shown in simplified form
in Fig.2,1-1, and is used normally in lunar orbit in the lunar land-
ing mission. The routine also can be used in earth orbit during abort

situations or alternate missions.

The astronaut should use the Lunar Landmark Selection
Routine {Section 5. 6. 9) or the Ground Track Routine (Section 5. 6. 5)
as an aid in selecting appropriate landmarks for tracking prior to using
the Orbit Navigation Routine.

In order to initially acquire and maintain optical tracking,
the CSM attitude must be oriented such that the CSM-to-landmark
line-of-gight falls within the SCT field of view. Inthe CSM GNCS
there is no automatic vehicle attitude control during the landmark
tracking procedure. Any desired attitude control must be accom-

plished manually by the astronaut,

If the astronaut wishes, he may use the Automatic Optics |
Designate Routine (Section 5. 6. 8) as an aid in the acquisition of the
landmark, This routine has two modes which are relevant to orbit
navigation. In the advanced ground track mode (which is useful in
lunar orbit for surveillance, selection, and tracking of possible land-
ing sites) the routine drives the CSM optics to the direction of the
point on the ground track of the spacecraft at a time slightly more

than a specified number of orbital revolutions ahead of current time,
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In the landmark meode (which is useful for acquisition of a specified
landmark) the routine drives the optics to the estimated direction of

the specified landmark. Either the revolution number or the land-
mark must be specified by the astronaut. The computations and
positioning commands in this routine are repeated periodically
provided the optics mode switch is set to CMC. Thus, in the advanced
ground track mode, the astronaut is shown continuously the ground track
of the CSM for a future revolution. The reason for this mode is that it
is desirable to select a landing site which is near the CSM orbital plane

at the LM lunar landing time.

The Automatic Optics Designate Routine is used in other
routines to align the CSM optics to the directions of the following

sighting targets:
1) The LM during the rendezvous phase
2) A specified star during IMU alignment procedures

After the astronaut has acquired the desired landmark
{not necessarily the one specified to the Automatic Optics Designate
Routine), he switches the optics mode to MANUAL and centers the
SCT or SXT reticle on the landmark. When accurate tracking is
achieved, he presses the optics MARK button, causing the time
of the measurement and all optics and IMU gimbal angles to be stored
in the CMC. Up to five unrejected navigation sightings of the same
landmark may be made during the tracking interval,and all sets of

navigation data are acquired before processing of the data begins.
After the astronaut has completed the tracking of a land-

mark, he is asked by the CMC whether or not he wishes to identify
the tracked landmark. If he does, then he enters into the CMC through
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the keyboard the identification number or the coordinates of the land-
mark, and the data are processed as described in Section 5, 2. 4, 2
thru 5.2.4.5.

The coordinates of twenty-five preselected lunar land-
marks will be stored in the CMC fixed memory. In addition, the
coordinates of the landing site will be stored in the CMC erasable
memory and can be updated during the mission. In general, code
numbers will be used to identify landmarks during a lunar-orbit
navigation phase, but it will be necessary for the astronaut to enter

the actual coordinates in the case of earth landmarks.

If the astronaut does not identify the landmark, then the
Landing Site Designation procedure (Section5.2.4.3) is used for the
navigation data processing. In this process the landmark is con-
sidered to be unknown, and the first set of navigation data is used
to compute an initial estimate of the landmark location. The re-
maining sets of data are then processed as described in Section
5. 2, 4. 2 to update the estimated nine-dimensional CSM-landmark

state vector.

Whether the landmark is identified or not, one fﬁrther
option is available to the astronaut. He may specify that one of the
navigation sightings is to be considered the designator for an offset
landing site near the tracked landmark, In this case, the designa-
ted navigation data set is saved, the remaining sets of data are pro-
cessed as described above, and then the estimated offset landing
site location is determined from the saved data as described in
Section 5. 2. 4. 4. This procedure offers the possibility of designat-
ing a landing site in a flat area of the moon near a landmark which

is suitable for optical navigation tracking but not for landing.
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Each set of navigation data which is used for state vector

updating and not for landing site designation or offset produces two
updates as described in Section 5. 2. 4. 2. For the first navigation dala

set the magnitudes of the first proposed changes in the estimated CSM
position and velocity vectors, gr and §v, respectively, are displayed
for astronaut approval. If the astronaut accepts these proposed
changes, then all state vector updates will be performed, and all the in-
formation obtained during the tracking of this landmark will be incor-
porated into the state vector estimates. A detailed discussion of this

state vector update validity check is given in Section 5.2. 1.

After all of the sets of navigation data have been pro-
cessed, the astronaut has the option of having the updated landmark
coordinates (or the coordinates of the unknown landmark) stored in
the erasable memory registers allocated to the landing site coor-
dinates. In this manner the original coordinates of the landing site

can be revised, or a new landing site can be selected.

The various fumnctions for which the sets of navigation
data acquired from the line-of-sight tracking measurements are used
are presented in Sections 5.2. 4.2 through 5.2.4,4, A detailed des-
cription in the form of logic diagrams of the entire Orbit Navigation

Routine with all of its options is given in Section 5.2, 4,5,

5.2.4.2 State Vector Update from Landmark Sighting

As mentioned in Section 5. 2. 1 the orbit navigation con-

cept involves the nine-dimensional state vector

c

x=| Ve (2. 4. 1)
Te
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where e and Ve are the estimated CSM position and velocity vec-
tors, respectively, and gﬂ is the estimated landmark position vec-

tor. Both the CSM state vector and the landmark position vector

are estimated and updated through the processing of optical track-

ing data. A simplified functional diagram of the orbit navigation
procedure is illustrated in Fig. 2. 1-1. In this section the method

of updating the estimated nine-dimensional state vector from alandmark

line -of-sight navigation measurement is given.

After the preferred CSM attitude is achieved and optical
tracking acquisition is established (Section 5. 2. 4, 1}, the astronaut
enters tracking data into the CMC by pressing the optics MARK but-
ton when he has centered the SCT or SXT reticle on the landmark.
As described in Section 5. 2, 4.1, each set of navigation data con-
tains the time of the measurement and the two optics and three IMU
gimbal angles. From these five angles the measured unit vector,
Upngs along the CSM-to-landmark line-of-sight is computed in the

Basic Reference Coordinate System from

_ T
U © [REFSMMAT]} " [NBSM)] Ung (2. 4. 2)

where [REFSMMAT] and [NBSM] are transformation matrices and
YNB is the measured line -of-sight vector in navigation base coor-
dinates. All terms of Eq. (2. 4. 2) are defined in Section 5. 6. 3.

For the purpose of navigation it is convenient to consider

the measured unit vector, Yppe to be the basic navigation data. This
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navigation measurement of the line-of-sight vector, YUpnp is mathemati-
cally equivalent to the simultaneous measurement of the angles be-
tween the lines ~of-sight to the landmark and two stars. The data

are processed by selecting two convenient unit vectors (fictitious

star directions), converting the vector u, to an equivalent set of

two artificial star-landmark measuremernés, and uging the Measure -
ment Incorporation Routine (Section 5. 2, 3) twice, once for each
artificial measurement. These two unit vectors are chosen to be
perpendicular to each other and to the current estimated line-of -
sight vector so as to maximize the convenience and accuracy of

the procedure.

Let o and T, be the estimated CSM and landmark posi-
tion vectors at the time of a given line-of-sight measurement, Then,
the first state vector update for the measurement is performed as
follows:

Calculate the estimated CSM-to-landmark line -of -

sight from

Lo T g -C {2.4.3)

bep, = UNIT (zgy)

@ Initialize the fictitious star direction to the vector

u, = UNIT (ug X up) (2. 4. 4)

M

If the vectors ESL and Upg are separated by an angle
of less than 2 1° ragd., then a computation overflow
occurs in the execution of Eq. (2. 4. 4), and this set
of measurement data is discarded because all of the
components of the estimated state vector deviation,

6 x, would be negligible for both state vector updates.
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@ Compute an artificial star direction from

u, - UNIT (I_J_S X ECL) (2. 4. 5)

@ Calculate the nine-dimensicnal geometry vector,

13, from
by = ¢ 1 u (2. 4. 6)
CL
b, =0 (2.4.7)
132 = - b, (2. 4. 8)

@ Determine the measured deviation, 6Q, from

1

- -1 . - - . 3
§Q = cos (gs EM) cos (Es ECL)

(2. 4.9)

=cos-1( s u )—;

LY
@ Incorporate the fictitious star-landmarl; messure-

ment using the Measurement Incorporation Routine
(Section 5. 2. 3%
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Included in Step @ is the state vector update validity check for
the first proposed update.

It should be noted that the initialization of the star di-
rection, u,, which is given by Eq. (2. 4. 4), is such that the first
artificial star (computed from Eq. {2, 4. 5) } will yield the maximum
value for the measured deviation, 6Q, which is obtained from Eq.
(2.4.9). The reason for selecting the first U, vector in this manner
is that there is only one state vector update validity check even
though there are two updates,

Assuming that the first state vector update was accepted
by the astronaut, the second update for this measurement data set
ig performed by first recomputing the estimated CSM-to-landmark
line-of-sight vector from Eq. (2. 4. 3) using the updated values of the
estimated CS@M landmark position vectors, o and Ty respectively.
Then, Steps
tor update wvalidity check,

- are repeated, this time with no state vec-

If the astronaut rejects the first state vector update, then

all of the navigation data is discarded, and no update occurs.

The results of the processing of the measured line -of -
sight vector, Upp are updated values of the estimated position and
velocity vectors of the CSM, e and Yoo respectively, and an up-

dated value of the estimated landmark position vector, Tpe

5.2.4.3 Landing Site Designation

As mentioned in Section 5. 2. 4, 1 the nine-dimensional

orbit navigation procedure provides the means of mapping on the
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surface of the planet a point which is designated only by a number of
sets of optical tracking data. This process may be used to redesig-
nate the landing site optically, or as an unknown landmark orbit navi-
gation procedure.

Assume that an unmapped landmark has been tracked,
and N sets of optical measurement data have hbeen acquired as des-
cribed in Section 5. 2.4,1. Let Uy be the measured unit CSM-to-
landmark line-of-sight vector obtained from the first set of mea-
surement data by means of Eq, (2. 4. 2). An estimate of the landmark
position at the time of the first navigation sighting, tM’ is given by

r2 1/2
= - |8, - sin®a (2. 4.10)
£ﬂ_£C+ Te cos A r—-z- sin Ung . 4.
C
where
u,, " r
cos A = - -M_-C (2. 4.11)
c

EC is the estimated CSM position vector at time tM’ and ry is the
estimated planetary radius. This initial estimated landmark posi-
tion vector, EE’ and the estimated CSM state vector are then updated
by means of the standard Orbit Navigation Routine and the last N -1
sets of tracking measurement data exactly as if the designated point

were a mapped landmark,
The final results of this procedure are a location estimate

for the designated point and an improvement in the estimated CSM state

vector,
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5.2.4.4 Landing Site Offset

During the landing site selection operation any visible
landmark may be tracked that is in, or near, the desired landing area.
In most cases this visible landmark will not be an acceptable touch
down point, and it is desirable to offset the desired landing point away
from the visible landmark used for tracking. This is accomplished
by tracking the visible landmark and processing this data as previously
described for either a mapped or an unknown landmark depending upon
the type of landmark tracked. During this tracking operation a designated
navigation data set can be taken by positioning the SXT to the desired
actual landing point. This designated data set is saved, and,after the
tracking data is processed for the visible landmark,the offset landing
site location is computed from the saved data by means of Eq. (2.4.10),
In this landing site offset calculation, the magnitude of the estimated
position vector of the visible landmark is used for the estimated planetary

radius rgin Eq. (2.4.10).

5.2.4.5 Orbit Navigation Logic

After all optical landmark tracking data have been acquired,
the data processing procedure is initialized as illustrated in Fig, 2.4-1.
It is assumed that the following items are stored in erasable memory

at the start of the procedure shown in this figure:

Xc = Estimated CSM state vector as
defined in Section 5.2.2.6.
W = Six-dimensional error transition
matrix associated with JEC as de-
fined in Sectian 5. 2. 2. 4.
1 for valid W matrix
ORBWFLAG =

\ 0 for invalid W matrix
This flag or switch is maintained

by programs external to the Orbit
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ENTER

!

Obtain Astronaut Entry of
KNOWN and L

Lat = LatL

Long = LongL

Alt = AltL
Obtain Astro.naut Entry of
Landmark Coordinates
Lat, Long, Alt l
RENDWFLG = 0
W0 = wﬂrI
W1 =0
VV2 =0
D=6 Wg=0
W4 =W, I
W5 =0
V=1 ORBWFLAG =1
i=20 D=0
EXIT to
Fig, 2.4-2

Fig. 2.4-1 Orbit Navigation Routine Initialization
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Navigation Routine. It indicates
whether or not the existing W matrix

is valid for use in processing land-
mark tracking data. The fiag is set

to zero after each of the following
procedures:

1) CSMstate vector update from ground
2) Rendezvous navigation

3) Astronaut Command

RENDWFLG = Switch similar to ORBWFLAG but
used for rendezvous navigation,

1§

[REFSMMAT} Transformation Matrix: Basic Ref-
erence Coordinate System to IMU

Stable Member Coordinate System

N = Number of unrejected sets of navi-
gation data acquired during the track-
ing of the landmark

tMl to tMN = The N measurement times associ-

ated with the N sets of navigation data

N sets of five optics and IMU gimbal angles each

Wops Woyr Wy = Preselected W matrix initial diagonal
elements
varp o = variance of the primary body radius
error
1 through 5 for index of landing
site offset designator
OFF =

0 for no landing site offset designator

The variables D and V are indicators which control the
Coeasting Integration Routine (Section 5,2,2) as described in Section
5.2.2,6, I and O are the three-dimensional identity and zero
matrices, respectively, and i is an index which is used to count

the navigation data sets,
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In the initialization routine the astronaut enters into the
CMC through the keyboard the following two items:

1 for mapped or known landmark

KNOWN =
0 for unmapped landmark or landing site
designation
00 for a landmark whose coordinates are
not stored in CMC memory

L = J 01 for the landing site

02 through 26 for index number of a land-

mark whose coordinates are stored in

\ CMC fixed memory
If
KNOWN =1 and L =00

then the astronaut is further requested to enter the coordinates of the
landmark; that is, latitude (Lat), longitude (Long) and altitude (Alt).
Ailtitude is defined with respect to the mean lunar radius for lunar

landmarks, and the Fischer ellipsoid for earth landmarks.

After completion of the initialization procedure the Orbit

| Navigation Routine begins processing the data,

For convenience of calculation in the CMC, Egs. (2. 4. 5),
(2.4, 6), (2,4.7), and (2. 4. 9} are reformulated and regrouped as foilows:
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u, = UNIT (ug X ueg)
By = g

(2.4.12)
El = 0

T

Q= Tcp, [cos-l(“—s - Uy '2‘]

This set of equations is used both by the Orbit Navigation Routine and
the Rendezvous Navigation Routine (Section 5. 2, 5) in processing optical
tracking data, To validate the use of Eqgs. (2, 4. 12) it is necessary only
to let

+ var ) (2.4.13)

2
a’ = Trep - varges iIMU

where vargem and var are the a priori estimates for the SCT and

IMU
IMU angular error variances per axis, respectively,

The processing of the N sets of landmark-tracking naviga-
tion data is illustrated in Fig, 2.4-2. In the figure F is the altitude
flag as defined in Section 5. 5, 3. ¢

As shown in the figure, the CSM state vector is integratedto
the time of each measurement, and the measured line-of-sight vector
Uar is computed. If this data set is an offset designator, then the vector
YUnt and the time are saved, and the program proceeds to the next measure-
ment, If this is the first navigation data set for a known landmark, then
the W matrix is initialized and the data are processed to obtain the two
state vector updates. If this is the first measurement for an unknown
landmark, then the landmark location is computed, and the W matrix is
initialized { Fig. 2. 4-3) using a procedure inwhich the geometry of the land -
mark mapping is explicitly accounted for., For this case no state
vector updating occurs, For all other sets of navigation data, two

state vector updates are normally obtained,
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ENTER from
Fig. 2,4-1

4
t=1+1
t
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- - ——
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Data
Eq. {2.4.2)
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Compute r,, Fig 5.3-3 D=9
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Compute Landma rk Location Orientation Subroutine
Upy o T, W, =0 Twice to Transform r
Cc= - ™M _C U T Yto T
e wa - wll from Time t' to Time t
2 12 I
p‘rc[c-(—g-ncz) ] l FLAG = 1
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Initialize W Matrix for
Unknown Landmark Computation
Fig. 2.4°3 Overflow
Compute Star Vector ug
FLAG = 0 Geometry Vector b
Measured Deviation 6Q and
fc.™ Iy = I Error Variance a
u Eqs. (2. 4.12) and (2. 4. 13)
Yo = UNIT(zg, )

Call INCORPI of Measure-
ment Incorporation Routine
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Figure 2,4-2 Orbit Navigation Routine Logic Diagram
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Fig. 2.4-4 Orbit Navigation Routine Termination
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After the processing of the data is completed, the location
of the offset landing site is computed from the saved data, if a data
set was so designated, as shown in Fig. 2.4-4, Then, the final esti-
mated landmark position vector is converted to latitude, longitude,
altitude coordinates and these coordinates are displayed, If the tracked
landmark is to be the landing site, then the landing site coordinates

and the landing site vector (ELS) are saved in erasable memory,

The final operation of the Orbit Navigation Routine is to
convert the nine-dimensional error transition matrix, W, to a six-
dimensional matrix with the same CSM position and velocity estima-
tion error variances and covariances. The reasocon for this procedure
ig that the W matrix, when it is initialized for processing the data
associated with the next landmark, must reflect the fact that the initial
landmark location errors are not correlated with the errors in the
estimated CSM position and velocity vectors. Of course, alter pro-
cessing measurement data, these cross correlations become non-
zero, and it is for this reason that the nine dimensional procedure
works, and that it is necessary to convert the final W matrix to Six-

dimensional form,

The solution to the conversion problem is not unique. A

convenient sclution is obtained in the following manner,

The error.transition matrix, W, has been defined in

Section 5. 2.3 in terms of the nine three-dimensional submatrices

WO’ Wl’ e WB as follows:
w,T w,T w,"
w-l ow,h ow, T ow. (2.4, 14)
wel w.T we T

Let the elements of each of these submatrices be defined by
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9i
i Woi+1

Woi+ 2

Wi+ 3
Woi+a

Wai+ 5

Woi+ 6
Wi 47 (i=0,1, ..., 8
Woi+ 8

(2.4.15)

The W matrix is then converted to the following six-di-

mensional form:

6 9 12

We Y10 Y13

WS Wi 0

(2. 4. 16)

Wao 0 0

0 0 0

0 0 0
n=Wg =0

The twenty-one non-zero elements of the converted W matrix are

computed by solving the following twenty-one equations;

1, =01
i: TS
T, Mitsk Yieok €p | 1=
p =0,1,
(2.4.17)
5. 2-59

Rev.3 - 11/68



where primes refer to quantities before conversion, and the following

table gives p as a function of i and j:

i|j29(28)27(2 |1 |0 {28|27|2 [1 |0 |27|2 [1 |0 |2 1|0 |1f0]0O
j||28{29|29(20(20(209|28 |28|28|28|28 |27 |27|27(27|2| 2|21 |1 ]|0O

pj20{19|18|17|16]15[14|13(12[11|10(9 |8 |7 |6 |5| 4| 3|2 |1]0

The twenty-one elements € to €y are computed as illus-
trated in Fig. 2.4-5, The converted W matrix is then calculated as
shown in Fig. 2.4-6. Included in this procedure are negative radicand
and zero divisor checks,

The Orbit Navigation Routine is now ready to process the
data acquired in tracking the next landmark.
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Fig. 2.4-6 Orbit Navigation Routine W Matrix Conversion Part II
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5 2.5 RENDEZVOUS NAVIGATION PROGRAM

5.2,5,1 Target Acquisition and Tracking

During mission phases involving rendezvous the Ren-
dezvous Navigation Program (P-20) is used to obtain CSM optical
andfor VHF range -link tracking data of the LM to update the es-
timated state vector of either the CSM or the LM, as discussed
in Section 5. 2. 1 and outlined in Fig, 2. 1-2. A general block
diagram of program P-20 is shown in Fig. 2. 5-1. At the begin-
ning of program P-20 certain preliminary steps are performed
such as setting the Rendezvous, Track, Update, and Preferred
Attitude flags, The Rendezvous flag is set to denote that pro-
gram P-20 is being used, When this flag is reset, program P-20
is permanently 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, the Optics and VHF Range Mark counters are set to
zero, and the LM and CSM state vectors are extrapelated to the

current time using the Coasting Integration Routine (Section 5. 2. 2).

Afterwards, the Tracking Attitude Routine (R-61} is
used to orient the vehicle to a preferred attitude for optical track-
ing of the LM, This attitude is achieved by maneuvering the ve-
hicle so as to establish coincidence between a body -fixed reference
vector and the estimated line-of-sight (LLOS) to the LM. In addition
routine R-61 establishes a vehicle attitude rate in order to maintain
this coincidence, The LOS in this case is determined by advancing
the estimated state vectors of the CS5M and LM fo the current time
using the Kepler Subroutine {Section 5,3, 5), The vehicle orientation
about the body-fixed reference vector is not controlled by the Tracking
Attitude Routine ana must be corrected by the astronaut if it is unsatis -

factory, Thereare actually two different body -fixed reference vectors
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Functions Under Separate Control of Astronaut:

Rendezvous Tracking Sighting Mark Routine {R-21)

Backup Rendezvous Tracking Sighting Mark Routine

(R-23)

Processing of VHF range data in routine R-22

ENTER

Preliminary Steps

v

Tracking Attitude

Routine (R-61)
T

v

v

p Auto QOptics Positioning
Routine (R-52}

Rendezvous Tracking
Data Processing
Routine

(R-22)

i

Tracking Attitude
Routine (R-61)

Fig, 2,5-1 Rendezvous Navigation Program
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which may be aligned to the LOS by the Tracking Attitude Routine
during rendezvous navigation, If the Preferred Attitude flag is
set, as is the case at the beginning of program P-20, the body-
fixed reference vector used by Tracking Attitude Routine is that
shown in Fig. 2. 5-2. This vector is the preferred vector if the
sextant (8XT) is going to be used to optically track the LM, The
vector is so chosen to be approximately in the center of the
common coverage sector of the SXT and the RR transponder. If
the astronaut is going to use the back-up optical device (Crew
Optical Alignment Sight), he should reset the Preferred Attitude
flag so that the Tracking Attitude Routine will use the other body-

fixed reference vector which is the +X-axis of the CSM.

The quantities issued to the RCS DAP by the Tracking
Attitude Routine (R-61) in order to establish the preferred tracking

attitude and attitude rate are:

1. - desired L.OS rate in contreol axis coordinates

“cA

2, IGA MGAD, OGAD - desgired IMU gimbal angles
which define the desired
vehicle attitude to the RCS

DAP,

DJ

3. AGA - a vector defining the desired incremental
changes in the IMU gimbal angles every

0.1 second.

The desired LOS rate o

in control axis coordinates
=CA

is obtained as follows:

UNIT (z; - re) x (v, - o)

%108 ° [RE FSMMAT]

e

B
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ZCSM

CSM RENDEZVOUS
REFERENCE VECTOR

YCSMm

XCSMm

Figure 2, 5-2 CSM Rendezvous Reference Vector for the SXT
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NBCA] [SMNB] 91 68

ca T [
where “I1 08 is the LOS rate in stable member coordinates, SMNB] is the
transformation matrix defined in Section 5,6, 3. 2. 1, [NBCA is the matrix
for transforming a vector from navigation base to control axis coordinates
as defined in Section 5, 3, 3, 3,3, and Ty Vi T and Vo are the position
and velocity vectors of the LM and CSM in basic reference coordinates
obtained by using the Kepler Subroutine of Section 5, 5. 5.

The vector AGA is computed as follows:

cos IGA sec MGA 0 -sin IGA sec MGA

AGA = [-cos IGA tan MGA 1 sin IGA tan MGA |(0.1) wr

OSs
sin IGA 0 cos IGA

where ©1.08 is the 1.OS rate in stable member coordinates computed

previously,

The desired IMU gimbal angles IGAD. MGAD, and OGAD are obtained
by using the routine VECPOINT of Section 3 where the input to this routine
is the unit vector Y1 08 defining the line-of-sight from the CSM to the LM in
stable member coordinates and the unit vector u

—-BF
previously mentioned body-fixed reference vectors in vehicle or navigation

definingone of the

base coordinates, The vector Y1 08 is computed as foliows:

u s = |[REFSMMAT| UNIT (r - r.)

Once the desired attitude and attitude rate are achieved by routine
R-61, it is seen in Fig, 2, 5-1 that the Auto Optics Positioning Routine (R-52)
and the Rendezvous Tracking Data Processing Routine (R-22) are called by
program P-20, The purpose of the Autoc Optics Positioning Routine {Section
5,6, 8) is to drive the SXT to the line-of-sight of the LM, a star, or a
landmark, To insure that the above line-of-sight is that of the LM, program
P-20 sets the LM Target flag just before calling routine R-52, If the
Preferred Attitude and Update fiags are set and the optics mode switch is
in the CMC position, routine R-52 will periodically compute the line-of -sight
to the LM and drive the optics to it, In addition, routine R-32 will call the
Tracking Attitude Routine (R-61) each time to re-~establish the desired
tracking attitude and attitude rate, However, it should be noted that routine
R-61 will only perform its task every fourth time it is called by routine R -52
due to control exercised over a counter in routine R-61,
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The purpose of the Rendezvous Tracking Data Process-
ing Routine (R-22) is to periodically process the optical andfor
the VHF range-link tracking data to update the state vector of
either the CSM or LLM as defined by the state vector update option.
This option is automatically set to the LM at the beginning of pro-
gram P-20 but can later be set to the CSM by the astronaut if it
is considered necessary. The optical tracking data processed by
this routine is cobtained by using concurrently either the Rendez-
vous Tracking Sighting Mark Routine (R-21) or the Backup Ren-
dezvous Tracking Sighting Mark Routine (R-23). Either routine
can be called and terminated by the astronaut during operation of
program P-20., If the astronaut wishes to have the VHF range -
link data processed, he must set the VHF Range flag after routine
R-22 has been put into operation by program P-20. It is assumed
that the astronaut has activated the VHF range-link and has as-
sured himself of target acquisition by the range-link before he
sets the VHF Range flag. The VHF range-link operates in con-
junction with the voice-link and measures the range hetween the
CSM and the LM. Target acquisition can be ascertained by the
astronaut by observing the range display provided with the VHF
range-link. The range data is sent to the CMC upon request by
the Rendezvous Tracking Data Processing Routine (R-22). A
detailed discussion of this routine is given in Section 5. 2. 5. 2.
The astronaut should not use the VHF range-link for navigation
updates beyond 200 nm since the VHF range measurement accuracy
beyond this range is unspecified,

Ag previously mentioned, the optical tracking data
processed by routine R-22 is obtained by using either the Ren-
dezvous Tracking Sighting Mark Routine (R-21) or the Backup
Rendezvous Tracking Sighting Mark Routine {(R-23), both of
which are described in detail in Section 4, Under normal cir-
cumstances the astronaut will call routine R-21 during the opera-
tion of program P-20 and use the sextant (3XT) to track the LM

because of its greater accuracy and target detection capability.
After the preferred tracking attitude has been established and the

SXT has been driven to the 1.OS of the LM, the astronaut acquires
the target through the SXT and switches the optics mode switch
to the MANUAL position so that he may manually center the SXT
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reticle on the target. When accurate tracking is achieved, he
presses the MARK button, which causes the measurement time
and the SXT and IMU gimbal angles to be recorded, This data

is stored in a certain erasable memory location denoted as
Position 1. When the next mark is made, the data from the pre-
vious mark is transferred to Position 2 where it becomes available
to the Rendezvous Tracking Data Processing Routine (R-22) and
the new mark data is placed in Position 1,

In order to achieve the desired accuracy levels of the
vehicle state vector with optical tracking data, it is important
that this data be taken at essentially uniform intervals over
the tracking period. Uniform tracking intervals are defined to
be about once every minute throughout the phase, as opposed to
all of the tracking data being taken over a short period, The

reason for this requirement is given in Section 5, 2. 5, 2, 2,
If it becomes necegsary to use the Crew Optical Alignment

Sight {COAS) instead of the SXT to obtain optical tracking data,
use is made of the Backup Rendezvous Tracking Sighting Mark
Routine (R-23). At the beginning of this routine the astronaut
loads the coordinates of the COAS. These coordinates are the
equivalent SXT shaft and trunnion angles of the COAS, which
would be the same as those indicated for the SXT if it were pos-
sible to point the SXT in the same direction as the COAS. After-
wards, the astronaut acquires the LM with the CQOAS and periorms
an optical mark by keying a PROCEED into the DSKY instead of

depressing the MARK button since the butfon cannot be reached
by him when using the COAS. Whenever he keys in a PROCEED,

the measurement time, the IMU gimbal angles, and the previously
loaded coordinates of the COAS are stored in the same Position 1
used by routine R-21 and are transferred to Position 2 when the

next set of mark data is placed in Position 1.
Optical tracking of the LM from the CSM and request

for data from the VHF range-link are suspended during rendez-
vous maneuvers by either vehicle. If the CSM is the passive ve-
hicle and is tracking the LM for monitoring and possible abort
retrieval, LM rendezvous maneuvers are voice-linked to the
CS5M as an ignition time and three velocity components in a LM
local vertical coordinate system, and then entered as updates to
the estimated LM state vector in the CMC. Upon receipt of this
data, SXT tracking and data processing should be suspended until
after the maneuver. The update is accomplished by means of
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the Target AV Program, P-76. If the CSM is the active vehicle
then the estimated CSM state vector is updated by means of the

Average-G Routine (Section 5. 3. 2) during the maneuver.

5.2.5.2 Rendezvous Tracking Data Processing Routine

5.2,5,2,1 General Operation

As indicated in Section 5,2, 5,1 the purpose of the
Rendezvous Tracking Data Processing Routine (R-22) is to
periodically process the optical and/ or VHF range-link track-
ing data to update the state vector of either the CSM or LM,

The logic associated with this routine is given in
Fig. 2.5-3 where it is seen at the top of the figure that routine
R-22 alternates between checking the status of the VHF Range
flag and checking to see if optics mark data is in Position 2,
Whenever optics mark data is found in Position 2 it is frans-
ferred to Position 3 and used to calculate the correction (or
update) to the state vector, Whenever the VHF Range flag is
found to be set, the routine reads the range from the VHF
range-link if at least 60 seconds have expired since the last
time range was read, Immediately after reading the range, a
check is made to see if the Data Good discrete is being received
from the VHF range-link, signifying that the range tracking
network is tracking the target satisfactorily, If the Data Good
discrete is present, the range data is used to calculate the cor-
rection to the state vector, The time tVHF is used as the time
of range measurement, If the Data Good discrete is not present,
the Tracker Fail Light is turned on,

The manner in which the state vector correction is
calculated for either optics mark or range-link data is given
in Section 5,2,5,2,2. The connections 1abeled®, @, and
@ in Fig. 2.5-3 correspond to those given for the logic flow
of the rendezvous navigation computations given in Fig, 2,5-4.
To distinguish between the two types of data in Fig, 2.5-3 use
is made of a Source Code {SC ) which is equal to one or two de-
pending on whether it is optics mark or range-link data, re-

spectively,
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After the state vector correction has been calculated
it is seen in Fig, 2, 5-3 that a check is made to see if the magnitudes
of the proposed correction in position and velocity (6 r and 8 v)
exceed certain threshold limits (& rMAX and 6 VMAX) stored in
erasable memory. The same threshold limits are used in this
check whether the state vector correction is based on optics
mark or range-link data, The purpose of this threshold check
is to insure the validity of the proposed state vector correction
{update). If the proposed correction exceeds either threshold
limit, the magnitudes of the correction in position and velocity
(6 r and & v) and the Source Code (SC) are displayed 1o the
astronaut. If the correction is the result of optical tracking
data and the astronaut is sure that he is tracking the LM, he
should command the update, Otherwise he should reject the
data and recheck the optical tracking. Additional details on the
threshold check are given in Section 5.2.1. It should be noted
that if optical data is being processed, there will actually be
two separate corrections to the state vector instead of one due
to the manner in which the optics data is used to calculate the
state vector correction as explained in Section 5,2.5.2,2, Since
the second optics correction is calculated using the state vector
updated with the first optics correction, it is unlikely that the
magnitude of second correction will exceed that of the first.
Consequently, a threshoid check is made in Fig, 2,5-3 only on

the first optics correction,

At various points in Fig. 2.5-3 it is seen that a check
is made to see if the Update flag is present (set), This flag is
removed when there is no desire to process the optics and
range-link data. It is removed by the CMC during CSM AV

maneuvers and during certain time consuming computations,
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and by the Target Delta V Program, If the Update flag is not
present, a check is made on the Track flag, The Track flag
is removed when it is desired to temporarily terminate the
rendezvous navigation process, I the Track flag is present,
it is seen in Fig. 2. 5-3 that the routine will continue to monitor
the Track and Update flags in a standby status until one of the
flags changes state.

The range obtained from the VHF range-link by the
Rendezvous Tracking Data Processing Routine is that measured
by the range-link between the CSM and the LM. This data is
sent to the CMC from the range-link as a 15 bit binary data

word R In the CMC the range RM in nautical miles is

RL-
obtained as follows:

R R

M -~ “rL RRL

where kRL is the bit weight in nautical miles,

5 2. 522 Rendezvous Navigation Computations

Each set of optical navigation data contains the time
of the measurement and the two optics and three IMU gimbal angles,
From these five angles the measured unit vector, Unrs
CSM-to-LM line-of -sight is computed in the Basic Reference

along the
Coordinate System from

(2.5.1)

UNB

uy = [REFSMMAT] T [NBSM]

where [REFSMMAT] and [NBSM] are transformation matrices

and Ung is the measured line-of -sight vector in navigation base

coordinates. All terms of Eq. (2.5, 1) are defined in Section 5,6,
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For the purpose of navigation it is convenient to consider

the measured unit vector, u,,, to be the basic navigation data. This

navigation measurement of the line-of-sight vector, is mathe-

U rs
matically equivalent to the simuitaneous measurementl\'lof the angles
between the lines-of-sight to the LM and two stars. The data are
processed by selecting two convenient unit vectors (fictitious star
directions), converting the vector u

M
tificial star-LM measurements, and using the Measurement Incor-

to an equivalent set of two ar-

poration Routine (Section 5. 2. 3) twice, once for each artificial mea-
surement, These two unit vectors are chosen to be perpendicular to
each other and to the current estimated line -of-sight vector so as to
maximize the convenience and accuracy of the procedure.

Let I'e and ry, be the estimated CSM and LM position vec-
tors at the time of a given line-of-sight measurement, Then, the

first state vector update for the measurement is performed as follows:

@ Calculate the estimated CSM-to-LM line-of-sight from

e, “IL " I¢ 2. 5.2)
Uep, = UNIT (g )

@ Initialize the fictitious star direction to the vector

u_ = UNIT (85 X upr) (2.5.3)

If the vectors %L and u,p are separated by an angle
of legs than 2 rad., then a computation overflow
ocecurs in the execution of Eq. (2.3.3), and this set
of measurement data is discarded because all of the
components of the estimated state vector deviation,

6 x, would be negligible for both state vector updates.
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@ Compute an artificial star direction from
u, = UNIT (Es X ECL) (2.5.4)

Calculate the six-dimensional geometry vector, b,
from

U (2. 5. 5)

&U‘
i

where the + { — ) sign is selected if the CSM (LM ) state vector is
being updated.

@ Determine the measured deviation, §Q, from

r5~Q=cosql (ES- EM) -cos-1 (Es' ECL)
(2.5.7)
_ -1 o
= cos (Es' u ) 3

@ Incorporate the fictitious star-LM measurement using

the Measurement Incorporation Routine (Section 5. 2. 3).

Included in Step @ is the state vector updaie validity check for
the first proposed update, as described in Section 5. 2. 1.

9. 2-75

Rev.3 - 11/68



It should be noted that the initialization of the star direc-
tion, v, which is given by Eq. (2. 5, 3), is such that the first artificial
star (computed from Egq, (2. 5. 4)) will yield the maximum value for
the measured deviation, 5Q, which is obtained from Eq.{2.5. 7). The
reason for selecting the first u. vector in this manner is that there
is only one state vector update validity check even though there are
two updates.

Assuming that the first state vector update was valid, the
second update for this measurement data set is performed by first
recomputing the estimated CSM-to-L.M line -of -sight vector from Egq.
{2. 5. 2) using the updated values of the estimated CSM and LM position
vectors, e and Ty respectively. Then, Steps @ - @
repeated, this time with no0 state vector update validity check.

are

If the first proposed state vector update does not pass the
validity check, then the magnitudes of the proposed changes in the
estimated position and velocity vectors, ér and év, respectively,
are displayed, If the astronaut is sure that he is tracking the LM,
then he should command the update, Otherwise he should reject the
data and recheck the optical tracking., A detailed discussion of this

state vector update validity check is given in Section 5. 2. 1.

The results of the processing of the measured line-of -sight
vector, u,. are updated values of the estimated position and velocity

vectors of the CSM or the LM. These two estimated state vectors

are used to compute required rendezvous targeting parameters as
described in Section 5, 4, 4,

For convenience of calculation in the CMC, Egs. {2. 5. 4)-
(2. 5. 7) are reformulated and regrouped as follows:
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u, = UNIT (o, X ugp)
by = fuyy
(2. 5. 8)
b, =0
_ -1 T
8Q = reog, [COS (ug « upg) - 7]

This set of equations is used both by the Rendezvous Navigation
Routine and the Orbit Navigation Routine (Section 5, 2, 4) in processing

optical tracking data. To validatethe use cf Eqs.(2. 5. 8) it is necessary

only to let

-7 2

a’ = Yo (varSXT + varIMU) + varper (2,5,9)}
where VE.I‘SX,P and varIMU are the a priori estimates for the SXT and

IMU angular error variances per axis, respectively, The variable
varmm is included in Eq, {2, 5, 9) for the purpose of smoothing the
effects of coasting integration inaccuracies,

After VHF range-link acquisition is established (Section 5,2,5. 1)
the measured C5M-to-LM range, RM, is automatically acquired at
approximately one minute intervals. The geometry vecior and measured

deviation for a VHF range measurement are given by

by = f¥cp,
9_1 =0 {2,5,10)
6Q = Ry - rep,

where the + ( - ) sign is selected if the LM (CSM) state vector is

being updated, The measurement error variance is computed from
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az = maximum (r(z:L varg, var ) (2.5.11)

R min

where varp is the range error variance corresponding to a percentage

error and var is the minimum range error variance,

R min

The rendezvous navigation computations are illustrated in
Fig, 2,5-4. As shown in the figure, this set of computations is entered
from two points ( @ and @ ) of Fig. 2,5-3, It is assumed that
the following items are stored in erasable memory at the start of the
computation shown in the figure:

X = Estimated CSM stiate vector as defined
in Section 5. 2. 2. 6.

X5 = Estimated LLM state vector.

w = Six-dimensional error transition matrix
associated with Zc«C or X5 as defined in
Section 5. 2, 2. 4.

1 for valid W matrix
RENDWFLG =

0 for invalid W matrix

This flag or switch is maintained by
programs external to the Rendezvous
Navigation Routine. It indicates
whether or not the existing W matrix
is valid for use in processing LM
tracking data. The flag is set to zero

after each of the following procedures:
1) State vector update from ground
2) Orbit or Cislunar-Midcourse Navigation

3) Astronaut Command
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ORBWFLAG

Switch similar to RENDWFLG but

used for orbit or cislunar-midcourse

navigation,
[REFSMMAT] = Transformation Matrix: Basic Re-
ference Coordinate System to IMU
Stable Member Coordinate System.
tF = Measurement time.

Five optics and IMU gimbal angles.

{or)

RM = Measured Range,

W and w
r

rr Preselected W matrix initial diagonal

v
elements, Thereis one value for each of these
two initial diagonai W matrix elements stored
in the CMC erasable memory, These para-
meters nominally represent rendezvous in-
jection conditions, They can bechanged

during the mission by the astronaut or by .
RTCC. .
.
1 Optics Measurement
sC = Source Code

2 Range Measurement

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.

The optical measurement incorporation procédure
outlined above should be repeated at about one minute intervals
throughout the rendezvous phase except during powered maneu-
vers, as described in Section 5. 2. 5. 1. As indicated in Section 5.2.5.1,
it is important that the SXT tracking data be taken over as large
an angular sector in inertial space swept out by the line-of-sight
as possible to achieve desired state vector accuracy levels. This
essentially uniform iracking operation is required since the SXT
tracking provides information only in directions normal to the
line-of-sight, as indicated by Eq. (2. 5. 5}, and the line-of-sight
must be allowed to rotate in inertial space to achieve more com-
plete update data. As mentioned previously, the VHF range data

is obtained automatically, approximately every minute,
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ENTER ENTER

from @ 3f Fig. 2.5-3 from @ <1f Fig. 2. 5-3

FLAG=0 D=0

Call Coasting Integration Routine (Sec. 5. 2. 2) to
Extrapolate Non-updated Vehicle's State Vector to Time t
Obtaining State Vector x.

F

No

Call Coasting Integration Routine {Sec. 5. 2, 2} to
Extrapolate Updated Vehicle's State Vector (and W Matrix
if D is 6) to Time tF Obtaining State Vector x,

Il
I

FLAG =1

Figure 2, 5-4 Rendezvous Navigation Computations (page 1 of 3)
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ORBWILAG = 0
WO = WrrI
W1 =0
No W‘3 - O
W4 = erl
Yes RENDWFLG = 1
D=6
L

Yoo T EL TI¢

@ u._ = UNIT (r )€

—CL

Compute Measured Line-of-Sight Vector

_ T
Upp = | REFSMMAT ] [NBSM] Ung

Initialize Star Vector
u, = UNIT (EC )

L Uy

Computation
Overflow

Figure 2.5-4 Rendezvous Navigation Computations {page 2 of 3}
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N

Y
Compute Star Vector, Geometry Vector,
Measured Deviation, and Error Variance
for Optics Measurement
n, o= UNIT (u_{5 XECL)
= —————
bo =ty
b =0
§Q=r cos_l(u cou,)-%
CL — M 2
az =r 2 (var + var )
CL SXT IMU

Compule Geomelry Vecior, Measured Deviation, and

Error Variance for Radar Measurement

by =+ uep,
(D—— 5,0
6Q = Ry - for

)

. 2
@¢” = maximum (r ar ar .
( cL VMr Var e min

r

Call INCORP1 of Measurement Incorporation

Routine to Compute State Vector Change

6%

EXIT to @ of Fig, 2, 5-3

Figure 2, 5-4 Rendezvous Navigation Computations (page 3 of 3)
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5.2.5.,2,3 Rendezvous Navigation Computations { Alternate

Line-of-sight)

During rendezvous optical tracking data are normally
obtained by means of SXT sightings of the LM from the CSM and
processed as described in Section 5, 2,5.2.2, Navigation data
can also be obtained by means of a backup optical device, How -
ever, since data obtained in this manner is much less accurate
than SXT sighting data, the backup device should be used for the
sightings only if the SXT has failed, or if the astronaut cannot
return to the lower equipment bay to make SXT sightings,

The processing of the data from a backup sighting
ig identical to the procedure described in Section 5. 2. 5. 2 with

the following two exceptions:

@ The values of the shaft and trunnion angles associated

with the particular device used are astronaut inputitems.

@ The measurement error variance, Eq. { 2.5.9), is
replaced. by

az = réL {var + var

ALT (2.5.12)

IMU)

where var,; is the a priori estimate for the angular error

variance of an alternate line-of -sight measurement per axis,
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5.2. 6 CISLUNAR-MIDCOURSE NAVIGATION ROUTINE

5.2.6.1 General Comments

During the midcourse phase of the lunar mission, naviga-
tion data can be obtained by the measurement of the angle between
the directions to a star and a planetary horizon or landmark, as de -
scribed in Section 3, 2. 1, This routine is used to process the star-
landmarkfhorizon measurement data, as illustrated in simplified
form ih Fig. 2. 1-3, and is normally used only in an abort situation
in conjunction with a return-to-earth targeting and maneuver pro-
cedure after the loss of ground communication, The Return-to-Earth
Routine (Section 5. 4. 5) and this routine provide the CMC with the
capability for guiding the CSM back to the earth and to safe entry

condifions.

The acquisition of the star and landmark/horizon may be
accomplished either automatically or manually. In the manual mode
it is not necessary to have the IMU aligned or even on for this mea-
surement since only the optics trunnion angle is used as measurement
data., In the automatic acquisition mode, however, the IMU must be

on and aligned prior to the initiation of this routine,

In the processing of the navigation data, it is necessary to
distinguish between earth and lunar measurements,and between primary
and secondary body measurements. This is accomplished by means of
the variable Z, which denotes measurement planet, and which is part
of the data loaded by the astronaut after the measurement. Also inclu-

ded in the data load are star and landmark or horizon identification.

5.2.6.2 Star-Landmark Measurement

LetEC

veetors and W the error transition matrix, The SXT star-landmark

and v be the estimated CSM position and velocity

angle measurement processing procedure is as follows:
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Use the Coasting Integration Routine (Section 3. 2. 2)
to extrapolate the estimated CSM state vectior and
the W matrix to the time of the measurement ob-
taining E'C, K'C:W' and EQC' The vector EQC is

the estimated position of the CSM relative to the
secondary body Q.

Let oo be the estimated CSM position vector rela-

tive to the measurement planet Z. Then

I
T

! if Z
r = {2.6,1)

if Z =

|
&

Compute Tps the location of the landmark at the
measurement time, by means of the Latitude-Longi-

tude Subroutine {Section 5. 5. 3).

Compute‘the estimated pointing vector from

TeL "5 " fzc
(2. 6.2)

Bcy, = UNIT (r¢y)
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Let ug be the star unit vector prestored in the CMC
fixed memory. It is necessary to correct the star
vector for aberration, i,e. the change in the observed
star direction caused by velocity perpendicular to the

direction. The observed star direction,l_,lz, is given

by

v, - v
__C_.,_..:.F:TE) (2. 6, 3)

* _
ES‘UNIT(ES+ <

where VEg is the velocity of the sun relative to the

earth and ¢ is the speed of light. The velocity vec-
tor of the sun relative to the earth, VEg is assumed
constant for the duration of the mission, as described
in Section (5. 5. 4). The velocity of the moon relative
to the earth, for the case in which the moon is the

primary body, is negligible.

Correct Yo for aberration as follows:

V'

% _ -C
= UNIT (ECL + T) (2. 6. 4)

YcL

Then, if A is the measured angle, the six dimensional
geometry vector, b, and the measured deviation, §Q,

are given by
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COSQ = u -+ ugy,
_ 1 * _ *
by, = m— UNIT (u - COSQ ug,)
CL
(2. 6.5)
b, =0
5Q = A - cos ! (COSQ)

Incorporate the measurement into the CSM state vector
estimate by means of the Measurement Incorporation
Routine (Section 5. 2. 3) after astronaut approval.

5.2.6.3 Star-Horizon Measurement

The processing of a star-horizon measurement is the same
as that of a star-landmark measurement except for Step above,
The estimated location of the landmark (horizon) ry must be obtained

from geometrical considerations.

Referring to Fig. 2. 6-1, it is seen that the star unit vector,
Es,a.nd the estimated CSM position vector,gzc,determine a plane. As-
suming that the measurement planet is the earth and that the horizon
of the earth is at a constant altitude, the intersection of this plane and
the horizon of the earth is approximately an ellipse, called the

horizon ellipse.

To determine the orientation of the horizon ellipse, define

the following three mutually orthogonal unit vectors:
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EQUATORIAL
" PLANE

HOR1ZON
ELLIPSE

SURFACE OF EARTH

Figure 2, 6-1 Definition of Horizon Coordinate System
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u, = UNIT (u X r, )
u, = UNIT (EZX 32) (2.6, 6)
o R

where u, is a unit vector along the earth's polar axis and is given by

= -A (2.6.7)

The angles Ay and Ay are defined in Section 5. 5.2, Then, as seen

in Fig. 2, 6-1, the vectors and u, are along the semi-major and

u
=0
gsemi-minor axes of the horizon ellipse, respectively; and Uy is per-
pendicular to the ellipse., The inclination angle I of the horizon el-

lipse with respect to the equatorial plane of the earth is ebtained from

sinl=u

u, u (2.6.8)

Z

The shape of the ellipse is defined by its major and minor

axes. The semi-major axis ay is given by

apy=a+h (2.6.9)
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where a is the semi-major axis of the Fischer ellipsoid and h is the
horizon altitude. Let rpbe the radius of the Fischer ellipsoid at the
latitude equal to the inclination angle of the horizon ellipse computed
from Eq. (5.3.1) of Section 5.5.3. Then, the semi-minor axis of
the ellipse, bH’ is obtained from

.bH= ro

+ h (2. 6, 10}
The problem of determining the vector r, can now be re-

duced to a two dimensional one. Define the Horizon Coordinate Sys-

tem to have its X- and Y -axes along Uy and u,, respectively, as il-

lustrated in Fig, 2. 6-2. Let

1:

oT

=0

ElT (2. 6. 11)
T

Y2

The matrix M is the transformation matrix from the Basic
Reference Coordinate System to the Horizon Coordinate System. The
vectors rye and u g are transformed to the Horizon Coordinate System
as follows:

-H ™ =ZcC
(2.6.12)

Yy = MES

Let xgq and YH be the two non-zero components of r.,, and

let the two points of tangency from Ty to the borizon be EO and_tl.
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Figure 2, 6-2 Geometry of Star-Horizon

Measurement
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The vectors t and t | are obtained by solving simultaneously

the equation of the horizon ellipse

2 2
X
+ - 2.6, 13
- ELQ 1 { )
H H

and the equation of the line which is tangent to the ellipse and which

passes through the point (xH, yH)

XX Yy
_H .__H,E - 2.6. 14
a * b ' ( )
H H
The following equations result:
a
H
Xp + ;— YH A -1
H
b
1 H
= = Ve, - —— X A -1 (2.6, 15)
-0 A H ay H
0
a
H
XH - -l;-- yH A - 1
H
b
1 H
= ——— L - 6- 1
173 Yu + N xH A -1 (2 6)
H
0
where
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.2 yz
_TH H 9. 6. 1"
A-a_2_+1;_2_ { 17)
H H

The two points of tangency, 10 and ll’ corjrespond to the two
horizon points, Eﬂ]?{ (near horizon) and Yo {far horizon). To deter-

mine which t, corresponds to which horizon, compute the two quantities
—i

Ay =ug + UNIT(t -1) (i=0, 1) (2. 6. 18)

Then, the Ei which yielded the larger Ai is the near horizon and the

other is the far horizon. Letlk be the horizon which was used in

the measurement, The horizon vector is then

r, =Mt (2. 6. 19)

The measurement processing is completed by following steps
@ - of the star-landmark measurement procedure.
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The star-horizon measurement processing procedure has
been based upon the assumption that the planet involved in the mea-
surement is the earth, If the moon is the measurement planet, and
it is assumed that the moon is a sphere, then the entire procedure
presented above is valid except for the computation of ay and bH.
For a lunar-horizon measurement Eqs. {2. 6. 8 } - (2. 6. 10) are re-

placed by

{2. 6. 20)

where Ty is the mean radius of the moon.

5.2, 6.4 Angle Measurement Processing Logic

The computational logic for the CislunaraMidcourse Naviga-
tion Routine is illustrated in Fig. 2, 6-3. It is assumed that the follow -
ing items are stored in erasable memory at the start of the computa-
tion shown in the figure:

X = Estimated CSM state vector as defined in
Section 5, 2. 2. 6
W = Six-dimensional error transition matrix

associated with X~ 38 defined in Sectionb, 2, 2. 4

ORBWFLAG =4 ! for valid W matrix

0 for invalid W matrix

This flag or switch is maintained by programs ex-
ternal to the Cislunar-Midcourse Navigation Routine,
It indicates whether or not the existing W matrix is
valid for use in processing star-landmark fhorizon
angle measurement data. The flag is set to zero
after each of the following procedures:

1) CSM state vector update from ground I

2) Rendezvous navigation

3) Astronaut Command

RENDWFLG = Switch similar toc ORBWFLG but used for

rendezvous navigation.
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t = MeasurementTime
A = Measured angle

u = Measurement star
- 0 for earth
Z = Measurement planet =

1 for moon

1 for landmark
L = Landmark switch or flag= { measurement

0 for horizon
measurement

w__.andw v Preselected W matrix initial diagonal ele-
ments

For convenience of calculation in the CMC, Egs. (2. 6.5)
are reformulated as follows:

* %
COSQ = ug * uc

L
_ * *
by = UNIT [u} - cOsQug., |
(2, 8, 21)
b, =0
_ oA
5Q = el [A - cos ~ {COSQ)]
To make Egs. (2. 6.21) valid it is necessary only to let
?= r2 var + var (2. 6.22)
CL TRUN L "

where varpouN and var I, are the a prioriestimates of the SX'T trunnion-

angle and landmark or horizon error variances, respectively,

The variables D and V are indicators which control the
Coasting Integration Routine (Section 5, 2, 2) as described in
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Section 5.2.2.6, I and O are the three-dimensional identity and zero
matrices, respectively, and F is the altitude flag as defined in Section
5.5. 3.

The calculation of the estimated pointing vector, Yol is
illustrated in Fig. 2.6-4, This subroutine is used both in the processing
of the navigation data and by Routine R-60 in the automatic acquisition
mode to point the SXT landmark line-of-sight at the specified target.

Finally, there is available either the landmark coordinates
or the far horizon flag H defined by
1 for far horizon

0 for near horizon

In the case of a horizon measurement the computational logic for
determining the horizon vector Ty is shown in Fig, 2,6-5,

The landmark coordinates (latitude, longitude, altitude) are
either in fixed memory or entered into the computer by the astronaut,
The altitude is referenced to the Fischer ellipsoid for earth landmarks,
and the mean lunar radius for lunar landmarks,
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RENDWFLG = 0
W, = w___1I
_ 0 mr
ORBWFLAG =0 Wl - 0
W3 = O
No W o= w I
4 mv
D= 6 ORBWFLAG = 1
D =0
Compute Estimated Pointing
o A—
Vector, Fig. 2.6-4

'

Compensate For Aberration
Egs, (2.6.3)and (2.6. 4)

l

Compute Geometry Vector b and
Measured Deviation §Q
Egs, (2.6,21)

Call INCORPI1 of Measurement
Incorporation Routine to Compute
Position Change ér and Velocity
Change &v

Display 6r and év

Astronaut
Approve

Call INCORP2Z of Measurement
Incorporation Routine to Perform
State Vector Change

Figure 2, 6-3 Cislunar-Midcourse Navigation Routine Logic Diagram
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Call Coasting Integration Routine To
Extrapolate Xe to Specified Time tF

Yes ;
=P Izc = I¢
No
Determine Horizon
R . No Position r,
—ZC ~ QCc Fig. 2,6-5
Yes

Call Latitude - Longitude Subroutine

To Determine ££

Compute Estimated Pointing Vector
Egs. (2,6,2)

EXIT

Fig, 2,6-4 Estimated Pointing Vector Computation Subroutine
Logic Diagram
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ENTER

u, = Unit(u X 1,0)
20=Unit (gzx _1}_2)
up T X 4y
T
Yo
M = é%
T
22
es
z2=0 SINL=u, + u,
No {c t‘ Eq.(5.3.1)
¥ ompute r, Eq.(5. 3. ]
ag " T™wm ‘F
by =T =
H M 8H7'8.+h
bH= rF+h
Ig= MrIzc
E5H=Mgs
2 2
*H YH
A= — +
ay by
a
H
a = y A-1
by °H
b
H
B= — x A-1
aH H
xH+a
¢ -. B
to= x \’H
0
XH‘ a
1 + B
t;- &z \'H
0
A'=EsH‘UNIT(ti_£H)(1=O'1.)

EXIT

Figure 2.6-5 Horizon Vector Determination Logic Diagram
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