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FOREWORD

SECTION 5 REVISION 14

The Guidance System Operations Plan (GSOP) for Program COLOSSUS 3

is published in six sections as separate volumes:

Prelaunch

Data Links

Digital Autopilots
Operational Modes
Guidance Eguations
Control Data

DO W W DD e
SO T

With this issue, Section 5 is revised from the previous issue of COLOSSUS
GSOP (Revision 13 Dec 1970 for COLOSSUS 2E) in order to reflect the NASA/MSC-
approved changes listed on the "Revision Index Cover Sheet" at the beginning of

this volume.

Although the GSOP specifies an earth-orbital capability for all programs—
and this capability has been provided—verification testing shall not be accom -
plished for earth-orbit rendezvous and earth-orbit navigation with P22.

Technical writing was performed by Joseph Klawsnik.

This volume is published as a control document governing guidance and nav-
igation computation programs for COLOSSUS 3. Revisions constituting changes
to the COLOSSUS Program require NASA approval.

dub e 1l

Jack C. Reed
APOLLO Documentation Group
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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 operational requirements are described.
The guidance and navigation equations and procedures presented
in Section 5 are primarily concerned with mission type programs
representing the current 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 b, 3 Powered Flight Navigation and

Guidance Routines
Section 5. 4 Targeting Routines
Section 5.5 Basic Subroutines
Section 5. 6 General Service Routines
Section 5.7 Entry Guidance

Guidance equation parameters required for program initializa-
tion and operation are listed in Section 5. 8. These selected
parameters are stored in the CMC erasable memory. General
constants used in the equations of this volume are presented in
Section 5. 9.



A cross-reference between the CMC programs
and routines of Section 4 that are described in Section 5
is listed in Section 5. 1.2, In the Section 5 table of
contents and texi, 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 making initial contribu-

tiocns to Section 5 were:

T. Brand R. Morth W. Robertson
P. Kachmar R. Phaneuf N. Sears

G. Levine P, Philliou W, Tempelman
W. Marscher J. M. Reber R. White

F,. Martin
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5,1.2 Sections 4 and 5 Cross Reference
PROGRAM TITLE
ST NUMBER —
P-00 CMC Idling Program
P-11 Barth Orbit Injection (EOI)
Monitor Program
P-15 TLI Initiate/Cutoff Program
P-20 Universal Tracking and Rendez-
vous Navigation Program
P-21 Ground Track Determination
Program
P-22 Orbital Navigation Program
P-23 Cislunar Navigation Program
P-24 Rate-Aided Optics Tracking
Program
P-29 Time-of-Longitude Crossing
Program
P-30 External Av Maneuver Guidance
P-31 Height Adjustment Maneuver
P-32 Coelliptic Sequence Initiation
(CSI) Program
P-33 Constant Differential Altitude
(CDH) Program
P-34 Transfer Phase Initiation (TPI)
Guidance
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P-36 Plane Change Maneuver Programb5. 4. 2
P-37 Return to Earth Maneuver
Guidance
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P-41 RCS Thrust Program 5.3.3 5.3-6
P-47 Thrust Monitor Program 5.3.4 5.3-46
P-51 IMU Orientation Determination 5.6.2.1 5.6-2
P-52 IMU Realignment Program 5.6,2,2 5.6-6
P-53 Backup IMU Orientation 5.6.2.3 5,6-12
Determination
P-54 Backup IMU Realignment Prog, 5.6.2,4 5.8-12
P-61 Entry Preparation Program 5.7 5.7-1
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Pre-Entry Maneuver
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P-64 Post 0.05 G Entry Mode 5.7 5,7-1
P-65 Up Control Entry Mode 5.7 5,7-1
P-66 Ballistic Eptry Mode 5.7 5,7-1
P-87 Final Entry Mode 5.7 5,7-1
P-72 LM (CSI) Targeting 5.4.2.1.1 5.4-4
P-73 LM (CDH) Targeting 5.4.2,1,2 5,4-17
P-74 LM Transfer Phase Initiation 5.4.2,2 5.4-18
(TPI) Targeting
P-75 LM Transfer Phase Midcourse 5.4.2.3 5.4-24
{TPM) Targeting
P-786 Target AV Program 5.6,14 5,6-84
P-77 Impulsive AV Program 5.6.14 5.6-84
5.1-4
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Routine Number 2

Rendezvous Cut-of-Plane
Display

SPS Thrust Fail Routine

State Vector Integration ( MID
to AVE) Routine

Coarse Align
Automatic Optics Positioning

Sighting Mark

Sighting Data Lisplay

Gyro Torquing

Alternate LOS Sighting Mark
Tracking Attitude

Rendezveous Final Attitude

5.1-5

SECTION 5
SUBSECTION NO,

5,6.6

5.2,5,1

5.2.5,2

2.2.5.1
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5.1.3 GENERAL PROGRAM UTILIZATION

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

mission.

I Earth Orpit Injection { EQI) Phase

A) Nominal

P-~-11 Earth Orbit Insertion (EQI) Monitor
Program

B) Abort to Entry

P -81 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

5.1-6



11

Earth Orbit Phase

A)

B)

Nominal

P-27 CMC Update Program (State vector

update),

R-30 Orbit Parameter Display Routine

Aborts to Entry

1. RTCC Targeted Abort

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

P-30 External AV Maneuver Program
{De -orbit)

P40

SPS or RCS Thrust Program
P-41
P-61
P-62
P-63 > Entry Programs
P-64

P-67

5,1-7



11 Earth Orbit Phase (cont)

B. Aborts to Entry
2. CMC Targeted Abort

P - 22 Lunar Orbit Navigation FProgram
(Earth Mode}

P -21 Ground Track Program

P - 29 Time-of-Longitude Crossing Program

P - 37 Return to Earth Program (Targeting
and Pre-Thrust)

P - 40
} SPS or RCS Thrust Program
P - 41
P-61 )
P - 62

P - 63 ) Entry Programs

P - 64
P - 67
C) Service Programs (Nominal and Abort Cases)

P - 52 IMU Realignment Program
P - G0 CMC Idling Program

R - 30 Orbit Parameter Display Routine

[x] Revised COLOSSUS 3
[JAdded GSOP # _ R-577 PCR #_ 1054 Rev. 14 Date _3/71



111 Trans-Lunar Injection ( TL1) Phase

A)

—— 0

B)

Revised COLOSSUS 3
GSOP # R-577

] Added

Nominal

P - 47 Thrust Monitor Program (TI.1

Maneuver Monitoring )

P - 15 TI.I Initiate/Cutoff Program
P -77 Impulsive AV Program

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 -40
SPS or RCS Thrust Program

P -61
to } Entry Programs
P - 87

5.1-9

PCR # 320,325 Rev, 14 Date
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III Trans-Lunar Injection ( TLI) Phase (cont)

B) 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

C) Service Programs Used in Abort Cases

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

P -7 Impulsive AV Program

P - 06 GNCS Power Down

P - 00 CMC Idling

5.1-10
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IV Trans-Lunar Phase

A) Nominal (Midcourse Correction Maneuvers)

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

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

40
SPS or RCS Thrust Program

P - 47 Thrust Monitor Program (Manual

Transposition and Docking Maneuver)

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 - 40
SPS or RCS Thrust Program
P-4

5.1-11



v Trans-Lunar Phase (cont)

B) 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 outside lunar sphere of influence)

P - 40
} SPS or RCS Thrust Programs

P -41
P - 61

to } Entry Programs
P - 87

C) Service Programs for Nominal and Abort Cases

P -06 GNCS Power Down

P -51 IMU Orientation Determination
P - 32 IMU Realignment Program

P -00 CMC Idling Program

R - 05 S -Band Antenna Routine

5.1-12



Lunar Orbit Insertion {LOI) Phase

A) Nominal

P - 27 CMC Update Program (State vector
update and LOI maneuver targeting),

P - 30 ZExternal AV Maneuver Program
(Second LOI Maneuver)

P - 40 SPS Thrust Program

B)  Aborts to Return to Earth Trajectory

1. RTCC Targeted Abort

P - 27 CMC Update Program (Return to earth

maneuver targeting),

P - 30 External AV Pre-Thrust Program
(To establish safe lunar orbit if
required)

P - 40 SPS Thrust Program

5.1-13



v Lunar Orbit Insertion { LOI) Phase (cont)
B) Aborts to Return to Earth Trajectory

2, CMC Semi-Controlled Abort (Limited Capability)

P - 22 Lunar Orbit Navigation Program

P -21 Ground Track Program

P - 24 Rate-Aided Optics Tracking Program
P - 27 CMC Update Program (TEI targeting)

P - 29 Time-of-Longitude Crossing Program

P - 30 External A v Maneuver Guidance

P - 40 SPS Thrust Program

C) Service Programs for Nominal and Abort Cases:

P - 52 IMU Realignment Program

R - 05 S-Band Antenna Routine

5.1-14
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VI Lunar Orbit Phase Prior to Undocking and
Separation {CSM Active}

A) Nominal

P - 22 Lunar Orbit Navigation Program

P - 21 Ground Track Program

P - 24 Rate-Aided Optics Tracking Program

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

P - 22 Time-of-Longitude Crossing
Program

P - 30 External Av Maneuver Guidance

o

33 CMC/LGC Clock Synchronization
Routine
P - 40 SPS Thrust Program

P - 41 RCS Thrust Pfogram
P

52 IMU Realignment Program

B) Aborts to Return to Earth Trajectory

1. RTCC Targeted Abort

P - 27 CMC Update Program (TEI targeting
and 3tate vector update).

P - 30 External Av Maneuver Guidance

P - 40 SPS Thrust Program

5,1-15
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VI Lunar Orbkit Phase Prior to Undocking and

Separation (CSM Active) (cont. )

B)  Aborts to Return to Earth Trajectory

2. CMC Semi-Controlled Abort ( L.imited
Capability )

P - 22 Lunar Orbit Navigation Program

P -21 Ground Track Program

P - 24 Rate-Aided Optics Tracking Program
P - 27 CMC Update Program (TEI targeting)
P - 29 Time-~of-Longitude Program

P - 30 External Av Maneuver Guidance

P - 40 SPS Thrust Program

P - 47 Thrust Monitor Program ( TEI by
DPS Case)

P -7 Impulsive AV Program

) Aborts to Safe Lunar Orbit (Bailout Burn)

P - 47 Thrust Moniter Program

D) 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 Idling Program

R - 05 S-Band Antenna Routine

R - 30 Orbit Parameter Display Routine

5.1-16
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VII Descent Coast and Landing Phases

A) Nominal

P - 20

Universal Tracking and
Rendezvous Navigation Program
( Tracking attitude and monitoring

only)

B) Aborts to Rendezvous Condition

1. LM Active Vehicle

P - 20
P -78
P - 74
P - 75
P - 72
P -173
P -21
P -29

Revised  COLOSSUS 3

Universal Tracking and
Rendezvous Navigation Program

Target AV Program

LM TPI Targeting Program
{ Monitoring or commands via voice
link }

LM TPM Targeting Program
{Rendezvous MCC monitoring or

commands via voice link)

LM Co-elliptic Sequence Initiation (CSI)
LM Constant Delta Altitude (CDH)
Ground Track Program

Time-of-Longitude Crossing Program

9.1-17
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VII 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)

P -20 Universal Tracking and

Rendezvous Navigation Program

P - 21 Ground Track Program
P - 29 Time-of-Longitude Crossing Program I
P -30 External AV Pre-Thrust Program

P - 31 Height Adjustment Maneuver Program ,

P - 32 CSM Co-Elliptic Sequence Initiation {(CSI)

P - 33 CSM Constant Delta Altitude (CDH)

P - 34 TPI Pre-Thrust Program

P-35 TPM Pre-Thrust Program

P - 36 Plane Change Maneuver Program |

P - 40 SPS or RCS Thrust Programs

P - 47 Thrust Monitor Program (Manual

terminal rendezvous maneuyer)
P - 77 Impulsive AV Program

P-179 Rendezvous Final Program

C) Service Programs

P - 52 IMU Realignment Program

R - 31 Rendezvous Parameter Display

Routine No, 1

R - 34 Rendezvous Parameter Display
Routine No. 2

5.1-18
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R - 36 Out of Plane Rendezvous Display

Routine
R - 63 Rendezvous Final Attitude Routine
P -00 CMC Idling
R - 05 5~Band Antenna Routine

] - 30 Orbit Parameter Display Routine

VIII Lunar Stay Phase to .M Ascent Launch

A) Nominal

P - 22 Lunar Orbit Navigation Program
(for landing site surveillance and
CMC update if desired)

P - 21 Ground Track Program

P - 24 Rate-Aided Optics Tracking Program

P27 CMC Update Program (LM launch
time update and Lunar Orbit Plane
Change LOPC, targeting).

P - 29 Time-of-Tongitude Crossing Program

P - 30 External AV Pre-Thrust Program
{LOPC)

P - 40 SPS Thrust Program

P - 20 Universal Tracking and Rendezvous
Navigation Program (Tracking atti-

tude and monitoring only)

B) Service Programs

- a1 IMU Orientation Determination
- 52 IMU Realignment Program
- 00 CMC Idling Program

- 05 S-Band Antenna Routine

4 W " w9

- 30 Orbit Parameter Display Routine

5.1-19
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Revised
[CJAdded

.M Ascent and Rendezvous Phase

A)

B)

Nominal

P - 20

P - 27
(or)
P -8
P - 20
P-78
P~ 74
P-175
P - 78
P-21

Universal Tracking and Rendezvous
Navigation Program (Preferred Track-
ing Attitude during LM launch)

CMC Update Program
LM injection
state vector
Target AV Program

Universal Trackind and Rendezvous
Navigation Program (LM state vector

updating)

Target AV Program
LM TPI Targeting Program (Monitoring)

LM TPM Targeting Program (Monitoring)

Rendezvous Final Program

Ground Track Program

Aborts to Rendezvous Condition

1. LM Active Vehicle

P - 27
P - 20
P - 176
P-4
P -175
P-19
P-"72

- 73
P - 21
P - 28

COL.OSSUS 3

GSOP #

R-577

CMC Update Program (State vector
updates)

Universal Tracking and

Rendezvous Navigation Program
Target AV Program
LM TPI Targeting Program (Monitoring)

LM TPM Targeting Program (Monitoring)

Rendezvous Final Program

LM Co-elliptic Sequence Initiation (CSI)
LM Constant Delta Altitude (CDH)

Ground Track Program

Time-of-Longitude Crossing Program

5.1-20
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X LM Ascent and Rendezvous Phase (cont)

B)

Q)

Aborts to Rendezvous Condition

CSM Active Retrieval

2.

P - 21
P - 20
P - 30
P - 31
- 32
P -33
P - 36
P - 21
P - 34
P-35
P -9
P - 40
- 41
- 47
P17

CMC Update Program (State vector updates

and phasing maneuver targeting if required)

Universal Tracking and

Rendezvous Navigation Program

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

Height Adjustment Maneuver Program

CSM Co-Elliptic Sequence Initiation (CSI)

CSM Constant Delta Altitude (CDH)
Plane Change Maneuver Program

Ground Track Program
TPI Pre-Thrust Program
TPM Pre-Thrust Program

Rendezvous Final Program

SPS or RCS Thrust Programs

Thrust Monitor Program (Manual terminal

rendezvous maneuver)

Impulsive AV Program

Service Programs for Nominal and Abort Cases

P - 52
R - 05
R - 31
R - 34

- 36
R - 63

[x] Revised COLOSSUS 3
] Added GSOP #__R._511 PCR # 305 1040 Rev. 14  Date  2/71

IMU Realignment Program
S-Band Antenna Routine

Rendezvous Parameter Diaplay

Routine No. 1

Rendezvous Parameter Display

Routine No. 2

Out of Plane Rendezvous Display Routine

Rendezvous Final Attitude Roufine
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R - 30 Orbit Parameter Display Routine
P -00 CMC Idling Program

X 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
P - 24 Rate-Aided Optics Tracking Program

P - 29 Time-of-Longitude Crossing Program

P - 52 IMU Realignment Program
P -00 CMC Idling Program

P - 47 Thrust Monitor ( Manual CSM-LM

Separation Maneuver )

B} Aborts Prior to Nominal TE]

P - 27 CMC Update Program (State vector update)

5.1-22
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XI Trans-Earth Injection ( TEI) Phase

A) Nominal

P - 27 CMC Update Program

P - 30 External Av Maneuver Guidance

P - 40 5PS Thrust Program

B)  Aborts to Return to Earth Trajectory

No CMC targeting capability

P - 27 CMC Update Program

P - 30 External AV Maneuver Guidance
P - 40 SPS Thrust Program

P - 77 Impulsive AV Program

9.1-23
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XII Trans-Earth Phase Midcourse Correction Maneuvers

A)

B)

Nominal

P - 27

P - 30
P - 40

P - 41

CMC Update Program (Cislunar midcourse

correction maneuver targeting)

External AV Pre-Thrust Program

} SPS or RCS Thrust Program

Aborts to Maintain Earth Return Trajectory

{(CMC Limited Capability)

P -23
P - 37
P - 40

P -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

P - 086
P -51
P - 52
R -05
P -00

GNCS Power Down

IMU Orientation Determination
IMU Realignment Program
S-Band Antenna Routine

CMC 1dling Program

5,1-24



XHI 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 -85 Entry Up Control Phage

P - 66 Entry Ballistic Phase

P - 67 Final Eniry Phase

5.1-25



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 1.2516251, 1972, et. The X-axis
(EXI) is along this intersection with the positive sense in the direction of
the ascending node of the ecliptic on the equator (the equinox), the
Z -axis (EZI) is along the mean earth ncrth pole, and the Y-axis (EYI)
completes the right-handed triad., The Basic Reference Coordinate
System ig 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 o ppys and is likewise shifted from
moon-centered to earth-centered when the estimated vehicle position
from the moon first exceeds Foppe 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 o this system,

(¥

.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:

5.1-26
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1. Preferred Alignment

Uyaps = UNIT (xp)

= UNIT (u

*

Yzsm T Yxsm X Yvsm

wWhere:
UxsM
IMU stable member coordinate unit vectors
UvsMm referenced {o the Basic Reference Coordinate
YUs 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 = (Bysm X Yz
UNIT(y_X r) (1.4.2)

Yysm

uyang = UNIT (-1)

where r and v represent the vehicle state vector at the

alignment time, talign'

3. Earth Pre-launch Alignment

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

Uggp = UNIT ( —£) {local vertical)

UsM = UNIT (A) where A is a horizontal vector pointed

at the desired launch azimuth angle,

Yysm = Yzsm * Yxsm

In P41 if the magnitude of the cross product is less than 216 meters or in P40 if
the magnitude of 4 xXgM x UNIT r is less than 2-12 radians,then wygp = UNIT
[EXSM x (UNIT r+ 0.125 UNIT v)] where v = velocity vector at ignition,
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4, Lunar Landing Alignment

EXSM UNIT (ELS) at t

L

(1.4.3)

XS M]

Uyom UNIT [(EC X Y—C) X w

Yysm T Yzsm < UxsMm

where r_ . ig the lunar landing site vector at the predicted

LS

landing time, tL’ and EC and EC are the CSM position and
velocity vectors, as maintained in the CMC.

5. Lunar Launch Alignment

The same as that defined in Eq. (1. 4. 3) except that

I1s

launch time tL‘

is the landing or launch site at the predicted

The origin of the IMU Stable Member Coordinate System
is the center of the IMU stable member.

5.1.4.3 Vehicle or Body Coordinate System

The Vehicle or Body Coordinate System is the orthogonal
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 (1_1XB) lies along the longitudinal axis of the
vehicle, positive in the nominal SPS thrust direction. The positive

Z-axis (EZ ) is defined by an alignment target (labeled +Z) at the top

B
of the service module and is normal te HXB'
pletes the right-handed triad, This coordinate system is defined in
Ref, 1 of Secticn 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-axis is in the equatorial plane and
completes the right-handed triad,

5,1,4.5 Moon-Fixed Coordinate System

The Moon-Fixed Coordinate System is an orthogonal

rotating coordinate system whose origin is at the center of mass of

the moon, This coordinate system is shown in Ref, 1 of Section 5, 9. 2
as the Standard Coordinate System 2, Selenographic Polar in Fig, A-2,
The Z-axis is defined {o 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 essentially
parallel to that of the CSM Vehicle Coordinate System, The YNB
is defined by the centers of the two upper mounts between GNCS

axis

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 optlcs {shown in Section A-A of Ref, 1) through an angle of
32° 31 23.19 about the YNB axis towards the vehicle +7 axis, and
located on the Y axis half way between the mount points, The
positive ZNB axis is in the same general direction as the vehicle +7
axis, The XNB axis is defined as XNB X ZNB to complete the right-
handed triad,
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5.1,5 GENERAL DEFINITIONS AND CONVENTIONS

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

which are distributed among various other sections,

5.1.5.1 Error Transition Matrix Maintenance

5.1.5.1.1 Definitions

The error transition matrix (W matrix) is defined in
Section 5,2, 2,4 and is used in processing navigation measure-
ment data, Control of the W matrix is maintained by means of
two flags, RENDWFLG (see Section 5,2,5,2.2) and ORBEWFLAG
(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 cislunar-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 ig, they cannot both be equal to one,

9,1.5.1.2 W Matrix Control Flags

The two W matrix control flags are maintained according

io the following rules:

1. RENDWFLG and ORBWFLAG are both initially

Zerao,
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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
RENDWFILG to be zeroced,

4, There exists a special DSKY verb by which the

astronaut can zero both flags.

5. Initialization of the W matrix for rendezvous
navigation causes ORBWFLAG to be zeroed and
RENDWEFLG to be set to one,

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

7. If a computation overflow occurs during extrapolation
of the W matrix, a program alarm will result, both
flags will be zeroed, and the extrapolation of the

state vector will continue without the W matrix.
8. Selection of P-24 causes both flags to be zerced.

9. RENDWFLG is zeroed during the automatic W matrix
reinitialization procedure as described in Section
5.2.5.3.

With regard to items 5 and 6 above, there exist in erasable
memory three sets of initialization parameters for the W matrix; one for ren-
dezvous navigation, one for orbit navigation, and cne for midcourse navigation.
Fach of these sets contains two elements, a position 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 5 and 6. 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 Extrapolation

Extrapolation of the W matrix is described in
Section 5,2,2,4, Reguired in this extrapolation is the specification
of the appropriate vehicle's state vector with which the W matrix
is extrapolated, This extrapolation occurs during programs P-00,
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:

-00 : The W matrix is extrapelated with the
CSM ( LM ) state vector if ORBWFLAG
(RENDWFLG) is equal to one, The
W matrix is not extrapolated if both

flags are equal to zero, {(SeeSection5,6,12,)

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

pP-22 ] The W matrix is extrapolated with the
P-23 } - CSM state vector if ORBWFLAG is
equal to 1, and not exirapolated if
ORBWFLAG is equal to zero, (See
Sections 5,2,4,5 and 5,2,6,4, )
p-11 The result of the maneuver will be a final
P-40 . state vector at the end -of -maneuvertime
P-4l tF' The CSM state vector that existed before
P-47 the maneuver program will still exist; and,

cotemporal with it, therewill alsobethe LM
state vector and the W matrix, The following
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 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
tp. 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 pregram 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, T in earth orbit cases, or the lunar
landing site radius magnitude, Ty g in lunar orbit cases. The
earth launch pad radius parameter, Tl o is stored in fixed
memory, and the lunar landing site radius, s is the magnitude

of the landing site vector, ELS’ available in erasable memory,

P-11 Earth Orbit Injection Monitor Program Section 5, 3. 5
P-21 Ground Track Determination Program Section 5,6, 5
P-30 External AV Maneuver Guidance Section 5,3,3,3,1
P-32 & 72 Pre-CSI Maneuver Section 5, 4, 2
P-348& 74 TPI Pre-Thrust Programs Section 5.4, 2
R-30 Orbit Parawmeter Display Routine Section 5. 6. 10. 1

The earth and lunar landmark coordinates required in pro-
grams P-22 (Orbit Navigation Program) P-23 (Cislunar Navigation Pro-
gram) and P-24 (Rate-Aided Optics Tracking) involve an altitude param-
eter referenced to the Fischer ellipsoid for earth landmarks, and the
mean lunar radius, Por for lunar landmarks., The altitude of the land-
ing site displayed in the IMU Realignment Program (P-52) or the Backup

IMU Realignment Program (P-54) is also referenced to the mean lunar

radius.

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 Launar Landing Site Definition

The lunar landing site is maintained in the CMC as

a vector, r n the Moon Fixed Coordinate System of Section

s 1
5.1.4.5, TI‘I—lilsls 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 landing 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

The time t; is the time interval between July 1.0
universal time of the year in question (i.e,, the Greenwich

midnight at the beginning of July 1) and the time the Guidance
Computer clock is zeroed.

The time t (also known as mission time or Ground
Elapsed Time GET) is the time maintained by the Guidance
Computer clock, and hence is the time interval between when
this clock was zeroed and current time.

Shortly before launch, the mission time t is zerced
and to is established utilizing the ground check-out system
ACE and the uplink (Verb 55) and down link. Within 0.5 sec
of the time the computer receives the lift-off discrete, mission
time t is again zerced and t0 is incremented by the elapsed
time since the last zeroing of mission time (see program P-11,
Section 5. 3.5). During a flight, the mission time t may be ad-
justed as a convenience for the flight controllers in order that
events may occur at the mission time scheduled in the Flight
Plan. The adjustment is performed by the use of Extended
Verb 70; an increment of time is added or subtracted from
mission time t, and is subtracted or added respectively to to-
The time tag is that time used to interrogate the

Planetary Inertial Orientation Subroutine and is defined in
Section 5.5, 2,
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5.2 COASTING FLIGHT NAVIGATION

5,2,1 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 mission, The basic objective of these navigation
routines is to maintain estimates of the position and velocity vectors
of both the CSM and the LM. Letr and v be the estimates of a vehicle's
position and velocity vectors, respectively, Then, the six-dimensional

state vector, x, of the spacecraft is defined by

Xed
n
(k)

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 5.2.3-5.2.86).

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 contrastto 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 obtained by means of navigation mea-

gurements.

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 PGNCS uses 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 LM~-CSM lunar-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,



Although the state vector of the CSM is six-dimensional,
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

& &

]
=

where r and v, are the estimated CSM position and velocity vectors
and Ty is the estimated landmark position vector.

During the rendezvous phase, the six-dimensional 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 Incorporaticn 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 Meagurement Incorporation
Routine (Section 5. 2. 3) is used to incorporate the measurement data
into the state vector estimates,
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The navigation procedure, which ig illustrated in simplified
form in Figs, 2,1~ l to 2,1-3, involves computing an estimated track-
ing measurement, Q based on the current state vector estimates,
This estimated measurement is then compared with the actual track-
ing measurement Q to form a measured deviation §Q. A statistical
weighting vector, w, is computed from statistical knowledge of state
vector uncertainties and tracking performance, az, plus a geometry
vector, b, determined by the type of measurement being made, The
weighting 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, b and é x are of six or nine dimensions de-

pending upon the dimension of the state vector being estimated,

In an atiempt t¢ 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 andé 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
hag 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 béing 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.

RBased 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 reasonable 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 6r and 4v.



In the Rendezvous Navigation Routine (Section 5.2.5)
measurement data ig 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, § 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, & 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 condition by a special display of § r and § 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
the astronaut should recheck the optical tracking and make sure that
he is tracking the LM, Under certain conditions it is possible to mistake
a gtar 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 LLM 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 after 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 (P-78) of the maneuver
AV if the LM 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 év 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. 8) the astronaut measures 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,and
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 orbit naviga-
tion or the estimated LM state vector in the case of the Rendezvous
Navigation Routine, The various guidance targeting modes outlined
in Section5, 4 are based on the state vector estimates which result

from these navigation routines,
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5.2.2 COASTING INTEGRATION ROUTINE

5.2.2.1 General Comments

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

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

2

;f:? r (1) + —2- £ (1) = a ) (2.2.1)

sti '-5-:'«

where pp, is the gravitational constant of the primary body, and g_d(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 digsturbing acceleration, gd(t) of Eq. (2. 2.1), is set to zero may be
accomplished by means of the Kepler subroutine (Section 5. 5. 5).

5.2.2.2 ‘Encke's Method

It 24 is small compared with the central force field, direct in-
iegration 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 S 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 tO the position and velocity vectors, r, and y_o,define
an osculating conic orbit. The position and velocity vectors in the
conic orbit, Econ(t) and Xcon(t)’ respectively, will deviate by a small

amount from the actual position and velocity vectors.

The conic position and velocity at time t are computed as
shown in Section 5, 5.5. Required in this calculation is the variable x
which is the root of Kepler's equation. In order to minimize the num-
ber of iterations required in solving Kepler's equation, an estimate of

the correct sclution. for x is obtained as follows:

Let

Tt -t (2. 2.2)

During the previous computation cycle the values

_ At
r! Teon ¢ T)
) At
v = Veon (r —2—) (2. 2.3)
x'=x {T —A—zt

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

x, =x"+ s [1 -75(1—275)~%(}17—a)s2] (2.2.4)

1
where
o - P (At
r 2
r'. v
R (2. 2. 5)
2r' N Hp
2
o 2 (v")
r! Hp
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After specification of EO’ Vor % and 7, the Kepler subroutine

(Section 5,5, 5 )isusedto computeEcon(T), {7}, and x(r).

Yeon
The true position and velocity vectors will deviate fromthe

conic position and velocity since 24 is not zero. Let

r(t) = 5(6) + £ o (1)

(2. 2. 8)

vit) = vlt) + v ()

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

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

d2 5(t) “p [f( y rft) + 6(t):l + a (t) (2.2.7)
== T a s Lia
at? r_ ) R —d

con

subject to the initial conditions

sltg) = 0, wlty) =0 (2. 2. 8)
where
(6 -2r).8
q=——g— (2.2.9)
r
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3+ 3q+ q2
],+(1+q)3[2

flq) = g (2. 2.10)

The first term on the right-hand side of Eq. (2. 2. 7) must re-
main small, i, e., of the same order as Ed(t)’ if the method is to be
efficient. As the deviation vector §(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 6(t), as well as the variables 7 and x, are

again zero.

5.2.2.3 Disturbing Acceleration

The form of the disturbing acceleration ?ld(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 a4p
be the acceleration due to the non-spherical gravitational perturba-

tions of the primary body. Then, for the earth

where
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P

P, {cosg) = 3 cosg

Pé (cose) = % (15 cosz(p - 3)
2.2.12)
1
P; (cose) = 3 (7 cose Pé - 4Py)
’ _1 ' ‘
Py (cosg) = T (9 cosp Py - 5P;)
are the derivatives of Legendre polynomials,
cosQ =u .. u_,
H
0 o
and u_ =| 0} as anapproximation (2.2.13) %
1

and J2, JS’ J4 are the coefficients of the second, third, and fourth
harmonics of the earth's potential function. The vectors 4. and u,
are unit vectors in the direction of r and the polar axis of the earth,

respectively, and Th is the equatorial radius of the earth.

In the case of the moon,

4 i
_ b M [_ /
&qam T 7T z Jim (T) 1:)'1,+1 (cosplu , ~ P/ (cos@lu,
i=2

r

3
5% 10x. .2
3 N M 2 2 MM
+2 iaid - - -
5 Cay ( ) ——(1-Tcos ¢>)1_1_r+‘(500s ©® 1)9_X+ %) u,

where:

. is the unit position vector in reference coordinates;

1

u, is planetary (O)transformed to reference coordinates;
0
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0

Ey is planetary( 1 ) transformed to reference coordinates;
0

0

4, is planetar'y(O) transformed to reference coordinates:
1

and Xy Ypr 2 2re the components of r in planetary coordinates,
which are computed by the use of the Planetary Inertial Orientation
Subroutine (Section 5.5.2). In addition, M is the mean lunar radius;
and J22, C31 are the coefficients of the terms describing the asymmetry
about the pole of the moon's gravity; and the remaining symbols are
defined as in Eq. (2,2,11).

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

7
240 " - _3_‘% [f(qQ)_r:PQ + _1:] (2.2,15)
r
C
Hs
a4g ~ —FT. [f(qS)EPS+£] (2.2.186)
sC

where rpQ and I pg are the position vectors of the secondary body
and the sun with respect to the primary body, I‘QC and rgq are the
distances of the CSM from the secondary body and the sun, and the

arguments qQ and dgq are computed from

(r - 2r }-r
O = — —PQ"  ~ 2.2,17)
Q 2
PQ

(r - 2r Yor
dq = ———=F2 = (2.2.18)
3
PS

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,EES,are computed as described in

Section (5. 5.4). Then,

rpy HP=E
'pQ * - (2.2.19)
_EEM ifpP=M
and
The if P=E
= . 2a
Ppg ; | (2 20)
rpg Iy P =M
Finally,
e X7 pq
(2. 2.21)
Ysc "L Ips

5.2.92.4 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 g_(t) and g_(t) are the errors in the estimates of the pdsition
and velocity vectors, respectively, then the six-dimensional correla-

tion matrix E(t) is defined by
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e et ety nwy”

Eﬁ(t) = (2. 2. 22)

n(t) g(t)T n(t) Q(t)T

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

dimensional correlation matrix is defined as follows

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

where the components 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(t) wit) T (2. 2. 24)

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

O 1 O
ditw(t)= ity O O | w@ (2. 2. 25)
O O O

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

wo bl . Wg
W = Wo Wig o+ wir | (2. 2.26)
Wig Hi9 -0 Eog
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then,

G w0 7 w0
W =G w® § 1-0,1,....,8 (2. 2.27)

d -
8TV—V1+18(” =0

The extrapolation may be accomplished by successively integrating the

vector differential equations

2
Low )= G w,) i=0,1,...,8 (2. 2. 28)
dt

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

given by

Glt) = MSP Eﬂg(t)g(t)T - (1) I] (2. 2. 29)

ro(t)

During cislunar-midcourse flight

m
G(t) = ;3( ) [3 e(t) e’ - r2() 1]
t

r

(2. 2. 39)

U

Q T 2

+ 5 3 EQC(t) EQC(t) -r QC(t) I
r Qc(t}
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Thus, if D is the dimension of the mairix W{(t) for the given
navigation procedure, the differential equations for the V—Vi(t) vectors

are

d 5 _
-C-i;?\gi(t) el G o ) - Ei(t)] v () - w; ()
(2. 2.31)
Q
+ M2 3 fug ) w0 ugalt) -w )
"t

where lir(t) and EQC(t} are unit vectors in the directions of r(t) and

Toe {t), respectively, and

1 for cislunar-midcourse flight
M= (2. 2.32)
0 for earth or lunar orbit

It is possible for a computation overflow to occur during the
W matrix integration if any element of the matrix exceeds its maximum
value, This event is extremely unlikely because of the large scale fac-
tors chosen. The overflow occurs if
1} any element of the position part (upper third) of the W
matrix becomes equal to or greater than 219 m,

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, the two W matrix
control flags are reset, and either new state vector estimates must
be obtained from RTCC, or a sufficient number of navigation mea-
surements must be made before the state vectors are used in any

targeting or maneuver programs.
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5.2. 2.5 Numerical Integration Method

The extrapolation of navigational data requires the solution of
a number of second-order vector differential equations, specifically

BEgs. (2. 2. 7) and (2. 2. 31). These are all Special cases of the form

d2 .
EZizi(X’ t) (2. 2. 33)

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 _ _
TJY- 2
(2. 2. 34)
d __
a.—t‘E_ ‘f_ (_: t)
and the formulas are summarized below.
Ypr1 = ¥nt oy at
Zoey T 2T R At
_ 1
9lyy) = 2y * sy + 2ky) At
(2. 2.358)

Yyg) =l + Ay k)

ko =1y, t)

k. =fly +Lz At+ Lk (A, t + 1 At)
=2 ~Yn T Zn [ | oty Ty
Kk, =f(y +z At+ik (A2 t +A1)

=3 WL 2y 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 , t + Atf2, bt 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, At is computed

max’
from
kedl?
Atmax = minimum Atﬂim’ #——'\j__-_—_— (2. 2. 36)
Hp
where
Atﬂ. = 4000 sec.
im
(2. 2.37)
K =0.3

5.2. 2. 8 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 dimensicon six or nine.
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To accomplish all of these possible procedures, as well as
to solve the computer restart problem, three state vectors will be
maintained in the computer. Let X and Xy be the estimated CSM

and L.LM state vectors, respectively, and let x be a temporary state
vector. The state vector X is a symbolic representation of the follow -

ing set of variables:

r, = rectification position vector
Yy = rectification velocity vector
Toon - conic position vector
v = conic velocity vector
—con
(2. 2.38)
5 = position deviation vector
v = velocity deviation vector
t = time associated with r s vV . & and v
-con’ —con’® = =
T = time since rectification
X = root of Kepler's equation
0 for earth
P = primary body =

1 for moon

The state vectors Xe and X1, represent an analogous set of variables.

The Coasting Integration Routine is controlled by the calling
program by means of the two indicators D and V. The variable D

indicates the dimension of the W matrix with
D=0 (2. 2. 39)

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

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 state vector X.

A simplified functional diagram of the Coasting Integration
Routine ig shown in Fig, 2.2-1., In the figure the indicated state
vector is being integrated to time tF' The value of At for each time
step is Atmax (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 €4

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 iilustrated, The

following is a list of these items together with the number of the

figure in which each occurs,

1) Baving 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
I’ 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, the
normal integration will not be performed. Instead, the LM position
and velocity vectors (EL and XL) are obtained by transforming the
stored landing site position vector r; o and the vector (Q, 0, 1)
from moon-fixed to basic reference coordinates with the Planetary

Inertial Orientation Subroutine (Section 5.5. 2) where r. and u, are
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ENTER

No Yes
X 7 X,

es No

At = rgmlmum [(tF -t), =« Atmax ]

[}

At|< € Yes EXIT
t

| e

Integrate State Vector x (t)
One Time Step to Time t + At

|
H1
| >4

y

Integrate D-Dimensional W Matrix
One Time Step to Time t +At

Figure 2, 2-1 Simplified Coasting Integration

Routine Logic Diagram
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bap+ lt51+452+35)m
n=h+ 3
[EERE
crionis B
No Yes
F-l t=t+ 4t
rers B

Figure 2.2-2 Coasting Integration Routine

Logic Diagram
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ENTER

Compute r

~PQ
Sections 5, 5, 4
&5,.2.2.3

No
Y
Yes
Yes
No
X
Com}:;'ute EPQ &
No ~QC
Sections 5. 5.4 &
5.2.2.3
No -~
rQC
-
™ L A
- Compute v
WVYes —PQ
Y Sections 5.5.4 &
5.2.2.3
Rectification
Iy r + & r = I -r
0 Zecon =2 —con  =—con —PQ
\ Y9 " Yeon T Y Yeon ~ Yeon T ¥p@
- eon = o
Qlflcatlon ™ s P=1-Pp
equtred/ v v
—con =0
\‘{No 8 9_
0
EXIT ———-—— -7
x=0
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Figure 2,2-3 Rectification and Coordinate System Origin Change Logic Diagram
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Compute a4p
Eqg. (2.2.11)

L J

Yes Compute EPQ’ EQC’ 240’ 24s

Secs. 5.5.4 and 5.2.2,3

- EXIT -

Figure 2.2-4 Disturbing Acceleration Selection Logic Diagram
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the respective vectors in basic reference coordinates, and v, is com-

puted 25 follows:

JL T Ym iz I
where © is the rotational rate ol the moon with respect to inertial
space, 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.

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

1) the computer word length,

2 ) the fact that the computations are performed in

fixed~point arithmetic,
3} the scale factors of the variables, and

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

If
S s 0.01
T
con
or if
0.75 X 2%%m for P = 0
& > 18
0,79 X 2 " mfor P=1
or if
0.75 X 23 m/csec for P =0
v >

it
—

0,75 X 2_1m/csec for P
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then rectification occurs at the point indicated in Fig, 2,2-2,

Also, if the calculation of the acceleration (Eqg, (2.2.7)) results
in overflow (i, e, any component is equal to or greater than
2_16m/cse02 for P =0, or 2-20111/08602 for P = 1), then the
program is recycled to the beginning of the time step-and recti-
fication is performed, provided that 6 is not identically zero (which
may occur if an attempt is made to extrapolate a state vector

below the surface). In this exceptional case, an abort occurs

with alarm code 20430,

The definitions of the various control constants which ap-
pear in Figs, 2,2-1 to 2,2-4 are as follows:

€4 = integration time step criterion

Y P = radius of lunar sphere of influence

iR = radius of relevance for earth non-spherical
gravitational perturbations

TaM = radius of relevance for moon non-spherical
gravitational perturbations

rME = distance from the earth beyond which mid-
course perturbations are relevant,

MM =  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 18 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 5.2.1. The error transi-
tion matrix, W, is defined in Section 5.2, 2, 4,

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

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

L.et 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
az = A priori measurement error variance
6Q = Measured deviation, the difference between the

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

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

gstate vector is as follows:

@ Compute a D-dimensgional z vector from

2=W'T b (2.3.1)

where W' is the error transition matrix associated with x'.

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

@ Compute the state vector deviation estimates from

6% = w 6Q (2. 3. 3)

@ If the data pass the validity test, update the state
vector and the W matrix by

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

{2.3.5)
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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!
w

o W

Wis el Wag

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

the three-dimensional matrices

—oT WST Ezf
Wo=| w, T wyo= | ow,T e W= | w, T 26
‘-"’—2T E5T Wag
so that
WOT WIT W2T
w= | w,” w,T w, T (2.3.7)
w.T T T

Let the nine-dimensional vectors 8%, b, w, and % be partitioned as

follows:
X by 9 Zo Zy
6x=| 6x; b= b, WE oWy ZEL 2 17
%y by 9g Z:B Zg
(2. 3.8)
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Then, the computations shown in Eqgs, (2. 3, 1) through (2. 3. 3) are

performed as follows, using three-dimensional operations:

2-1
=t} =§5 ““r%33—ﬂ

=0

2-1
a = 5‘ Z zZ, T o

o= Tl

3=0

{2, 3.9)
2-1
T_1 T
= 52 % W'31+3
i=0
= P D_
5%, = 5Q w; (1-0, Lo, z-1
Equation (2. 3. 5) is writien
1
’Y=
1+ Na?la
(2.3.10)
= ! - i = -
'Ei+9j "'li+9j ‘Yziﬁj i=0,1, ... ,D-1

j=0, 1, .no,'g"‘l
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The Measurement Incorporation Routine is divided into
two subroutines, INCORP1 and INCORP2. The subroutine INCORP1
consists of Egs. (2. 3. 9), while INCORP2 is composed of Egs, (2. 3. 4)
and €2, 3, 10). The method of using these subroutines is illusirated
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,sx, and bxy, are
added to the vectors § and p, the position and velocity deviations from
the conics, respectively. Since é 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 (Secticon 5. 2. 2) by the process of
rectification as described in Section 5. 2. 2. 2. The logic flow of the
subroutine INCORP? is illustrated in detail in Fig. 2. 3-2.

Overflow occurs when

222m for P=0
62
218m for P=1
or
23 m/csec for P=0
p>

g1 m/csec for P=1
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CALLING PROGRAM

Y

f

Compute Geometry Vector b and
Measurement Deviation §Q. -
Set Dimension D and & priori Variance a2. i

\&

Call INCORP1

Go To
—»~ Alternate
Procedure
Call INCORP2
CCNTINUE
INCORP1 ‘ INCORP2
Compute State Vector Update State Vector x
Deviation Estimate §x and W Matrix
Eas. (239 ) Eqs.{2.3.4) ond (2310)
RETURN RETURN

Fig. 2.3-1 Measurement Incorporation Procedure
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Overflow

=V + 6x

y

Update W Matrix Rectification
Egs. (2.3.10) Fig. 2.2-3

.M Ye
Update

o

e EXIT

|
I
[

I3

o
H

|5

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

5.2.4.1 Liandmark Tracking Procedure

While the CSM is in lunar or earth orbit, landmark
optical tracking data are used to update the estimated CSM state
vector and the coordinates of the landmark that is being tracked,
as described in Section . 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.

In order to initially acquire and maintain optical tracking,
the CSM attitude must be oriented such that the CSM-to-landmark
line-of-sight falls within the SCT field of view, In the 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 or by use of the Barbecue Mode
Routine (R64).

If the astronaut wishes, he may use the Automatic Optics
Positioning 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
pnint 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 mode (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 switeh 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 Positioning 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 Positioning
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 the landing site will be stored in
the CMC erasable memory and can be updated during the mission.

If the astronaut does not identify the landmark, then the
Landing Site Designation procedure (Section 5,2.4.3) 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
3. 2. 4. 2 to update the estimated nine-dimensional CSM-landmark
state vector.

Whether the landmark is identified or not, one further
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 data

set the magnitudes of the first proposed changes in the estimated CSM
position and velocity vectors, sr 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 1s 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 functions for which the sets of navigation
data acquired from the line-of-sight tracking measurements are used
are pregented 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

(2. 4.1)

1™
i
Aﬁ'

e
=
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where e and Vo are the estimated CSM position and velocity vec-

tors, respectively, and Ty 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 vectior 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,
Ag described in Section 5. 2. 4. 1, each set of navigation data con-
taing the time of the measurement and the two optics and three IMU
gimbal angles., From these five angles the measured unit vector,
Uy along the CSM-to-landmark line-of-sight is computed in the
Basic Reference Coordinate System from

T
u,, = [(REFSMMAT]" [NBSM] uyp (2. 4. 2)

where [REFSMMAT] and [NBSM] are transformation matrices and
UNE 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, u,,, to be the basic navigation data, This
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navigation measurement of the line-of-sight vector, u ., 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 measuremerl\l/‘is, and using 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 e and r, 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

e T4 T I (2. 4. 3)
uep, = UNIT (r) )

@ Initialize the fictitious star direction to the vector

u, = UNIT (l—lCL X EM) (2. 4. 4)

If the vectors Uy, and Uqq are separated by a small

enough angle, (possibly as much as v ¥ x 2 19 rad.),
then a computation overflow occurs in the execution of
Eqg. (2.4.4), and this set of measurement data is dis-
carded because all of the components of the estimated
state vector deviation, §x, would be negligible for

both state vector updates.
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@ Compute an artificial star direction from

ug = UNIT (gs X ECL) (2. 4. 5)

@ Calculate the nine-dimensional geometry vector,

b, from
b, = rl u, (2. 4. 6)
CL
El =0 (2.4.7)
_132 = - EO (2. 4. 8)

@ Determine the measured deviation, 6Q, from

6Q = cosw1

..1 -
(ug = upp) - cos = (ug - Upp )

(2. 4.9)

= -1 . T
meos (g ) - g

@ Incorporate the fictitious star-landmark meszsure-
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, 5Q, which is obtained from Eq.
(2. 4. 9). The reason for selecting the first ug 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
is performed by first recomputing the estimated CSM-to ~landmark
line-of -sight vector from Eg. (2. 4. 3) using the updated values of the
estimated CSM_and landmark position vectors, e and T respectively.
Then, Steps - are repeated, this time with no state vec-

tor update validity check.

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, EM’ are updated values of the estimated position and
velocity vectors of the CSM, I'c and Yoo respectively, and an up-

dated value of the estimated landmark position vector, Ty

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 been acquired as des-
cribed in Section 5. 2, 4.1, Let Upr 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’ ig given by

e 2 1/2
= -9 - sinA 2. 4.10)
Eﬁ-_r_'c-f— ra cos A :7 sin Upp (2. 4,
C
where
Uy, * T
cos A = - M _-C (2. 4. 11)
e

e is the estimated CSM position vector at time t and rg is the

estimated planetary radius. This initial es’aima’celzl/I landmark posi-
tion vector, Eﬂ’ 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 e

During the landing site selection operation any visible
landmark may he 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 desgired
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 rqgin Eq. (2.4.10).

2.2.4.5 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 X as de-
fined in Section 5, 2. 2. 4.
1 for valid W matrix
ORBWFLAG =

1 0 for invalid W matrix

This flag or switch is maintained

by programs external to the Orbit.

5, 2-50



ENTER

!

Obtain Astronaut Entry of
KNOWN and L

Compute Laft,
Long, Alt of
landing site
from the vector
s using the
Latitude-Longi-
tude Subroutine

Obtain Astronaut Entry of
Landmark Coordinates
Lat, Long, Alt

RENDWFLG = 0
WO = Wy I
W, =0
W, =0
D=6 Wg=0
W4 =Wy I
W5 =0
V=1 ORBWFLAG =1
i=0 D=0
EXIT to
Fig. 2,4-2

Fig., 2.4-1 Orbit Navigation Routine Initialization
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RENDWFLG =

n

[REFSMMAT]

N sets of five optics and

Wors Yoy Yy -

var =

RP

OFF =

Navigation Routine. It indicates
whether or not the existing W matrix

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

to zero after each of the following
procedures:

1) CSM state vector update from ground
2) Rendezvous navigation

3) Astronaut Command

4) Selection of P-24

Switch similar to ORBWEFLAG hut

used for rendezvous navigation.

Transformation Matrix: Basic Ref-
erence Coordinate System to IMU

Stable Member Coordinate System

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

The N measurement times associ-

ated with the N sets of navigation data
IMU gimbal angles each

Preselected W matrix initial diagonal

elements
variance of the primary body radius
error

1 through 5 for index of landing
site offset designator

0 for no landing site offset designator

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 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
1L _ not stored in CMC memory

01 for the landing site

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).

Altitude 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. 8), (2.4.7), and (2. 4. 9) are reformulated and regrouped as follows:
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= UNIT {u_ X ug;)

s
l—:)0 - Bs
(2.4.12)
21 = 0
5 = c _1( . I
Q = rep [€08 Wy - Uyl T x

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 Egs. (2.4.12) it is necessary only
to let

+ var (2.4.13)

= 2o )
= Ten WEsceT IMU

where vargem and VAT py BLE the a priori estimates for the SCT and

IMU angular error variances per axis, respectively.

The processing of the N sets of landmark-tracking navigation

data ig 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 integrated
to the time of each measurement, and the measured line-of-sight vector

Uy is computed. If this data set is an offset designator, then the vector
=M

measurement, If this is the first navigation data set for a known land-

and the time are saved, and the program proceeds to the next

mark, then the W matrix is initialized and the data are processed to
obtain the fwo 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 in which the
geometry of the landmark mapping is explicitly accounted for. Included
in this procedure are negative radicand and zero divisor checks. Ior
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

i

R

t_ =
F v
Calt Coasting Integration Routine to
Extrapolate Xe to time tF with or
without W matrix depending on D
Compute Yy from ith Set of Navigation
Data
Eq, {2.4,2)
N
] Compute rg. Fig 5.3-3 © @
l Yes
WB =Q Call Planetary Inertlal
Compute Landma rk Location Orientation Subroutine
Upg o T, W, =0 Twice to Transform r
. M C 7
w from Time t' to Tiine t
= w,l
8 S
l FLAG =1
[LPEE I
Call Latitude-Longitude R P e
Subroutine to Comp .
Landmark Location ¢, ugy, *UNI ”!cL)
v *UNIT(uyy > uy,)
Initialize W Matrix far
Unknown Landmark Computation
Fig, 2.4-3 Querflaw
Compute Star Vector uwe
FLAG = 0 Geometry Vector b
Mezsured Deviation 6@ and
P -
fer ™ B 7 Ic Error Variance a
Eqa, (2.4, 12) and (2.4, 13)
Bep = UNIT(ro )
Call INCORPF1 of Measure-~
ment Incorporation Routine
to Compute State Vector
Change §x
Display 41 and sv
EXIT
Call INCORP2 of Meaaurement
Incorporation Routine to Par-
form State Vector Change
Yes
.

Figure 2,4-2 Orbit Navigation Routine Logic Diagram
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ENTER

Compute WG and W7
d Thmo 4y
1
u =1 - = u,,r
7 IMTL
E1+18 U-'“—!l (irO, l.v F) 5)

Determine W8

e, r \2
12 T 0 T
€1 %2 = g P vargepUU" + Valpp d_)EMEM
3 %4 ©°5
W14 7 V%5

Wog = €4/ Woy
Wog = €3/ Woy

- R 2
Wng \/®2 T Wrs

= (e ~WyyWag)/ wog

72 Vr3 Yoy
Wg = | Y75 Wi O
w78 ‘O 0
EXIT

Fig. 2.4-3 W Matrix Initialization for Unknown Landmark
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ENTER from
Fig. 2.4-2

|Call Coasting Integration Routine to

Extrapolate X o to Offset Time tOFF

I 2OFF

2

Call Latitude-Longitude Compute Offset Landing Site

Subroutine to Transform™— Vector ry

r, to Lat, Long, Alt Eq, (2.4.10)

Digplay Lat, Long, Alt

Save Lat, Long, Alt as

Landing Site Coordinates

|

Convert W Matrix to Call Planetary Inertial Orientation

Six-Dimensional Form M——| Subroutine to Transform r . to
Moon-Fixed Coordinates —

Figs. 2,4-5 and 2,4-6 Obtaining r

l

EXIT

Fig. 2.4-4 QOrbit 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 he the landing site, then the landing site coordinates

and the landing site vector (r LS) are saved in erasable memory.

d

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 reason for this procedure
is 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 errbrs are not correlated with the errors in the
estimated CSM position and velocity vectors., Of course, after 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 solution 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’ s W8 as follows;
WOT w, " w,"
wel ow,T ow,m w7 (2. 4.14)
w,T w,T w,T

Let the elements of each of these submatrices be defined by
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w W

9i 81+ 3 9i+ 6

i =| Wois+1 Woi+a Wgi4+7 | E=0.1,...,8)
Yoi+2 Yoi+5 "oi+s
(2.4.15)

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

mensional form:

(2. 4.16)

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

computed by solving the following twenty-one equations:

(2.4.17)
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where primes refer to quantities before conversion, and the following

table gives p as a function of i and j:

iljzo9|28)2712 |1 |0 (282712 |1 |©0 [27|2 |1 |0 2] 1|0 |1 0|0
jl[29]29]|29]29]20/ 2928 (28|28|28}28|27|27|27)27{2| 2| 2|1 (1|0
pil2c|19)18|17]|16|15)14113}12|11|1019 |8 |7 |6 |5 4|32 |10

The twenty-one elements e to €9q &Te 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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ENTER from
Fig.2.4-4

!
p =20
j =29

EXIT to
Fig, 2.4-6

Fig. 2.4-5 Orbit Navigation Routine W Matrix Convergion, Part I
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p =20
ENTER ——»
from Fig. 2.4-5 j=29

No

n =n+3

Computation

Win =0 Overfliow

S itk Wi /W

Fig. 2.4-6 Orbit Navigation Routine W Matrix Conversion Part I
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5.2.5 Universal Tracking and Rendezvous Navigation Program (P20)

The CMC Universal Tracking and Rendezvous Navigation Program (P20)
has two independent functions—tracking and navigation. The tracking function ap-
plies {0 any mission situation requiring the CSM to track a designated body with a
specified pointing vector or to any mission situation requiring the CSM to rotate at
a constant rate around a specified vector. ' The navigation function applies only to
the Rendezvous Navigation Mode of P20.

5.2,5.,1 Tracking

There are three nonrendezvous and two rendezvous tracking (or pointing)

options:

Option Purpose Mode

0 FPoint a specified spacecraft vector Rendezvous
at the LM. Do not constrain rota-
tional attitude about this pointing
vector. (Use VECPOINT)

1 Point a specified spacecraft vector Nonrendezvous
at a celestial body., Do not con-
strain attitude about this vector.
(Use VECPOINT)

2 Rotate at a specified rate about a Nonrendezvous

specified spacecraft vector.

4 Same as Option 0, but constraining Rendezvous
attitude about the pointing vector
to a specified value (OMICRON}.

5 Same as Option 1, but constraining Nonrendezvous
attitude about pointing vector to a
specified value (OMIC RON).

5.2.5.1,1 Opticn 0: Orient the Spacecraft Such that a Specified Body-Fixed Point-
ing Vector Aligns with the Estimated Line of Sight to the LLM. —Option 0 is effected
by the Tracking Attitude Routine {R81), which is called by P20 as prescribed for
this option in GSOP Section 4. The pointing vector (SCAXIS) is defined by two an-

gles:

1) A specified positive angle (¥) from the spacecraft
+X-axis about the spacecraft Z axis (04£¥<360 deg)

2) A specified positive angle {p) about the Y'-axis
produced in the XY plane as a result of ¥ (-90<p<
90 deg).
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LOS TO
o TARGET BODY

N —

The 1.OS is determined by advancing the estimated CSM and LM state vectors to the '
current time. (See Kepler Subroutine,Section 5.5.5.) Once the coincidence of
SCAXIS and L.OS has been established, R61 establishes a spacecraft angular rate to
maintain the coincidence. For Option 0, R61 provides the RCS DAP with the follow-

ing quantities:

1. & CA "**** desired LOS rate plus L.OS correction
rate in control-axis coordinates
2. IGAD » MGA -, OGAD «+...DAP reference angles,
i.e., center of the dead-
band.
3. AGA.....a vector defining the desired incremental

changes in the IMT gimbal angles every

0,1 second.

The desired L.OS rate (C_QCA) is computed as follows:

2108 %1, " fc

=( [NBSM] SCAXIS x [REFSMMAT] UNIT (

€ correction a LOS) )//_\tc

where [NBSM] uses the DAP reference angles THETADX, Y, and Z for the trans-

formation from navigation-base to stable-member coordinates.
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If lw exceeds MAXRATE, distribute as follows:

= correction
€ correction ~ MAXRATE [UNIT (w correction)]
@ og = [REFSMMAT] {UNIT tuy,0g) x (¥, - vc) } * Yeorrection

IELOSI
@ep = INBCA] [SMNB] @ .

where QLOS is the LOS rate 1n stable-member coordinates; [SMNB] and [NBSM]
are transformation matrices defined in Section 5.86.3.2.1; [NBCA] is the matrix
for transforming a vector from navigation-base to control-axis coordinates as de-
fined below; Iy ¥ EC s, and Ve are the position and velocity vectors of the
LM and CSM in basic-reference coordinates obtained by using the Kepler Subrou-
tine of Section 5. 5.5, ; SCAXIS is the specified axis (Y,p); MAXRATE is the max-
imum correction rate; and Atc is a conservative estimate of the R61 computation

interval (thus preventing overshoot in vehicle attitude by the time of the next mark),

1 0 0
INBCA] = ¢ cos 7.5 -sin 7.5
0 sin 7.5 cos 7.5

The vector AGA is computed as follows:

cos [GA sec MGA 0 ~-sin IGA sec MGA
AGA = |-cos IGA tan MGA 1 sin IGA tan MGA {0. 1) @r o
sin IGA 0 cos IGA

where 1,08 is the LOS rate in strable-member coordinates computed previously.

5.2.5.1,2 Option 1: Orient the Spacecraft Such that SCAXIS Aligns with the L.OS
to a Specified Celestial Body. —Option 1 is effected by the Tracking Attitude Rou-
tine (R61), called by P20 as prescribed for this option in GSOP Section 4. SCAXIS
is as defined in Section 5.2,5.1. 1. '

For Option 1, the L.OS is determined by advancing the estimated CSM
state vector to the current time. (See Kepler Subroutine, Section 5.5.5.) Once
the coincidence of SCAXIS and LOS has been established, R61 establishes a space-
craft angular rate to maintain the coincidence. R61 quantities provided to the RCS
DAP under tracking-option 1 are as described for Option 0 (Section 5. 2. 5. 1. i),
with the following exceptions:

L10s = line of sight direction,
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and,

for STARCODE = 0~ 45,
Y108 © “correction’

for STARCODE = 486-50,
UNIT (¢ C)x(zc)

|=c|

Y108

[REFSMMAT] { } * Qeorrection

5.2.5.1.3 Option 2: Rotate the Spacecraft About SCAXIS. —Option 2 is effected by
the Automatic Rotation Routine (R67), called by P20 as prescribed for this option
in GSOP Section 4, SCAXIS is as defined in Section 5. 2.5, 1.1. R8T initializes
COF, BRATE, [DEL], [MIS], and ADB in KALCMANU (GSOP Section 3) and then
executes the KALCMANU coding to issue the following quantities to the RCS DAP:

1. Wep ooee desired rotation rate

2. IGAD ’ MGAD . OGAD, ++++ DAP reference angles,
i.e., center of dead-
band,

3. AGA .... a vector defining the desired incremental

changes in the IMU gimbal angles every S

0.1 second.
These calculations are repeated once per second.

5.2.5.1.4 Option 4: Orient the Spacecraft as in Option 0, but Further Specify an
Angle (OMICRON) of Rotation About SCAXIS. —Option 4 is effected by the Tracking
Attitude Routine (R61), called by P20 as prescribed for this option in GSOP Section
4,

SCAXIS is as defined in Section 5.2.5,1.1; OMICRON is the positive-
sense angle between planes A and B—where plane A is defined by the negative
momentum vector (-H) and the LOS, and plane B is defined by the spacecraft +Y-
axis and the LOS.

Alignment of the LOS with either the spacecraft Y-axis or the momentum
vector is proscribed since the necessary two-plane condition for specifying
OMICRON would not exist.
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OMICRON PLANE A

PLANE 8

For Option 4, R61 provides the following quantities to the RCS DAP:

1, Dep roee desired I.OS rate in control-axis coordinates

2. IGAD . MGAD, OGAD s +++. DAP reference angles,
i.e., center of the
deadband

3. AGA .... avector defining the desired incremental

changes in the IMU gimbal angles every

0.1 second.

The desired L.OS rate (QCA) in control-axis coordinates is obtained as
follows:

Lros 7 L " Fc

@ g = [REFSMMAT] {UNIT Wpog) xlyy, - ve)

|9Lod

w = [NBCA] [SMNB]

CA YLos’

where “r.08 is the LOS rate in stable member coordinates; [SMNB] is a trans-
formation matrix defined in Section 5.6.3.2.1; [NBCA] is the matrix for trans-
forming a vector from navigation base to control axis coordinates as defined below;
Ly » ¥y B 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.
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1 0 0
[NBCA] = 0 cos T.2b6 -sin 7.25
0 sin 7. 25 cog 7.25
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) @ oS
sin IGA 0 cos IGA

w correction,

where
- g 5
DX - OGAD
Y correction 6 DY - IGAD %1:—1
C
)
| DZ - MGAD_
8%+ 9py» Opy = desired gimbal angles
At = conservative estimate of R61 computation interval.

C
5.2.5.1.5 Option 5: Orient the Spacecraft as in Option 1, but Further Specify an
Angle (OMICRON) of Rotation About SCAXIS. ~Option 5 is effected by the Tracking
Attitude Routine (R61), called by P20 as prescribed for this option in GSOP Section

4,

SCAXIS is as defined in Section 5. 2.5.1.1; OMICRON is as defined in
Section 5. 2.5, 1.4 (Option 4).

For Option 5, R61 quantities provided to the RCS DAP are as in Option 4,
except as follows:

u LOS = line of sight direction,

and,
for STARCODE = 0-45,
Wros = U

for STARCODE = 46-50,

B UNIT (r ~) x (v ~)
2108 © [REFSMMA.T] C C

el
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5.2.5.2 Rendezvous Tracking Data Processing Routine (R22)

In the P20 Rendezvous Mode (Options 0 and 4), Routine R22 processes
optics and VHF tracking data to update the state vector of either the CSM or LM.
(See GSOP Section 4.)

5.2.5.2.1 Rendezvous Data-processing Logic. —Figure 2.5-3 is a flowchart of R22

logic. Observe that the routine alternates between checking the status of the VHF
Range ¥lag and checking to see if optices mark data are in Position 1. Whenever
optics mark data are found in Position 1, they are transferred to Position 2 and used
to calculate the correction (or update) to the state vector. Whenever the VHF
Range Flag is 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 (and on-board range
estimate is less than 327, 67 n.mi.). 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 are used to calculate the correc-
tion to the state vector. The time tVHF is used as the time of range measure-
ment, If the Data Good discrete ig not present, the Tracker Fail Light is turned

O,

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
labeled @ . @ , and @ in Figure 2.5-3 correspond to those given for the
logic flow of the rendezvous navigation computations given in Figure 2.5-4. To
distinguish between the two types of data in Figure 2.5-3 use is made of a Source
Code (SC), which is equal to one or two depending on whether it is optics mark or

range-link data respectively.

After the state vector correction has been calculated it is seen in Fig -
ure 2.5-3 that a check is made to see if the magnitudes of the proposed corrections
in position and velocity (8r and § v) exceed certain threshold limits (§ raax and
6VMAX) 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 thresh-
old limit, the magnitudes of the correction in position and velocity (§r and év) and
the Source Code (SC) are displayed to 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 are being processed, there will actu-
ally be two separate corrections to the state vector,instead of one, due to the manner
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in which the optics data are used to calculate the state vector correction as ex-
plained 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 the second correction will exceed that of the first. Consequently,

a threshold check is made in Figure 2.5-3 only on the first optics correction.

At various points in Figure 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, 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. If the Track Flag is present, it is seen in Figure
2.95-3 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 Track-
ing 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 RRL . Inthe CMC the range RM in nautical miles is obtained as fol-

lows:

RRL

where kRL is the bit weight in nautical miles.

5.2.5.2.2 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 U along the CSM-to-
LM line-of-sight is computed in the Basic Reference Coordinate Systerm from

4, = [REFSMMAT]® [NBSM] u

M (2.5.1)

NB

where [REFSMMAT] and [NBSM] are transformation matrices and Ung is the
measured line-of-sight vector in navigation base coordinates. All terms of Equa-
tion (2. 5. 1) are defined in Section 5. 6. 3.

For the purpose of navigation it is convenient to consider the measured
unit vector Unr to be the basic navigation data. This navigation measurement of
the line-of-sight vector LEVERE mathematically equivalent to the simultaneous
measurement of 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 uny to an equivalent set of two artificial star-

LM measurements, and using the Measurement Incorporation Routine (Section
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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 r~ and ry be the estimated CSM and LM position 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-LM line-of-gsight

from
Tep, T Ip - Ic (2.5.2)
Ueg, = UNIT (rCL)
@ Initialize the fictitious star direction to the vector
u = UNIT (QCLXQM) (2.5.3)

If the vectors ¢~

as muchas ,/ 3 x 2
of Equation (2.5.3), and this set of measurement data is discarded because all of

and u,, are separated by a small enough angle, (possibly

-18 . . .
rad.), then a computation overflow occurs in the execution

the components of the estimated state vector deviation, éx, would be negligible for

both state vector updates,

@ Compute an artificial star direction from
u, = UNIT(QSXQCL) (2.5.4)
@ Calculate the six-dimensional geometry vector, b,
from
b =+ 1 (2.5.5)
=0 - Teop S s
b, =0 (2.5. 6)
where the + (-) sign is selected if the CSM (I.M) state vector is being updated,
and rCL = |ICL|
@ Determine the measured deviation 6@
from
GQ:cos”l(u-u )—cos'l(u-u )] (2.5.7)
-=s =M =s =CL te
= cos_1 (U + Un,) - =
- s M’ T 2
@ Incorporate the fictitious star-LM measurement 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, as described in Section 5. 2. 1.

It should be noted that the initialization of the star direction ug which
is given by Equation (2.5. 3), is such that the first artificial star (computed from
Equation (2. 5. 4)) will yield the maximum value for the measured deviation §Q
which is obtained from Equation (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-LM line-of-sight vector from Equation (2. 5. 2) using the updated values of
the estimated CSM and I.M position vectors rea and Ty, respectively. Then,
Steps @ - @ are repeated, this time with no state vector update validity check.

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 6r and 8v', 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 optiical 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
LLM. These two estimated state vectors are used to compute required rendezvous

targeting parameters as described in Section 5. 4. 2.

For convenience of calculation in the CMC, Equations (2.5, 4)-(2.5.7)

are reformulated and regrouped as follows:

u, = UNIT (gsngL)
90 = i ES
b, =0 (2.5.8)

&
.3
I

-1 y . I
Ter |°9% "Hg 2m’ 72

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

validate the use of Equations (2. 5. 8} it is necessary only to let
2

_ 2
a” = rep (varSXT+var

IMU) + VAP o (2.5.9)
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where var SXT and var IMu are the a priori estimatés for the SXT and IMU an-

gular error variances per axis, respectively. The variable var is included

INT
in Equation (2. 5.9) for the purpose of smoocthing the effects of coasting integration

inaccuracies.

After VHF range-link acquisition is established (Section 5. 2. 5. 1) the
measured CSM-to-LM range (RM) is automatically acquired at approximately one-
minute intervals (when on-board estimate of range is less than 327. 67 n.mi.}. The

geometry vector and measured deviation for a VHF range measurement are given
by

by = + ugg,
b, =0 (2.5.10)
0Q = Ry - T,

where the + (-) sign is selected if the LM (CSM) state vector is being updated. The
measurement error variance is computed from

oz2 = maximum (rZCL var o + varom s (2.5.11)

var .
Rmin )

where var p is the range error variance corresponding to a percentage error and

var is the minimum range error variance,

Rmin
The rendezvous navigation computations are illustrated in Figure 2.5-4.

As shown in the figure, this set of computations is entered from two points { @

and @) of Figure 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:

Xo < Estimated CSM state vector as defined
in Section 5. 2. 2. 6,
X, = Estimated LM state vector
W = Six-dimensional error transition matrix
associated with Xp Or xp as defined
in Section 5. 2. 2.4,
WRDTIME = Specified minimum time between W-

matrix reinitializations.

5.2-79



MINBLKTM =

(MAXBLKTM)

TBEFCOMP =

BRNBLKTM =

MAXWTIME =

FINCMTM =

Specified maximum time after a mark
that a W-matrix reinitialization can

be performed,

Specified minimum time before final
targeting solution that W-matrix re-

initializations will be allowed.

Estimated total time without marking

before and after a maneuver.

Specified maximum time between W-

matrix reinitializations.

Specified maximum time before a ma-

neuver that a mark can be taken.

The following definitions apply:

RENDWFLG

ORBWFLAG =

1 for valid W-matrix
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- ma-
trix is valid for use in processing ILLM 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

4) Selection of P24

Switch similar to RENDWFLG but
used for orbit or cislunar-mid-

course havigation,
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[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 ry C Preselected W-matrix initial diagonal elements.
There is one value for each of these two initial
diagonal W-matrix elements stored in the CMC
erasable memory. These parameters nominally
represent rendezvous injection conditions. They
can be changed during the mission by the astronaut
or by RTCC. During MINKEY, these parameters
are changed automatically at the completion of

each targeting program,

1 Optics Measurement
SC = Source Code
2 Range Measurement

MANFEUFLG {maneuver has been performed)—set on final pass through

any rendezvous targeting program except P36
TPIMNFLG (TPI has been performed}—set on final pass through P34
P35FLAG (MCC1 has been performed)—set on final pass through P35
MARKTIME —time of current mark
AGEQFW—time of last W-matrix reinitialization
OLDMKTME —time of last mark

PTVI3FLG—causes W-matrix to be reinitialized on first mark after a

maneuver

FULTKFLG-(single-sensor tracking denoted}—set by crew's VERB 57
ENTR.
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t .~ —time of ignition

IG

COUNT3MK—mark counter, counts up to three marks

The variables D and V are indicators which control the Coasting Inte-
gration Routine (Section 5. 2. 2) as described in Section 5.2.2.6, and I and O are

the three-dimensional identity and zero matrices, respectively.

The optical measurement incorporation procedure outlined above should
be repeated at about one minute intervals throughout the rendezvous phase except
during powered maneuvers, as described in Section 5.2.5.1. As is indicated in
Section 5.2.5.1, to achieve desired state-vector accuracy, it is important that SXT
tracking data be taken over the largesi possible angular sector in inertial space
(as swept out by SXT line-of-sight). This is required since the SXT tracking pro-
vides information only in directions normal to the line-of-sight (as indicated by
Fquation 2.5.5), and thus the line-of-gight must be allowed {o rotate in inertial
space to achieve more complete update data. As mentioned previously, the VHF

range data are obtained automatically, approximately every minute.

5.2.5.2.3 Rendez%rous Navigation Computations (Alternate Line-of-gight). —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. Navi-
gation data can also be obtained by means of a backup optical device. However,

since data obtained in this manner are 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 is 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 input items.

@ The measurement error variance, Equation

(2.5.9), is replaced by

a” = r + wvar ) 4+ var (2.5.12)

cL (Varapr IMU INT
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where var py o is the a priori estimate for the angular error variance of an al-

ternate line-of-sight measurement per axis.
5,2.5.3 Automatic W-matrix Reinitialization (WRI)

The error-transition (W) matrix is defined in Section 5.2.2.4. In the
P20 Rendezvous Mode, a capability has been provided for a minimum-keystroke-
sequenced (MINKEY) rendezvous. (See GSOP Section 4 and "Users' Guide to
APOLLO GNCS Major Modes and Routines, " E-2448, paragraph 4.2.1.2.6.) A
salient feature of MINKEY is automatic W-matrix reinitialization (WRI). The con-
siderations underlying the automatic W-matrix reinitialization logic in Figure
2.5-4 are (1) to avoid premature reinitializations, which would degrade the error
correction and correlation, (2) to avoid late reinitializations, which would allow
the W-matrix to become superannuated, i. e., to shrink to the point that incoming
measurements are downweighted excessively or to disintegrate in accuracy to the

point that the matrix is no longer reliable.

Loss of filter gain is a function of the measurement geometry and the
number of marks taken since the last WRI and is the result of incomplete error
modeling; loss of reliability is a function of time since the last WRI and is the re-
sult of incorrect error modeling due to computer storage limitations. Since geom-
etry is a factor in the loss of gain, determining when the loss will occur requires
a bit-by-bit analysis of simulated computer operations for a particular mission.
Determining how long the W-matrix can be extrapolated before it becomes unreli-
able is more difficult, since a major factor is the accuracy of the state
vector which is not being updated. A genéfalized sche:rhe that can be mechanized
for all contingencies is possible, however, by following a minmax concept of re-
initializing more often than may be necessary but less often than would significantly

degrade performanée.

Accordingly, the principal criterion for allowing a WRI after other than
a first mark following a maneuver is whether a specified minimum time {WRDTIME)
has elapsed since the last WRI, Typically, WRDTIME is about 25 minutes—long
enough for effective correlation and smoothing, short enough to occur well before
superannuation. The second criterion is whether no more than a specified maximum
time (MAXBLKTM, or MINBLKTM, typically 5 minutes) has elapsed since the last
mark. If more than MAXBLKTM has elapsed since the last mark (VHF or Optics),
WRI will be inhibited for three marks in order to allow W-matrix correlation to
reduce error buildup during the no-mark period. The third criterion for allowing
WRI is whether more than a specified minimum time (TBEFCOMP) remains before
the final targeting computation. For example, TBEFCOMP will have a preset value
of about 10-15 minutes, allowing a sufficient period of post- WRI tracking to pro-

vide a correlated W-matrix and a best state-vector estimate for the targeting com-
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putation. If the other criteria have been satisfied and more than TBEFCOMP re-

mains before final targeting, WRI is allowed and the mark is incorporated.

Before transfer-phase initiation (TPI), the nominal flow for a first mark
following a maneuver is to inhibit WRI until three marks have been accumulated for
correlation. The exception to this is when, as a result of the TBEFCOMP rest{ric-
tion preceding a maneuver, the W-matrix age would exceed MAXWTIME (~ 1 hour)
should WRI be inhibited. For this contingency, WRI is specified to occur before

the first mark is incorporated.

The other condition when WRI occurs before the first mark is incorpor-
ated is in the nominal-flow situation following TPI. The post-TPI geometry is
such that filter gain deteriorates more rapidly than in the pre-TPI phase. Conse-
quently, with both VHF and SXT operating, the nominal post-TPI procedure gives
higher priority to restoring filter gain than to correlation: WRI occurs on the first

mark, and is prohibited on subsequent marks.

Correlation in the unmeasured dimension becomes obligatory, however,
when data are being incorporated from only one sensor. The post-TPI, single-
sensor strategy is to reinitialize the W-matrix only once between TPI and the
second midcourse correction (MCC2). The strategy is mechanized as follows. The
first mark following TPI is incorporated without WRI. Since subsequent marks
between TPT and the first midcourse correction (MCC1) will not pass the TBEFCOMP
criterion, no WRI can occur during the TPI-MCC1 phase. Following MCC1, how-
ever, a WRI is specified to occur after the first three marks have been incorpo-
rated—regardless of TBEFCOMP. The single WRI, occurring three marks after
MCC1, ensures the best post-TPI trade-off between the requirements of one-

sensor correlation and filter gain.
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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 5, 2, 1, This routine is used to process the star-
landmark/horizon measurement data, as illustrated in simplified
form in 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 (Seciion 5. 4. 3) and this routine provide the CMC with the
capability for guiding the CSM back to the earth and to safe entry

conditions,

The acquisition of the gtar 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 3Star-Landmark Measurement

Let o and Yo be the estimated CSM position and velocity
vectors and W the error transition matrix. The SXT star-landmark

angle measurement processing procedure is as follows:
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Use the Coasting Integration Routine (Section 5.2, 2)
to extrapolate the estimated CSM state vector and
the W matrix to the time of the measurement

obtaining E-’C’ Y—,C’ and W',

Let EZC

relative to the measurement planet Z., Then

be the estimated CSM position vector

it if Z = P
e ' (2.6,1)
E‘-QC if Z=Q

where ‘oo is the estimated position of the CSM
relative to the secondary body @, and is computed

as described in Sec. 5.2.2, 3.

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

Longitude Subroutine (Section 5.5,3).

Compute the estimated pointing vector from

o © “F'l e
2.8,2)

u = UNIT(r

—~CL CL)
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Let U be a unit vector in basgic reference coordinates

which defines the direction to the star whose coor-

dinates are in the CMC fixed memory or were loaded

by the astronaut. If is necessary to correct the star
vector for aberration, i.e., the change in the
observed star direction caused by velocity perpen-
dicular to the direction. The observed star direction,

u*, is given by

S]
’ -_—

Yc " Ygs
C

wt = UNIT (u + ) (2.6.3)

=s
where VRS is the velocity of the sun relative to the
earth, and c is the speed of light. The velocity vector

of the sun relative to the earth, v is assumed

constant for the duration of the miESSion, as described
in Section 5,5.4, The velocity of the moon relative
to the earth, for the case in which the mocn is the
primary body, is negligible, The coordinates of a
planet should not be loaded by the astronaut for
cislunar navigation unless they correctly indicate the
direction of the planet with respect to the CSM and
allowance has been made for the difference in aber-
ration between that indicated in Eq. 2.6.3 and that

which truly exists for the planet.

Correct Yo for aberration as follows:

V,
=€) (2.6.4)

‘—l—:'(le = UNIT (ECL+

Then, if A is the measured angle, the six dimensional
geometry vector, E, and the measured deviation,

5Q, are given by
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COsQ

1
o

—-s =CL
1 * *
(2. 6.5)
by =0
6Q = 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) r, must be obtained

from geometrical considerations,

Referring to Fig. 2. 6-1, it is seen that the star unit vector,
gs,and 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 herizcen 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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u, = UNIT (u X T,
uy = UNIT (u,X u,) (2. 6. 6)
4y T 2y XYy

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 u, and u, are along the semi-major and
semi-minor axes of the horizon ellipse, respectively; and U, 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 obtained from
sinl = ug o 1_12 {2. 6. 8)
The shape of the ellipse is defined by its major and minor

axes. The semi-major axis ay is given by

a,.,=a+h (2.6.9)

h:hO_herC {2. 6. 9a)
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where a is the semi-major axis of the Fischer ellipsoid and h is the
horizon altitude from Eq. (2. 6. 9a). This is an empirically derived
horizon model. Quantitieg hO and h1 are in erasable memory. Let
rp be 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

by rpth (2. 6, 10)

H

The problem of determining the vector Ty can now be re-
duced to a two dimensional one, Define the Horizon Coordinate Sys-
tem to have its X- and Y-axes along u, and Uy, respectively, as il-
lugtrated in Fig, 2. 6-2, Let

uT
Yy

M= ul (2. 6. 11)

T
0

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

as follows:

= Mr,.

(2.6.12)

ESH N MES

Let Xy and YH be the two non-zero components ong, and

let the two points of tangency from Iy to the horizon be 10 and :c_l .
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The vectorsiﬂ

the equation of the horizon ellipse

and t 1 are obtained by solving simultaneously

XZ y2
:;—-—2 + -b——2 = 1 (2. 6.13)
H H

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

passes through the point (x )

w H

! (2.6. 14
- 7+ -];—2_ =1 . 6. 14)
H H
The following equations result:
a
H
X * ;)—— YH A-1
H
b
1 H
t,= = Yoy = =—— X NA - 1 (2. 6. 15)
-0 A H ay H
0
*H N
Xeyg = ——= ¥ A-1
H b H
H
1 bH
£1=E yH+—XHm (2-6-16)
a
H
0

where
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X y
A : S - (2.6.17)
' a2 b2

H PH

The two points of tangency, EO and 11, correspond to the two
(far horizon), To deter-

horizon points, E!ZI-; (near horizon) and EQI_-I
compute the two quantities

mine which t‘1 corresponds to which horizon,

+ UNIT (3 - 7g) (=0, 1) (2. 6. 18)

Then, the Ei which yielded the larger Ai is the near horizon and the
other is the far horizon, Let -Ek be the horizon which was used in

the measurement. ‘The horizon vector is then

T ‘
=M 1k (2. 6. 19}

The measurement processing is completed by following sieps

@ - 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 A and bH‘
TFor a lunar-horizon measurement Eqgs. (2.6.8) - (2. 6. 10) are re-

placed by

(2. 6. 20)

where ru is the mean radius of the moon.

5.2, 6,4 Angle Measurement Processing Logic

The computational logic for the Cislunar-Midcourse 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;

Xc = Istimated CSM state vector as defined in
Section 5. 2. 2. 6
W = Six-dimensional error transition matrix

agssociated with Xo a8 defined in Sectionb5. 2, 2. 4

]

ORBWTFLAG 1 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,
I indicates whether or not the existing W matrix is
valid for use in processing star-landmark /horizon

angle measurement data., The flag is set to zero

after each of the following procedures:
1) CS8M state vector update from ground
2} Rendezvous navigation

3) Astronaut Command '

4) Selection of P-24

RENDWFLG = Switch similar toc ORBWFLAG but used for

rendezvous navigation,
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t = Measurement fime
A = Measured angle

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

1 for moon

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

0 for horizon
measurement

wmrand Wy Preselected W matrix initial diagonal ele-
ments

For convenience of calculation in the CMC, Egs. (2. 6.5)

are reformulated as follows:

# *
u_ e
i

cosQ = Yo,
130 = UNIT ug - COSQ Yo,
{2.6.21)
by =0
= . -1
6Q = Tay [A -cos ~ (COSQ)]
To make Egs. (2. 6. 21) valid it is necessary only to let
o® =2 var + var (2. 6. 22)
CL TRUN L T
where VAT RN and var; are the a prioriestimates of the SXT 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, Uog e 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,
This subroutine will, at astronaut option, compute a CSM attitude for
Routine R-B80 where the shaft angle will be 180 degrees (e.g. so as to
prevent an attached LM from occulting the SXT star line-of-sight when it
is pointed at the star). This attitude is exprecsed by a set of IMU gimbal
angles which are obtained by using the routine CALCGA of Section 5. 6. 3. 2.2
where the inputs to this routine are the vectors ¥sM Yom® Zsm’ ENB* INB’

and INB given in the following matrices:

XT |
X sum
T
Y sum - [REFSMMAT] ©. 6.23)
T
£ sMm
' .
ETNB [UNIT(UNIT (g xuep) ¥uep) J
T * T
Y NB = [SBNB] [UNIT(ES xucr) | (2. 6. 24)
T T
Z NB 2L J

where [SBNB] is given in Section 5.6.3.1.1, u*s is the vector to the
star in basic reference coordinates and U, is the vector to the landmark

or horizon in basic reference coordinates.
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 arector Ty is shown in Fig. 2,6-5.

The landmark coordinates (latitude, longitude, altitude) are
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. A
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ENTER

v

Compute Estimated Pointing
Vector, Irig, 2,6-4

!

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

Compute Geometry Vector b and

Measured Deviation 6Q
Egs. (2.6.21)

2
YcL YAYTRUN T VAT

Call INCORP1 of Measurement
Incorporation Routine to Compute

Pogition Change ér and Velocity
Change é6v

Display 6ér and év

Astronaut
Approve

Call INCORP2 of Measurement
Incorporation Routine to Perform
State Vector Change

Figure 2. 6-3 Cislunar-Midcourse Navigation Routine

Logic Diagram
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ENTER

RENDWFLG = 0
WO = Wran
ORBWFLAG =0 w, - o
W3 = 0O
No W= w [
4 mv
D =6 ORBWFLAG = 1
| D= 0
= 1
v o
F=1
Call Coasting Integration Routine To
Extrapolate Xe to Specified Time tF
Yes .
'zc T Ic
No
Compute rac Determine Horizon
Section 5.2,2,3 No Position ry
‘ Fig, 2.6-5
= Yes
Lzc ™ IqQc

Call Latitude - Longitude Subroutine

To Determine fﬂ

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

uy = Unit (u X 154)

= Unit u, X u,}

=

0
upT2pX ¥y

%o
T

5 es
zZ = }-SINL—gl - ou,

'

No E
T LCompute e q.(5.3.1)]
H M *
bH=rM 7. - a +h

H
bH= rF+h
Iy~ MIzc
EBI‘I:MES
x> y2
_ *m H
S AR
ag H
a
H
@ = — ¥ A-1
bH H
b
. _H .
S—a—g g A -1
xH+ o

= 4 -.B

to & \7H
0
XH— o

_ 1 + 8

t,= x | 7H
0

Figure 2 .6~5 Horizon Vector Determination Logic Diagram
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5,3 POWERED FLIGHT NAVIGATION AND} GUIDANCE

5.3,1 GENERAL COMMENTS

The objective of the powered flight guidance routines
is to maintain an estimate of the CSM state vector during the
thrusting maneuvers, and to control the thrust direction such
that the desired velocity cut-off conditions are achieved, The
powered flight navigation program used to maintain an estimate
of the vehicle state vector during all thrusting conditions is re-
ferred to as the Average-G Routine and is presented in Section 5,3.2,

For the Lunar Landing Mission the basic powered
flight guidance concept used in the CMC is a velocity-to-he~gained
concept with cross product steering (Section 5. 3. 3. 4) which is
used in each of the following two procedures:

1, Lambert Aim Point Maneuver Guidance {Section 5.3,3,3.2.)

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

These two procedures, based on the cross product steering con-
cept, differ only in the unique generation of the desired velocity
vector, vp and are used to control all CMC guided powered

maneuvers for the Lunar Landing Mission.



5.3, 2 POWERED FLIGHT NAVIGATION - AVERAGE-G
ROUTINE

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

flight cycle.

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

fellowing defines the parameters used in these figures:

E(t) Vehicle position vector at time t.
g(t) Vehicle velocity vector at time t,
0 Earth
PC Planet designator
1 Moon
At Computation cycle of 2 seconds.
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Av {At) The velocity vector change sensed by the IMU
PIPA's over the time interval At. This velocity
vector increment is initially sensed in IMU or
Stable Member Coordinates and then trans-
formed to the Basic Reference Coordinate

System,

gp(t) Previous gravity acceleration vector, This
is a required initialization parameter and is

supplied by the calling program.

Y. Unit vector in the direction of r,
u, Unit vector of earth's true polar axis in
the Basic Reference Coordinate System.
Mg Earth gravitational constant,
M Moon gravitational constant,
e Equatorial radius of the earth,
J Gravity harmonic coefficient.
gb(t) Component of the earth gravity acceleration

vector representing earth oblateness effects.

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

but none for the lunar case.

The PIPA measured velocity Av is compensated for
instrument errors as described in Section 5,6.13 prior to being
transformed into the Basic Reference Coordinate System and

processed in the Average-G Subroutine of Fig. 3. 2-1.

5.3-3



ENTER

y
r(t), v(t), At, Av (At), gp(t), Pu
y
[ At A (At)]
£(t+ At) = olt) + M| v(t) + g (1) & + —5—

Call Gravity Subroutine, (Fig.3.2-2), r(t+ At), PC
Resume g (t + At), gy {t + At)

v(t + At) = v{t) + %t— {g(t + At) + gp(t)} + Av (At)

gp(t + At)= gt + At)

t=1+ At

RETURN

r(t), v(t), gp(t), gb(t)

Figure 3. 2-1 Average-G Subroutine
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ENTER

g(t),. P
u,_ = UNIT [£(D)]
v? = () - x(t)

Yes (Earth)

cos ¢ =u - u
2
H r
_ _ "R E e 2
gb = F J (—r—) (1 5 cos @) EI‘+ 2 cos ¢ H’Z
ME
g= " 2 Up 8y,
g,=0
RETURN b -
g &, g=" 5 Y,
r

Figure 3. 2-2 Gravity Subroutine



5.3.3 POWERED FLIGHT GUIDANCE USING CROSS
PRODUCT STEERING

5.3.3.1 Introduction

The cross product steering concept can be used to control
the following maneuvers:

(a) Cislunar Midcourse Corrections, P-30 and RTCC
targeted P-40/P-41

(b} Lunar Orbit Ingertion (LOJ), P-30 and RTCC
targeted P-40

(c) Lunar Orbit Plane Change Maneuvers (LOPC),
RTCC targeted P-40/P-41

(d) Rendezvous Intercept (P-34) and Midcourse
Correction Maneuvers {P-35)

(e}  Co-Elliptic Sequence Initiation (CSI) P-32;
Constant Delta Altitude (CDH) P-33

(f) Return-to-Earth Maneuvers, P-37

(g}  External AV and Orbital Phasing Maneuvers
(RTCC or LGC Targeted Maneuver) P-30

(h}  Transearth Injection (TEI), RTCC targeted P-40

The External AV Guidance mode (Section 5. 3.3.3.1) is used
for maneuvers in which the required velocity-to-be-gained in local verti;
cal coordinates, AXLV’ is specified by P31, P32, P33, P36 or a source
external to the CMC by use of program P-30. All other maneuvers are
controlled by the Lambert Aim Point Maneuver Guidance Mode (Section
5.3.3.3.2) in which the required cut-off velocity, YR’ is periodically
computed by the Lambert subroutine during the maneuver to establish
the desired intercept trajectory. Both External AV and Lambert Aim
Point Guidance modes use the cross product steering concept to control
the thrust direction along the velocity-to-be-gained vector, and terminate

thrust when the desired velocity increment has been achieved.
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Revised

D Added

Three subroutines are used repetitively in sequence
{ Section 5, 3, 3. 2) during cross product controlled maneuvers to
accomplish this function, These are:

1. The Powered Flight Navigation Average-G Routine
which computes the state vector accounting for the

effects of thrust acceleration and gravity.

2, The Cross-Product Steering Subroutine which has

4 functions:

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

gained vector.

b) generation of steering commands to the

vehicle autopilot.

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

commands,

d) TUpdating of the CSMMASS.

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

when in the Lambert Aim Point guidance mode,

The Average-G Routine is described in Section 5, 3.2, The other
subroutines listed above are described in Sections 5. 3. 3. 4 to
5.3.3. 8. The Pre-Thrust Subroutines of Section 5. 3. 3. 3 initialize
the powered maneuver programs for either the External AV or
Lambert Aim Point guidance modes, and for the selected engine
for the maneuver,
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The CMC powered flight programs described by the

computation subroutines presented in Section 5.3,3 are
P-40 Service Propulsion System (SPS) Thrust Prog.

P-41 Reaction Control System (RCS) Thrust Prog.

Active steering and engine-off commands are provided by pro-
gram P-40, Maneuvers using RCS translation control (P-41)
are manually controlied and terminated by the astronaut while
the CMC displays the required velocity~-to-be-gained in control

coordinates (Section 5, 3. 3. 3. 3).

The functions of the External AV Pre-Thrust Program,
P-30 are described in the pre-thrust subroutine description of
Section 5. 3. 3. 3. 1.
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2.3.3.2 Powered Flight Guidance Computation Sequencing

The time sequencing of SPS powered flight subroutines
for External AV steering is illustrated in Figs. 3. 3-1 thru 3, 3-3,
and for Lambert Aim Point steering in Figs, 3, 3-4 thru 3. 3-6,
These figures represent the sequence of operations for P-40 SPS
maneuvers lasting longer than 6 seconds. RCS controlled maneuvers
(P-41) require manual steering control, and the general timing
sequence is different from that described for SPS maneuvers, The
general cross product steering concept is used to compute and
display the required velocity-to-be-gained vector, but no engine-off
computationg are made for RC8 maneuvers, The following description

ol sequence operations is restricted to SP§ Maneuvers,

Figures 3.3-1 and 3. 3-4 show the sequencing during the ignition

count down which starts approximately 30 seconds before the nominal
ignition time. Figures 3.3-2 and 3. 3-5 show the normal sequencing
for an engine-on time greater than 6 seconds as predicted by the
pre-thrust subroutines. Figures 3. 3-3 and 3. 3-8 illustrate the

sequencing during engine thrust termination,

The basic computation cycle time of the steering is 2
seconds and, as shown on the above figures, is initiated by the
reading of the PIPA Av registers, The various subroutines

utilized during the 2 second cycle are sequenced in time as shown.

During Lambert Aim Point steering, however, the
velocity-to-be-gained (XG) updating is anticipated to occur nominally
every four seconds., However during SPS maneuvers the CMC
computation occasionally prevents completion of the Lambert solution
in 2 to 4 seconds, The program is capable of processing an N cycle
update where N can be greater than 2, (In most cases, the time se-
quencing diagrams show only the nominal two and four second Vo up-
dates.) This allows sequenced parallel computing functions, such as
the demands of the autopilots and telemetry, to take place without inter-
ference with the basic two second cycle time. Should the ¥ computa-~
tion pe completed in time for use during a given 2 second cycle, it will

be utilized.

o

w
H

©
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If the calculations conducted prior to the thrusting
period (pre-thrust) indicate that the maneuver objective can be
reached with & 6 second thrust period or less, provision is in-
cluded (switches Sy and SW) to preclude the generating of steering
commands during the thrusting period with the engine-off signal
set to be issued at the end of the estimated thrust period.

In addition to timing information, the sequence diagrams
of Figs. 3.3-1 to 3. 3-6 also show the basic information utilized by
each subroutine and its source.

The guidance computer program which controls the
various subroutines to create a powered flight sequence is called
the Servicer Routine. The sequence diagrams of Figs. 3.3-1 to
3. 3-6 define what the Servicer Routine does, but do not show the

logic details of how these functions are accomplished.

The subroutines listed in Figs. 3,3-1 to 3, 3-6 are des-
cribed in Section 5. 3. 2 and the following Sections 5, 3, 3. 3 to
3, 3.3. 6. These sections should be referenced in tracing the

powered flight computation sequencing.

Ullage will be turned off at the fixed time of 2 seconds
from engine-on command, Steering will be enabled (SW set to 1)

at the fixed time of 2 seconds from engine-on commandg,
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5,3.3.3 Pre-Thrust Computations

The objective of the computations required prior to

thrusting maneuvers is to determine the following:

(1) The desired thrust direction at ignition.

(2) The duration of the powered maneuver estimated
at time tIG - 5 to determine if there will be enough
time to allow active steering for the SPS.

{(3) Whether an IMU realignment is required to avoid
gimbal lock.

(4) Various parameters and variables required by sub-

gequent powered flight routines.

The two major guidance modes using cross product
steering are the External AV guidance mode and the Lambert
Aim Point Maneuver guidance mode. The pre-thrust computa-
tions required for the External AV mode are presented in
Section 5.3.3.3.1. Those required for the Lambert Aim Point
Maneuver mode are described in Section 3.3.3.3.2. The initial
IMU alignment computations and maneuver time logic is sum-
marized in Section 5. 3. 3. 3. 3.

The following description of pre-thrust computations
applies to both SPS (P-40) and RCS (P-41) maneuvers.

5.3.3.3.1 External AV Maneuver Pre-Thrust Computations

External AV maneuver guidance is normally used to con-
trol orbital phasing maneuvers or an externally targeted maneuver
in which a constant thrust attitude is desired. The guidance pro-
gram accepts input data via the DSKY (P30, P32 and P-33) or
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the telemetry uplink (P-27) in the form of 3 components of an
impulsive AV, expressed in a local vertical coordinate system
of the active vehicle at the ignition time t;. An approximate
compensation for the finite maneuver time is made within the
program by rotating the AYLV vector, and the guidance program
issues commands to the spacecraft control system so as to apply
the compensated velocity increment along an inertially fixed di-
rection. The active vehicle state vector is normally either avail-
able or can be extrapolated to the ignition time in the CMC,

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

meter definitions refer to this figure,

A\_/‘LV Specified velocity change in the local vertical
coordinate system of the active vehicle at the

time of ignition, This is an input parameter,

AV

X
A—YLV = AVY
AVZ
AV Specified velocity change in Basic Reference
Coordinates
tIG [gnition time, an input parameter,
AYP The inplane velocity components of AYLV in

the Basic Reference Coordinate System.

BT The approximate central angle traveled dur-
ing the maneuver.

MGA Angle equivalent to the IMU middle gimbal angle
when the vehicle X axis is aligned along Av,
This angle is used to cneck for gimbal lock

tolerance,
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Extrapolate state vector to t

3

m

r(t), v(t), AV

E! PC,

IG
using Coasting Integration Routine

(Sec. 5. 2, 2} obtaining E(tYG)’ vt

:

Middle Gimbal Angle (MGA) Computation

= ain~l .
MGA = sin™" [Yp oo+ UNIT (AV)]

(XREF is second row of [REFSMMAT])

IG)

Yes

MGA = MGA + 36(;;

No

1
"

UNIT { [g(tIG) Xty )] X ety )}

[
]

UNIT [v(t;) X rit;~)]

Z = -UNIT [g(tIG)]

[
A 4
Select F based on S

E
Y

iE(tIG) X y_(tIG)l AV m

g =
T 2
r (tIG) F
O ——
AV = AV, YUNIT(AVE) cos | 5| + UNIT (AVX Y) sin |-
Y—G(tIG) = A\_fc + AVY Y
Upp = UNLT (v (gll, bat=0 0

¥ -

* See Section5,3,3.3.4for

Extrapolate State to t

G - 30 ignition delay procedure

Go to [nitial Attitude and tgo R(?utlnes (Fig. 3. 3-10 and Fig, 3, 3-11)

Figure 3. 3-7 External AV Prethrust Routine
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X

Figure 3. 3-8 Inplane External AV Maneuver Angle Compensation
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m Vehicle mass.

1 P-40 (SPS)

S Engine Select Switch
E 0 P-41 (RCS)
F Prestored nominal thrust based on the
engine selection switch S
[ -
Fgpg for the SPS (P-40)
FRCS forthe RCS {P-41)
The values of the various engine thrust levels
are listed in Section 5,9, In the case
of P-41, RCS, the astronaut can select either
a 2 or 4 jet translation maneuver.
AVC The compensated inplane velocity-to-be-gained
vector.
YG(tIG) Total velocity -to-be ~gained at t ..
Urny Unit vector in the desired initial thrust direction.
C Cross Product Steering Constant

This steering constant (Section 5. 3, 3. 4) is

set equal to zero for External AV maneuvers.,

The inplane External AV maneuver angle compensation involving A_YP
and Ayc is illustrated in Fig. 3. 3-8,

5.3.3.3.2 Lambert Aim Point Maneuver Pre-Thrust Computations

The objective of the Lambert Aim Point Maneuver
Guidance program is to control the cut-off velocity vector such
that the resulting trajectory intercepts a specified target position
vector at a given time, Targeting parameters are determined by
CMC targeting programs P-34, P-35, or P-37.

oese
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The table below summarizes the maneuvers which can be

performed by Lambert Aim Point Maneuver Guidance,.

Maneuvers Controlled by Lambert Aim Point Maneuver Guidance

Maneuver

Rendezvous
Intercept

Rendezvous
Midcourse
Maneuver

Return-to-Earth

Maneuvers

Program

P-34

P-35

P-37

The targeting parameters which are computed by

these programs are as follows:

1) Ignition time t

2) Time of intercept of conic target aim vector (tz)

3} Conic target aim vector r (tz)
4) ¢ cross product steering constant

The Lambert Alm Point Maneuver guidance mode basi-
cally uses the Lambert Subroutine of Section 5. 5. 6 called through
the Initial Velocity Subroutine of Section 5. 5. 11 during the pre-

thrust phase to determine the required initial thrust direction,

Yrp-

The pre-thrust computations required for the lLambert

Aim Point guidance mode are shown in Fig. 3. 3-9. The primary

operation shown in this figure is the computation of the required

intercept velocity vector 2 at the ignition time, tIG' The fol-

lowing parameter definitions refer to Fig. 3. 3-9.
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et

vt )

t
I1G

b At

MGA

Offset target intercept position vector at
time t,. This parameter is determined by
the preceding targeting program and is an
input to the Lambert Aim Point prethrust

subroutine,

Intercept time of arrival associated with the
offset target vector, g'_(tz). This is an input

parameter,

See discussion in paragraphs 5.3. 3.4 and
5.3.3.5—controls first pass through cross-
product steering routine and first pass

through velocity-to-be-gained subroutine.

Target rotation switeh set in P-34 and P-35,
indicating that the target vector was rotated
into the orhital plane due to proximity to

180O transfer conditions.

1 Target vector rotated

S
R 0 No rotation

Number of target offset iterations desired
in the Initial Velocity Subroutine of Section
5.5.11.

Initial Velocity Subroutine parameter,

Required velocity vector at the ignition time

tIG to establish the intercept trajectory.

Total gravity vector associated with E(tIG)°
Attimes the E~vector (iR - g), computed as the
incremental change of the velocity-to-be-gained
vector over one sample period minus current
gravity,

Theangle equivalent to the IMU middle gimbal angle
when the vehicle X axis is aligned along Vg
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c The cross product steering constant ¢ is set equal o zero
if the pre-thrust program was the External AV Program
P-30 (Fig, 3.3-7), P-4l setsc =0 (Fig, 3,3-9), P-40
sets ¢ = 0 for all external Av burns and sets ¢ = ec for

lLambert computations,

ec The pad loaded value for the cross product steering
constant. The value of ec may range from -4 to +4.
Programs P-32, P-33, P-34 and P-35 set ec = 1.
P-37 (Section 5. 4) sets ec = 0.5,

The rotation switch SR is set .in the Lambpert Aim Point target-
ing programs P-34 and P-35 to indicate whether the target
aim point vector was within a specified cone angle, €, measured
from the 180° transfer angle condition, If the initial target vec-
tor wag within this cone angle, it is rotated into the active ve-
hicle orbital plane in the Initial Velocity Subroutine of Section5,5.11
so that excessive plane change and AV requirements are avoided
about the 180° transfer angle condition, In the intercept targeting
programs P-34 and P-35 the cone angle € is setf at

159, and active vehicle transfer angles between 165° and 195%:are nor-

mally avoided in the targeting procedure. If a transfer angle condition
falling within this 180° +15° sector (S = 1) is intentionally selec-

ted either during the TPI targeting (P-34), or resulis iroma rendez-
vous midcourse correction maneuver (P-35) during an intercept
trajectory targeted for more than 1800, the Lambert Aim Point
Maneuver Pre-Thrust Routine of Fig. 3. 3-9 increases the Initial
Velocity Subroutine cone angle € to 45° go that the active vehicle
transfer angle will not change from inside to outside the cone
angle during the powered maneuver. Such a condition is undesir-
able since the intercept trajectory would be retargeted during

the powered maneuver. Likewise, if the initial transfer central
angle falls cutside the 15° cone angle € of programs P-34 and
P-35 (SR = 0), € is decreased to 10° in Fig. 3. 3-9 to reduce the
possibility of the transfer angle changing from outside to ingide
the cone angle during a powered maneuver, It should be noted

that the program P-37 sets Sp equal to zero.
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t, r(t), vit), rt,), t,,
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g Por Sp M

:

Middle Gimbal Angle (MGA) Computation

St
MGA = gin [XREF UNIT (y_G)]

is second row of [REFSMMAT])

Y rer

TGA < 0188 MGA - MGA + 360°

No

For P-34 and P-35
set ec=1 {ec = 1/2 for P-37)

Target

Programs

|
l P-40

P-41

Using the Coasting Integration Routine of

Section 5. 2. 2, extrapolate the state vector to

tIG ~2 sec, and tIG'

Figure 3.3-9 Lambert Aim Point Maneuver Pre-Thrust Routine
{page 1 of 2)
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- ing th
Compute VR (tIG) and 2% (tICT 2} using the }
Initial Velocity Subroutine of Section 5. 5.11
I

¢

vg ) = ¥g ) ~ ¥ (|

Select ¥ based on SE

5 \RCS

SPS

b= [vglty) - valtg ~21/2 - g [T ()]

UNTT(XG)

W
1

F/m

q= ckl—(EG e b)EG

i s 9 1/2
urp = UNIT [a+ [@p)? -®) ug]
bat=0
Extrapolaté State to tIG -~ 30| *

v

Go to Initial Attitude and tgo Routines (Fig. 3. 3-10 and Fig. 3.3-11)

*See Section 5. 3. 3. 3. 4 for ignition delay procedure.

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

{page 2 of 2)
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5,3.3.3,3 Initial IMU Alignment and Maneuver Time-to-Go
Computations

Initial Attitude Routine

The following pre-thrust computations and functions
are required for both the External AV and Lambert Aim Point
guidance modes:

1, Determination of the preferred IMU alignment for

the thrusting maneuver (Section 5.1,4,2, 1},

2, Alignment of the vehicle thrust axis along the

desired initial thrust direction, Urpe

3, FEstimate the maneuver time, i o’ prior to engine

. g
ignition,

In Fig, 3.3-10 the following parameter definitions apply:

[REFSMMAT] Transformation matrix {rom the
BRC System to the IMU or Stable
Member Coordinate System
{Section 5. 6. 3. 3).

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

Unit vector of the assumed thrust ac-

u

—A
celeration in Navigation Base Coordinates.
For the SPS, the unit vector u, is along
the engine axis {called engine bell).

uD Unit vector of tae desired tarust direction

in Stable Member Coordinates,
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Prp = p+ pO Total pitch trim offset angle about th_e

spacecraft Y axis,

Yp =Y T Total yaw trim offset angle about the
spacecraft Z axis,
where:
p and y Electrical pitch and yaw trim

angles respectively.

P Mechanical pitch trim angle equal to
© -2,15° about the spacecraft Y axis.

Yo Mechanical yaw trim angle equal to
+0, 95° about the spacecraft Z axis,

For an SPS burn, because of pitch and yaw trim, u,,
the unit vector of the assumed thrust acceleration vector in
Navigation Base Coordinates is not 2 unit vector along the spacecraft
X axis (1, 0, 0) but is a function of the pitch and yaw trim angles
given above, In Fig. 3, 3-10 it is called the Engine Axis unit vector,
Uy, The maneuver then places the engine axis unit vector (EA)
along the desired unit thrust direction Un

Time-to-Go Prediction Routine

Very short burns require special consideration since
some interval of time elapses before effective steering is achieved.
Not only must the autopilot react to the pointing commands, but the
engine -off signal may be required before the AV from the PIPA's
can be measured. To this end an estimate of the burn time, tgo’ is
made on the basis of SPS engine data, prior to engine ignition as
shown in Fig. 3. 3-11.
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W
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\
Calculate Preferred IMU Calculate Preferred IMU
Alignment for Possible Alignment for Possible use
use in Realignment in Realignment
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Figure 3, 3-10 Initial Attitude Routine

(page 1 of 2)

16 . .
meters, or in P40 if (l-l-TD X UNIT r (t IG) )

In P41 f |upp x T ()]
«p12 radians, then replace this by

<2

UNIT [uppy % {UNIT 1 (t75) + 0.125 UNIT v (t;o)}]
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Calculate Engine Axis Calculate spacecraft +X axis

=

Unit Vector

COS Y. COS Prp 1
sin Ve Uy = 0
0

-cos . sin pp

Calculate Thrust Direction in
Body Axes Coordinates

[SMNB] [REFSMMAT] upp

U =

Maneuver vehicle fusing R60) such that
resulting up eguals U, Asironaut mayl
choose to align IMU via P-52 when

Predicted Gimbal Angles

for final attitude are displayed

SPS RCS
! AN }
1) Go to Average G Routine at 1} Go to Average G Routine
tIG - 30 at tIG - 30
2) Go to Time-To-Go Routine at
tIG -5

Figure 3. 3-10 Initial Attitude Routine
(page 2 of 2)
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m, Ve, S = 0

1=2 jet RCS
ullage
JFLG
0=4 jet RCS
ullage

Return
o1

Return

Tgo, St

Figure 3.3-11. Time-to-go Prediction Routine
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With reference to Fig. 3.3-11:

Impulse switch

1 Indicates a maneuver less than
6 seconds and no steering is

required

s
Ii 0 Indicates a maneuver duration

of at least 6 seconds, and

_ normal steering will occur
F Ullage thrust for 2 jets

K SPS impulse velocity acquired in a one-
second maneuver for a unit mass

vehicle. This value is erasable,

01 SPS minimum impulse constant equal
to the slope of minimum impulse curve
from 0 to 1 second, an erasable quan-

tity.

Steady state thrust of the SPS engine.

This value is used only in the short

16

burn logic and is an erasable quantity.

vV, Exhaust velocity.

The initial computation in Fig. 3.3-11 estimates the
velocity-to-be-gained after ullage. There is an option of 2 -jet
or 4-jet RCS ullage, as indicated in Fig. 3.3-11. This sub-
routine is performed at approximately five seconds prior to
ignition, the PIPAs are read at six seconds prior to ignition,
and the ullage is terminated at two seconds after ignition; if is
for this reason that about eight seconds of ullage are accounted

for, as shown in Fig. 3.3-11.

The hand controller signals are observed at the
initiation of this routine. The ullage compensation in the time-
to-go routine will be made only if +X translation (XTRANS ON}

is indicated.
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If the SPS were chosen (P~40), a check is made,
Fig. 3. 3-11, to determine if the maneuver time is less than cne
second. If the maneuver time is less than one second, the tgo
estimate is made on SPS minimum impulse test data represented
by the constants K, and F, {see Section 5. 8). In this case, no
active steering is attempted (sI = 1), If the maneuver time is
greater than one second but less than 6 seconds, tgo is computed
as shown in Fig. 3.3-11, and again no active steering is attempted.
If the estimated maneuver time is greater than 6 -seconds,
active steering is used, and tgo computations are performed

during the maneuver.

With reference to Fig. 3.3-10, if the RCS were chosen
for the maneuver, (P-41), the tgo prediction calculation is not

made.

If the estimated maneuver time, tgo’ for the SPS is
less than 6 seconds, the Engine-Off signal is set for the actual

ignition time plus tgo

5.3.3.3.4 Ignition Delay Procedures Caused by Pre-Thrust

Computations

The normal pre-thrust computations (Sections 5,3.3.3.1
and 5.3.3.3.2) require an extrapolation of the CSM state vector
to thirty seconds prior to nominal ignition time, i.e,, tICT - 30,
if the Coasting Integration Routine of Sec. 5.2.2 does not com-
plete the extrapolation before t;. - 42.5 occurs, then an ignition

delay procedure occurs as follows:

1,) The astronaut is alerted to this condition by a

program alarm.

2,) The integration continues one step at a time until
the CSM state vector time minus the current time
is greater than 12.5 seconds. This will permit a
5 second blanking interval (Section 4 State Vector
Integration {MID to AVE) Reoutine (R-41). R-41
allows Average G initialization to occur at least

5.6 seconds after completion of last integration

step.
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3.) The maneuver ignition time is then redefined to
be 30 seconds from the resulting CSM state vector
time, and the normal pre-ignition sequence is

started.

5,3.3.4 Cross Product Steering Routine

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

AY-SM PIPA Measured velocity vector over the

computation cycle At in IMU coordinates

Av PIPA measured velocity over the compu-

tation cycle At transformed to the Basic
Reference Coordinate System

Av A constant which establigshes the Av which must
be sensed ina 2 second computation interval,
Itis 2 ft/ sec (erasable} which is approximately -
equivalent to thrusting at 15% full SPS thrust
with fully loaded vehicle for 2 seconds,

A logic switch in the cross product steering
routine which when set to 1 allows steering
commands and tgo calculations ta be made.
Sw issetto 1atthefixedtime of 2 seconds
from engine on command if non-impulsive,

S..,is getto 0 whenthe computed time-to-go

W
first becomes less than four seconds,

Abyoil - off A constant representing the duration of a
burn at maximum thrust equivalent to the
tail-off impulse after the engine-off
signal is issued.
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LOFLG

EAE

b At - Av
Engine exhaust velocity = g ISP

Guidance steering gain required
for desired dynamic response of the
combined powered guidance and thrust

control {autopilot) loops

Commanded attitude rate in the Basic

Reference Coordinate System.

Commanded attitude rate in Navigation
Base Coordinates which is sent to the
CSM attitude control system.

The cross product steering constant
¢, used by P-40/ P-41 in the equation

Am = cEAt - AV

and certain pre-thrust computations,

It will be zeroed by P-40 pre-thrust

for external Av burns and by any P-41
pre-thrust, It is set by P-40 pre-thrust

to ec for LLambert burns,

cp_/_\t~Az

This flag prevents a premature engine fail
indication after a manual engine start

steer
no steer

LOFLG {é
Accumulated PIPA readings used to generate
an extrapolation of the Lambert soution.

When a new solution becomes available ZAv

is set to zero.
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N Number of cycles between Lambert solutions,
The CMC computations during SPS maneuvers et
occasionally prevent completion of the Lambert
solution in 2 to 4 seconds, Theprogram is
capable of processing an Ncycle Va update.
When a new solution becomes available, N=0,

S Lambert first pass flag. The Lambertfirst
pass starts at approximately tIG -28, After

thefirst pass is completed, itisséttozero,

1 First Lambert pass, This
results in bypass of the bAt
) computation, -

0 Not first Lambert pass,

Swiich Sy is set to zero for short duration thrust periods and during
the first two seconds of long duration thrust periods. In both of

these cases there is no active steering and the vehicle attitude is

held at the pre-ihrust alignment, When Sw is set to 1, active steering

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

t
commands w R 2re performed agsoshown in Fig, 3,3-12, When
the computed tgo becomes less than 4 seconds, then the engine-off
signal is set and switch Sw is reset to zero, For the remainder
of the maneuver, no further computations are made except for Vo
updating,

With reference to Fig, 3.3-12, the logic switch sy 18
set to zero by the sequencing routine, The only function of the cross
product steering routine is to update the velocity-to-be-gained

vector vG with Av and b At, as long as g,,, is zero,

W
The steering command generated by this routine is
YONB which is in Navigation Base Coordinates. The objective of
the cross product steering concept is to control the thrust acceleration
vector such that the following condition is satisfied:
vg X (eh -ap) =0
In general, however, there will be a directional error and the

steering command tends to align the vehicle such that the

“CNB
above equation is satisfied,
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Initialization:
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Sp= 1
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Yes

External
AV

Is New
T.ambert Solution
Available

N =N+1

ZA}_{ = ZAVHAV

Extrapolate Lambert Solution

Vot =2) = vq (1) + Nbat(r) Sav

Call Velocity-to-be-Gained

Subroutine after Cross

Product Steering is Completed

I

Extrapolate o one time step to present time
= - + -
XG(t) XG(t 2} EAt Av(t)

v

Figure 3.3-12 Cross Product Steering Routine
{page 1 of 2k
Update Vo Section

5,3-37

Revised COLOSSUS 3
[ Added GSOP #  R-577 PCN § 878 Rev, 14 Date 3/71



RETURN

no steering

no t calculation
go

CSMMASS =
CSMMASS-2m

EXIT

Etop c. g. tracklngJ
1

Go to SPS
THRUST FAIL ROUTINE
R40 (Section 5, 3. 3. 8}

Figure 3.3-12.

Cross Product Steering Subroutine: t

Permit c. g.
tracking
T = Yoo AEG
RETURN ves
ALARM
w
=CNB No
Time-to-go Calculation
V. ' AV
« -1.1[Ee
4 z Ue EVG
V. AV
- =G __"-Glay-
tgo " Kaj oy 1 tailot
-G TG
Set Engine
No t >4 Yes
off att + tgo go
RETURN
weng 2
Sy = 0

EXIT

am=cbat-Ay

!

Define Corrective Angular
Rate Command W,

v ., X Am
k=G —
Ye Vg Am

:

Transform & to Navigation '
Base Coordinates
= [SMNB] [REFSMMAT w,

deND

H%TURN
go
“2CcNB

and Steering

Revised
] Added

Command Computations (page 2 of 2)
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The cross-product steering routine, as shown in Fig. 3.3-12

is divided into two sections.

(a) Update Vol This portion of the cross-product steering
routine provides an up to date velocity-to-be-gained,
Ve for use in the o and steering command computa-
tions, Inthe event a new velocity -to~be-gained isnot
availabhle, theold \_fG is extrapolated using the old EAt value,

Ifanewv.,andb At areavailable, they areused, N and

-G
Zz_\z areused when anew L.ambert solution is available,

(b) tgo and steering command calculations: This portion
of the cross product steering routine uses the Ve
generated in the update Ve section to calculate tgo

and steering commands to be sent o the DAP. In

addition the following control options are provided:

(1) If the present Av is less than Avp, where Avp
is approximately equivalent to thrusting at 156%
full SPS thrust with fully loaded vehicle for 2 secs.,
the steering rate commands are zeroed, c.g.
tracking is stopped and the SPS Thrust Fail Routine
(R-40) (Section b. 3. 3. 6) is entered. Av 1is an
erasable quantity. If the present Ay ispgreater' than
Avp , the CSMMASS is decremented by 2 m,

(2 An alarm is issued if Voo AXG is positive, This
is equivalent to pointing the thrust vector in the

wrong direction.
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5.3.3.5 Velocity-to-be-Gained Routine

The velocity-to-be-gained computations shown in
Fig. 3.3-13 are thosecarried out during the IL.ambert Aim Point
powered flight guidance. The velocity-to-be-gained computation
for the External AV guidance mode is simpler than that for the
Lambert Aim Point guidance mode. The External AV velocity-
to-be-gained computation is that shown in the cross product’

steering routine of Fig. 3. 3-12 and is equivalent to

- Av

VG T Vg T A

since b At = 0 for the External AV mode as shown in Fig. 3.3-1.

The velocity-to-be-gained computations for the
Lambert Aim Point guidance mode involve the determination of
anew Ve by processing the Lambert Subroutine via the Initial
Velocity Subroutine, A second objective is the computation of
a new b At parameter for use by the cross product steering
routine. A new required velocity, vp, is also determined for -
use in the next computation cycle of the velocity to be-gained
subroutine. The CMC computations -during SPS maneuvers occasionally
prevent completion of the Lambert Solution in 2 to 4 seconds, The

program is capable of processing an N cycle o update (Fig, 3,3-13),

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

r(7)

- Active vehicle state vector at start of
v(T) Lambert solution.

-

£(t2) Offset target intercept position vector at

time t2. This parameter is determined
by the preceding targeting program (P-34,

P-35aar P-3T).
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IG

{17 - AT)

AT

‘_{R(‘T)
Ve (1)

bat(7)

Intercept time of arrival associated with
the offset target vector E(tg)" This is an

input target parameter.

Nominal ignition time.

Required velocity vector from the precedihg

Lambert computation cycle,

Time interval between the current and

previous Lambert computation cycle = (N+1}At,

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

due to proximity to 180° transfer.

1 Target vector rotated

SR
0 No rotation

Most recent total gravity acceleration vector
(Section 5, 3,2),

Component of the most recent earth gravity
acceleration vector representing earth oblate-
ness effects (Section 5.3.2),

Measured PIPA velocity change in the

Basic Reference Coordinate system.

Number of target offset iterations desired
in the Initial Velocity Subroutine (Section 5.5.11).

Initial Velocity Subroutine parameter.

Required velocity vector at time t, Solution
from

Velocity-to-be-gained vector at time t.\ mostre-
cent
Lambert
compu-
tation

E—vector solution from most recent Lambert

computation,
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8900

Number of cycles between Lambert solutions.
The CMC computations during SPS maneuvers
occasionally prevent completion of the
Lambert solution in 2 to 4 seconds. The
program is capable of processing an N

cycle v, update.

G
Lambert first pass flag. The Lambert first
pass begins at approximately tIG - 28, After

the first pass is completed, it is set to zero,

1 First Lambert pass. This results
S in bypass of the bAt computation,

0 Not first Lambert pass.
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First-pass ENTER

Initialization .
s |
(1), (7)1, 2ty by, vROT-AT), g(t), g, (1), t, ., Sp, S
& Note: This routine processed
[ every N cycles where
! N, =0 N2> 1

T

(7) using the Initial Velocity Subroutine of Section 5, 5, 11

v

v (T = vp (M 4 g (1) [7 - ] - v(m)

Compute YR

b At {T) =

EXIT

IMigure 3.3-13 Velocity-to-be-Gained Subroutine for Lambert Aim Point Guidance
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It should be noted that in Fig, 3. 3-13 the velocity-to-be-gained,

Ve derived from the Lambert solution using an offset target

vector is modified by the term _g_b(t) [7- tIG]' This term is an
approximation to the velocity change contributed by the earth
oblateness effect, The compensgation used in this subroutine

is computed as the current oblateness acceleration, gb(t), multiplied
by the time since nominal ignition (7 - tIG) where tIG
is the nominal ignition time. This correction is zero for lunar
orbits, The objective of this correction is to reduce cut-off
errors due to finite maneuver time effects, and to minimize
commanded thrust attitude variations during the maneuver, These
two effects occur during long maneuvers because in accounting for
earth oblateness effects in the initial targeting programs (P-34

and P-35) it is assumed that an impulsive maneuver will be

applied at ignition time. Since a finite maneuver time is required,
the pre-computed target aim point becomes less accurate as the
maneuver pregresses. The gb[:r- tIG] correction is an approximate
substitute for a retargeting precedure which cannot be performed

during a powered maneuver,
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5,3.3.6 SPS Thrust Fail Routine (R-40)

The purpose of the SPS Engine Fail Routine (R-40)
is to present the Astronaut with 3 options when a low SPS thrust
is detected in the Cross Product Steering Subroutine (Section

5,3.3,4), The three options are:
(1) Command engine off and terminate P-40,

(2)  Command engine off and return to the P-40

point where the impulse burn test is made,

(3) Proceed with the burn but with the thrust
iailure detection inhihited for 2 secs to prevent

premature thrust fail indication as shown below:

Proceed

LOFLQ =1 )

Y

| 2 sec delay ]

v

| LOFLG = o |

Continue burn

See Section 4 for complete details of the R-40 routine.
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9,3.4 THRUST MONITOR PROGRAM

The Thrust Monitor Program, P-47, is used during
manual or non-GNCS controlled maneuvers to monitor and display
the velocity change applied to the vehicle, The program first
suspends state vector updating by the VHF Range-link (resets
the update and track flags), and advances the vehicle state vector
to the current time by the Coasting Integration Routine of
Section 5.2.2, This operation is continued until the state vector
is advanced several seconds ahead of the current time as described
in Section 5. 3.3.3.4. The Average-G Routine of Section 5, 3, 2
is then initiated to allow thrusting to be started as soon as possible,
The Average-G Routine is left on until the program is terminated
after completion of the maneuver, The primary output of
P-47 is the measured maneuver AV in vehicle coordinates as

described in Section 4,

The two major maneuvers during which the Thrust
Monitor Program is normally used are the Translunar Injection
{ TLI} maneuver controlled by the Saturn guidance system, and
the manually controlled terminal rendezvous maneuvers required
for a CSM retrieval of the LM, During the TLI maneuver a
callable display of inertial velocity, altitude above the launch pad
radius and altitude rate is available to the astronaut,

DPuring active CSM terminal rendezvous maneuvers, the
Rendezvous Display Routine R-31 is normally called to display
relative range, range rate, and the vehicle X axis to the horizontal
‘plane angle 68, The operation of R-31 with the Average-G Routine
of P-47 is described in Section 5,6,7,1,
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5.3.5 EARTH ORBIT INSERTION MONITOR PROGRAM - P-11

5.3.5.1 Introduction

The purpose of this section is to describe the operation

and implementation of Program P-11, Earth Orbit Insertion Monitor,

This program is initiated by Program P-02, Gyro
Compassing, when the liftoff discrete is detected or by the
astronaut backup Verb 75 and it performs the following functions

(in the order of occurrence)

(1) Zeroes the CMC clock at liftoff and updates the
reference ephemeris time (see Time Definition,

Section 5,1.5,5). (Time Subroutine)

{2) Computes the CMC state vector (in Basic Refer-
ence Coordinates) at liftoff and starts the Average-G
computation (see Section 5. 3. 2) using this state

vector. (State Subroutine)
{ 3 ) Finishes remainder of Pre-Launch torquing.

(4) Computes the matrix REFSMMAT which relates
the IMU Stable Member orientation to the Basie

Reference Coordinate System. (State Subroutine)

(5 ) Computes periodically the error between the nom-
inal desired Saturn Launch Vehicle attitude (as
determined by a time dependent polynomial) and
the actual Saturn L.aunch Vehicle attitude (as
determined by the CM IMU), and transmits the
error to the CDT for display by the FDAIJ, *

(Attitude Error Subroutine)

" Flight Director Attitude Indicator
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{6)

Periodically computes Saturn Launch Vehicle inertial
velocity magnitude, rate of change of the vehicle altitude
above the launch pad radius, and the vehicle altitude
above launch pad radius and displays this information
via the DSKY. (Display Subroutine)

Program P-11, when activated by Program P-02 assumes

(1)

(2)

The following information has been pad loaded

AZP — Azimuth of the launch vehicle on the pad
measured from north to the +Z spacecraft
axis positive in a right hand sense about the

inward pad local vertical. See figure 3,5-1,

A — launch azimuth measured from north to the
X IMU Stable member axis positive in the

same senge as AZP' See figure 3,5-1,

K — constant denoting the absolute value of the
rate at which the Saturn will roll from the

pad azimuth to the launch azimuth.

t — the estimated time from liftoff at which the
initial Saturn pitch and roll maneuvers will

commence.

t — time interval beginning at t El used by the
Attitude Error subroutine, During t E2°
desired gimbal angles computed using poly-

nomial functions.

agsdqscrdg ~ coefficients of a 6th order poly-
nornial in time t, (t E1 <t<{t Bt

tgg )
Saturn pitch profile.

)} describing the nominal

The clock and reference ephemeris time were

synchronized previously.
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Azimuth and Roll Angle Definitions

North

e East

-~

&
zg

YsM

Plane of the paper is the pad local horizontal

Up is out of the paper
Spacecraft and IMU axis shown prior to launch

. After lift-off the Saturn rolls to align the “Zgc with Xon

Pitch Angle Definition

Inertial upward local vertical
vector {established at liftoff) 9P

Plane of the paper is the instantaneous pitch plane

is into t
Ygc 1s into the paper and northerly

Figure 3.5-1 Angle Definitions
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5,3.5.2

Nomenclature for P-11

T

Computer clock reading at any time t
See Section 5.1.5.5.

Vehicle altitude above a sphere whose radius
is that of the launch pad

Rate of change of altitude measured in the
direction of the vehicle radius vector
Inertial velocity magnitude of the vehicle
Launchpad geodetic latitude

Launchpad geodetic longitude
IMU altitude above the launch pad

A yector in the Basie Reference Coordinate
System in the direction of the earth's true pole

The angular velocity of the earth

[REFSMMAT] A matrix whose rows are the location of the

CDU

DGA

IMU Stable Member axes in the Basic Refer-
ence Coordinate System
The current value of the IMU Gimbal Angles

The Saturn Vehicle nominal pitch angle measured
from the Launch pad local vertical at liftoff to
the Saturn X axis.{See Figure 3.5-1,)

The Saturn nominal roll angle measured from
the X IMU Stable Member axis to the negative

Z spacecraft axis, (See Figure 3.5-1.)

A vector representing the roll, pitch, and yaw
errors about CM body axes {in a right hand

sense).

A vector representing the Saturn nominal desired

IMU gimbal angles (x, y, z).
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K A constant computed in the State Subroutine
which is utilized by the Attitude Error Display

Subroutine.

Note that pad loaded variables are identified in Section 5. 3.5, 1.
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5,3.5.3 Time Sequencing of P-11 Subroutines

Program P-11 is composed of four subroutines: Time
Subroutine, State Subroutine, Attitude Error Subroutine, and Dis-

play Subroutine.

The Time Subroutine is selected by P-11 within 0.5
second of the lift-off discrete receipt. The State Subroutine is
initiated immediately after the Time Subroutine and is through

within 1 second after receipt of the lift-off discrete,

The cycling of the Attitude Error Subroutine is then
started. This subroutine refreshes the attitude error FDAI dis-
play approximately every 1/2 second until P-11 is exited. Body
axis attitude errors are computed from the differences befween
the desired gimbal angles (DGA) and the actual gimbal angles (CDU).

DGA is obtained from a 3 part model of the Saturn SIC attitude profile.

1) Before pitchover, t gt E1’ DGA is the 1ift off attitude (from
the Time Subroutine). Note that the Saturn yaw maneuver for
tower clearance is not modeled. 2) During the maneuver, t F1 <
t <t 1t i E2'DG_A— is obtained from a sixth order pitch polyno-
mial and a first crder roll polynomial (FDAI Display Subroutine
No. 1). 3) Whent>1t E1 7 P Eo (termination of the pitch maneu-
ver, i.e., tilt arrest) DGé is held constant at its last computed
value. The values of t gt and th are chosen so as to provide

a reasonably smocoth model of expected Saturn performance.

At the same time the attitude error display is started,
the cycling of the Display Subroutine is started. This subroutine
displays v, h, and fl via the DSKY. It is cycled every 2 seconds
following the Average-G computations and is out of synchroniza-

tion with the Attitude Error Subroutine.

5.3.5.4 Time Subroutine

The procedure for clock zeroing and presetting of
reference time, tO’ is shown in Fig. 3.5-2. Refer to Time
Definitions, Section 5.1.5.5, for a description of how the
reference ephemeris time was originally synchronized with the
AGC clock prior to lift-off.

This activity does not occur precisely at lift-off, but
within 0, 5 second maximum of the receipt of the lift-off discrete,
In any event, the clock zeroing and the constant t0 are not

changed for the remainder of the mission unless P-27 intercedes.
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ENTER

Read the clock setting t' = t
and zeroing t

- 1

tO = TO + t
DGA = Ccbu
EXIT

Figure 3, 5-2 Time Subroutine
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5.3.5.5 State Subroutine

The state vector of the vehicle at lift-off in Basic
Reference Coordinates is that imparted by the earth, The first
part of Fig, 3.5-3 shows this computation,

REFSMMAT, the matrix which relates the IMU
stable member orientation at lift-off to the Bagic Reference
Coordinates, is determined as shown on page 2 of Fig, 3.5-3.
This computation assumes that the stable member X and Y
axes are normal to the pad local vertical and the X axis is aligned
along the launch azimuth AZ pointing down range and the Z axis
toward the center of the earth, Thig computation determines the
local vertical utilizing the characteristics of the earth's reference

ellipsoid.
These computations take place within 0,75 second of

the receipt of the lift-off discrete by Program P-11,

Attitude Error Subroutine

This subroutine computes and transmits to the FDAI
the difference between a stored nominal Saturn Launch Vehicle
attitude profile and the actual attitude profile as measured by
the CM inertial measurement unit. Figures 3.5-4 and 3.5-5
present the details of these computations. This subroutine is

cycled approximately every 0.5 seconds.

5.3.5.6 Display Subroutine

The computations of the display quantities v, h, h are
shown on Fig. 3.5-8. Callable display parameters available
during P-11 operation are described in Section 5. 6. 10, Orbital

Parameter Display Computations.
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ENTER

|LAT, LON,, ALT, v, 0p Ay

PJ

l?rﬁiialize PIPAs for Average-G [

[t =0, P=0, r=o}

¥

Call Lat - Long - Alt (Fig, 5,3-2)
LatP, LonP, AltI, t', P, F

Resume r

v sep (% o)

Y

Call Gravity Subroutine (Fig, 3,2-2) ;—L' 0

L

Resume Ep

'

Start Average-G Subroutine at t = 2 (Fig. 3.2-1)

T Yy 2, 4av, g£pr 0

v

Figure 3,5-3 State Subroutine
{page 1 of 2)
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Call Lat-Long-Alt (Fig. 5.3-2)

7
LatP, LonP, ‘.Alt t’, P, F .

I:
Force ¥ = 1 in Fig, 5,3-2

Resume rp

'

REFSMMAT, = UNIT (-r )
E = UNIT (REFSMMAT X u,)
S = UNIT (E x REFSMMAT,)
REFSMMAT, = sin (AZ) E + cos (A,) S
REFSMMAT, = UNIT [REFSMMAT; x REFSMMAT,]
T
(REFSMMAT,)
[REFSMMAT] - (REFSMMAT,) |
(REFSMMAT,)"
K, = A, - 180° - A
z = Az ! ZP
EXIT

Figure 3, 5-3 State Subroutine
{page 2 of 2)
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ENTER

Read clock getting

Yes

| S— CDU’, DGA

CDU’ = CDU

!

Call FDAI Display Subroutine
(Fig, 3.5-5) No. 1

DGA , t/, K,

Resume DGA

'

Call FDAI Display Subroutine
(Fig. 3.5-5) No, 2

Resume E

'

Call 8/C Control of
Saturn Subroutine
(Fig. 3,5-7)

A

Resume E,A

Transmit -E—A to FDAI for display
Establish a recall of this
subroutine in not less than 0. 25 sec

EXIT

Figure 3.5-4 Attitude Error Subroutine
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tp =t by
BP = a, + altP + ...+ aGtPB
R =K, - sign(K,) K, tp,
SP = gin BP, CP = CcOoS GP
SR = gin BR' CR = cos BR
SP 0 —CP
Ersfvw]: S5 Cp -Cgp Sy Sp
CrSp

CrCp  Sp

Call CALCGTA Subrouiﬂ_ine (Section 5.6,3.2.3)
[TSMV]

Resume DGA

a‘

EXIT

Figure 3.5-5 FDAI Display Subroutine No, 1
(page 1 of 2)
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ENTER

Y

ACDU = CDU' - DGA

N |

= sin (CDUY), Cy = cos (CDUY)

2]
i

_ ool ' = Y
SZ = sm(CDUZ), CZ = CO8 (CDLZ)
1 S, 0
[TGSC]= 0 CxCy Sx
o 5C, &

E, - [TGSC] ACDU

J.

Return '._EJ_A

J

Figure 3.5-5 FDAI Display Subroutine No. 2
(page 2 of 2)
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START

Y

r (1), v (1)

(from Average-G Subroutine)

(v ()

v = ABVAL
h = v (t) - UNIT (r (t))

| 4

Display v, h, h ,

|

Establish a recall of this subroutine

in approximately 2 seconds

EXIT

Figure 3, 5-6 Display Subroutine
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ENTER

S/C Control

of Saturn
A=0
No )
Yes BIAS = E
[a=1
g
V | 4
EA = I_E_A - BIAS
Scale for
Saturn Control

EXIT

Figure 3.5-7 S/C Contro! of Saturn Subroutine
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5.3.6 SATURN IVB SHUTDOWN COMPUTATIONS

This section describes the logic which monitors and shuts
down the SIVB engine, during a GNCS backup of the TLI burn. It occurs as part
of P15, the TLI Initiate/Cutoff Program, described in Section 4 GSOP.

The following nomenclature is used in the logic flow diagram
(Figure 3.6-1).

t g0 Estimate of SIVB burn time

Before Ignition +10 sec: time from ignition

tTGO Time-to-go After Ignition +10 sec: time from cutoff
v c/o Required TLI cutoff velocity magnitude (erasable padload)
Set 0 when P15 first called
Set 1 at ignition +10 sec to enable
S w Steer-switch shutdown computations
Set 0 when shutdown command is
iggued, to prevent further t o
computations g
Vit Inertial velocity vector at time t
AY G Magnitude of velocity-to-be-gained
D TF TLI tail-off constant (time delay for TLI tail-off)

The logic is entered every ~ 2 seconds during P15 Average-G. When
the time from ignition reaches ignition +10 seconds (t TGO = 10), steer-switch is
set 1 to allow t o computations to take place. Note that this test will be passed

{and s 1 set 1) only once during the program, since t

N
be time-from-cutoff,

TGO is then redefined fo

The computation of tgo continues to take place until tgo is less than
4 seconds. At this time the engine off command is scheduled. Steer-switch is

set 0 so that t go computations will not be performed on the remaining passes.
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ENTER

i computation:

go

too © 2[V(t)-V(t-Z)] - Drp

Yes

Set engine off

at t + tgo ‘
, V(t-2) = V(1)
RETURN v

Figure 3.6-1, SIVB Shutdown Computations
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5.4 TARGETING ROUTINES

5.4.1 General Comments

The objectives of the targeting routines presented in this section are to
provide a CMC capability to determine the required input target parameters and
set control modes for the various powered-flight guidance routines of Section 5. 3.
It should be noted that the CMC does not have a targeting capability for eve ry
phase of the lunar landing mission, and therefore, must rely on RTCC (ground)
targeting for many of the nominal and abort phases of the lunar mission. The re-
stricted targeting capability provided by the CMC is presented in the following

subsections:
5.4.2 Rendezvous Retrieval Targeting Routines

These routines may operate in lunar or

earth orbit.
5.4.3 Return-to-Earth Targeting Routines

These routines are restricted to operation
cutside the lunar sphere of influence for

abort returns to earth.

All CMC targeting programs use the Basic Reference Coordinate System
defined in Section 5.1.4.1. The Rendezvous Retrieval Targeting Routines of Sec-
tion 5. 4.2 can be used in either earth or lunar orbits. The basic input parameters
required by the targeting routines of this section are the vehicle state vector esti-

mates determined by the navigation programs of Section 5.2 and 5. 3. 2.

5.4,2 Rendezvous Retrieval Targeting

5.4.2.1 General

The nominal rendezvous maneuver sequence {direct rendezvous) uses the
Transfer Phase Initiation Program and the Rendezvous Midcourse Maneuver Pro-
gram. For backup rendezvous sequences, the Concentric Flight Plan Sequence,
the Height Adjustment Maneuver Program, and the Plane Change Program are also
available.
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The Transfer Phase Initiation Program (P34) as used in the nominal
rendezvous computes the parameters necessary to put the active vehicle on an in-
tercept trajectory with the passive vehicle. This intercept is maintained by com-
puting (and executing) midcourse corrections at pre-selected times after the

Transfer Phase Initiation Maneuver using the Midcourse Maneuver Program (P35).

The Concentric Flight Plan Programs are used for those rendezvous
situations where the phasing between the active and passive vehicles does not al-

low the direct rendezvous approach to be used.

The Concentric Flight Plan rendezvous scheme is illustrated in Figure
4,2.1. The following active vehicle impulsive maneuvers are used to establish a
rendezvous intercept trajectory with the passive vehicle in an appropriately co-

planar orbit:

1. Coelliptic Sequence Initiation (CSI) - (P32}
2. Constant Differential Altitude (CDH) - (P33)
3. Transfer Phase Initiation (TPI) - (P34)

4. Mideourse Maneuver FProgram (TPM) - (P35)

The CSI and CDH maneuvers satisfy the following constraints: specified times for
the CSI and TPI maneuvers, a horizental CSI maneuver, a constraint on either the
number of apsidal crossings between CSI and CDH or the number of half periods
between CSI and CDH, maneuver which results in "coelliptic' orbits following the
maneuver and a specified geometry at the TPI point. The "coelliptic" or "con-

centric'' orbits have approximately constant differential altitudes.

The Plane Change Maneuver (PC) is used in conjunction with the CSI
maneuver of the Concentric Flight Plan to make the active and passive vehicle or-
bits coplanar prior to the CDH maneuver. The Plane Change Maneuver is per-
formed ninety degrees after the CSI maneuver and is computed in the Plane Change

Maneuver Program (P36),

Certain rendezvous situations (ILM aborts at certain times in the pow-
ered descent, for example) require a Height Adjustment Maneuver (HAM) to be
performed one-half revolution prior to the CSI maneuver in the Concentiric Flight
Plan Sequence so that the standard coelliptic differential altitude will be attained
after the CDH maneuver. This maneuver is computed in the Height Adjustment

Maneuver Program (P31).



PASSIVE VEHICLE ORBIT

CDH
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Figure 4.2-1 Concentric Rendezvous Profile



For CSI, CDH, TPI and TPM targeting there are two associated pro-
gram numbers based on whether the CSM or the LM is the active vehicle.  If the
astronaut elects to make the LM active, the only change is the program number
selected. All equations and program operations in Section 5. 4. 2 are identical for
these two modes of operation. 'The Plane Change Progrém (P36) and the Height
Adjustment Maneuver Program (P31) each have a single program number and con-

sider the CSM as the active vehicle.

The pre-thrust programs, P31, P32, P33 and P36 use External AV
guidance (Section 5.3.3.3.1) and P34 and P35 use the Lambert targeting concept.
There are 2 options available for obtaining the aim point used in generating the
Lambert AV solution. If the number of offsets (N) is set to zero, the target orbit
is advanced through an wt in P34, or the appropriate time of flight in P35, by use
of the Kepler (conic) routine. Lambert solution is then generated to this aim point.
The other option (N> 0) employs N precision offsets to generate the velocity cor-
rection required (N usually = 2). The target vehicle orbit is advanced the appro-
priate time of flight on a precision trajectory, The precision offset concept is
then used to generate the AV solution. All six of the above programs use the
Cross-Product Steering of Section 5. 3, 3. 4.

The function SGN(X) used in the figures of Section 5. 4.2 is set equal to

+1 if X is zero or a positive number; otherwise, it is set equal to -1.

5.4.2.2 CSI Targeting

The CSI program, corresponding to P32 (CSM active) or P72(LM active)

of Section 4, computes the parameters associated with the CSI and CDH maneu-

vers. The astronaut inputs are as follows:
1. Choice of active vehicle (P32 CSM, P72 LM).
2. Time t 1 of the CSI maneuver.

3. Number N of the apsidal cressing, (If N = 1
and CDHASW = 0, the CDH maneuver occurs
when the active vehicle reaches its first ap- .

sidal point following the CSI maneuver, etc.)

4. Desired line of sight (L.OS) angle E at the time
of the TPI maneuver. (See Figure 4,2-2 and
Figure 4.2-3.)

5, Time t3 of the TPI maneuver

6. Selection of flag CDHASW to ensure that CDH
will occur at a time, measured from the CSI
time, equal to the post-CSI maneuver orbital
period multiplied by N/2. If this option is de-
sired, CDHASW is set equal to 1.
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UNIT HORIZONTAL
IN FWD DIRECTION
ASDETERMINED BY

Va

1) IF THE LOS PROJECTION ON UH IS POSITIVE:

a) WHEN THE LOS IS ABOVE THE HORIZONTAL PLANE
0< E< 7/2

b} WHEN THE LOS IS BELOW THE HORIZONTAL PLANE
ITf2< E< 27

2) IF THE LOS PROJECTION ON UH IS NEGATIVE

a) WHEN THE LOS IS ABOVE THE HORIZONTAL PLANE
Tl2< EX 7

b) WHEN THE LOS IS BELOW THE HORIZONTAL PLANE
T< E< 37/2

Figure 4,2-3 Definition of Elevation Angle, E
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The active vehicle state vector Ipr ¥p and passive vehicle state vector ps ¥p

are available in the guidance computer.

The following constraints must be satisfied (see Figure 4.2-1 and Fig-
ure 4, 2-2),

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

active vehicle at the CSI time.

2. The semimajor axis and radial component of velocity
of the active vehicle are such that the aclive and pas-
sive vehicles are in coelliptic orbits following the

CDH maneuver.

3. The line of sight between the active vehicle and the
passive vehicle at the TPI time forms the angle E

with the horizontal plane of the active vehicle.

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

TPI maneuvers are 10 minutes or greater,

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

orbits.

The program solution, as illustrated in the logic flow diagram in Figure
4, 2-4, is based on conic trajectories and contains an iteration loop to select the

CSI maneuver magnitude Ve

After updating of the active and passive vehicle state vectors to the CSI
time the following out-of-plane parameters are computed: out-of-plane velocity of
the active vehicle relative {o the passive vehicle orbital plane 'fA, out-of-plane
position of the active vehicle relative to the passive vehicle orbital plane YA and
the out-of-plane velocity of the passive vehicle relative to the active vehicle or-
bital plane Vp.

The active vehicle state vector is then rotated into the passive vehicle
orbital plane, resulting in coplanar orbits. The passive vehicle is updated

through the time t 3~ t 1 to the TPI point obtaining r The initial guess

P3’ Yp3-
of Vo when added to the velocity of the active vehicle, results in the active ve-

hicle attaining a radius equal fo rpyo 180 degrees from the CSI point.



If CDHASW equals one, or if the eccentricity of the active vehicle orbit is
less than 0. 000488, or if the vertical velocity at the CSI point is less than 7 ft/sec, then
the time 1:2 of the CDH maneuver is set equal to the CSI time plus N times half the per-
iod tP of the active vehicle, Otherwise, the angle ¥to the nearest perigee is com-
puted and used in the Time-Theta Subroutine to find the corresponding time of flight
At. This is then used to calculate t 2 based on the value of N, After verifying that
t 3 is greater thant 99 both vehicles are updated to the CDH point.

The angle ¢ between the active and passive vehicles at the CDH point is
calculated and used in the Time-Theta Routine to update the passive vehicle to a

point radially above or below the active vehicle, obtaining per Ypoo

The semimajor axis a, apd the radial component of velocity VA
as well as the active vehicle position magnitude, uniquely define the orbit of the
active vehicle immediately following the CDH maneuver, The equations for ap
{based on the semimajor axis ap of the passive vehicle), and for VAV specify the
"coelliptic'' CDH maneuver, AV, (Figure 4,2-4),

The active vehicle state vector is next updated to the TPI time. The unit
vector which passes through the active vehicle position and is coincident with the

desired TPI line of sight is given by u The position vector of the two points of

L*
intersection between the line of sight and a circle (with origin at the center of the
attracting body) as shown in Figure 4.2-2 is defined by:

b=or + ku

A8 =y (4.2. l)

where k normally assumes two values (see Figure 4.2-4). Equating the magnitude

of b to IEP3| results in a quadratic expression for k:

2 2 2
+ 2k§A3 Up, + Thg = r = 0 (4.2.2)

k

If there are no real solutions to the above equation (¢ 9 < 0 in Figure
4.2-4), the line of sight does not intersect the circle. If there is a real solution
to the above equation, the k of minimum absolute value is chosen as the desirable
TPI solution. The error vy is defined as the central angle between the position
vector of the passive vehicle at the TPI point and the position vector b represent-
ing where the passive vehicle should be based on the active vehicle 1oc—ation. This
error is driven to zero using a Newton-Raphson iteration loop with v, as the in-
dependent variable. The two initial values of vy are 10 ft/sec apart with the suc-

ceeding step size AVI restricted to 200 ft/sec.



[ CS! Program ]

Check €SM Primary Body
Indicator PC {See Sec, 5.2.2.86)

PC = Q0 for Earth : h = f5% nm

min
PC = 1 for Moon : hmin = 35,000 7t

Inputs: r,, Ya, Lp, Ypo by tq,

CDHASW, N, E, active vehicle

|s1:o, S2=1,83°1,n-0|

Update Tar ¥4 ard g ¥p to time t1

obtaining r 4, ¥y and Lpy, Vp, using
Kepler Routine (Section 5. 5. 5)

HAM Yes
Progra. -

No

Wy =UNIT (v, x£,)u,=UNIT (vpx Ip

YA~ Ia 8y Ya-¥pa iy
¥

p_¥p‘ ¥

u = UNIT(EP1 X Y—Pl)
a1~ Fal UNIT[E'_Ai - (EAl ' E)E)i
Yap T VA UNITlY gy - (v 9]

\
Update rpys Ypy through time t3 - tl obtaining

g Vpg using Kepler Routine (Sec. 5,5.5)

A
El < UNIT{u x gm)l

Av, = 10 ft/sec

-1
SQRT {2urpalra rpy * ra ) v a0y

<
—
[

Figure 4.2-4. CSI-CDH Maneuver Program (Sheet 1 of 7}
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n=n+1

S1=1
v, = SGN(v,)989 ft/sec
4
I _
Va1 = ¥a1 T Vil

- !
YRTEA1" YAl

Obtain period ty, using Tpqs —Y'Al’ 8 slightly
less than 360° in Time-Theta Subroutine

](Seﬁc. 5.5.7)

Figure 4.2-4. CSI-CDH Maneuver Program (Sheet 2 of 7)
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" o ’
Obtain hPl’ Py, @ USING L 4ys Viags PC

in Periapo Routine (Sec. 5.5, 14}

Yes \

At =0

b

cosy = (pl/rAl - Dfe

siny =

2 /2
(“pl'/rAl)lf Jen

v

Obtain At using LINT

cosy in Time-Theta Routine (Sec, 5,5, 7}

_ ]

I

‘SGN(VR)X;.‘Q* siny,

Yes

—~ by =t —$t+NtP/2 o

v
ty Tty v ALT (N - l)tp/2
T

I
NEXT

T c (Csn 1

Update r 4 4, Ki’&l and r ;. Vpy through time ty - t, obtaining :
Tazr YA and Lpgs Ypa using Kepler Routine (Sec, 5. 5.5) :

Figure 4.2-4. CSI-CDH Maneuver Program (Sheet 3 of 7)
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[ CDH Program J

Inputs: Car Ypr Ips Y E,
t

ty, active vehicle

3

Update f—A' Va and e Vp to time tz°
obtaining rage Va2 and Epar Vpa using
Kepler Routine (Sec, 8,5.5)

Y
uy = UNIT lvaxrphug= UNIT (vpX Lp

YasEa Y AT YA Yz
Yp=ip- iy

u = UNIT(r py X ¥ pg)
Paz T TagUNITIZ g - (X, - Wi

Vag ~ VagUNIT(Y po - (v 49 - ulul

COSP= T ap - I pa/Taztpy

@——. sing = (1 - cosztp)l/z

STy X T py)

Update r by, v py With cosg, SGN(SWsing
obtaining Cper Ypoo ap using Time-Theta
Routine (Sec, 5.5.7)

coH ° FPC " TA2 VPV T Ype ' Das/Taz
ap - AHopg YAy * VPV(aP/aA)a/z
Vay " SQRTUE@/r sy - 1/ay) - va ]
zkz = vAHUNIT(g % £A2) + VAVUNIT(EA2)
Yaz "Yagp &7 UNITCr,,)

= -y, X = UNIT(Y xZ)

| _ T .
AVeppEV) = (X Y 2] av,

Figure 4.2r4. CSI-CDH Maneuver Program (Sheet 4 of 7)
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No CDH
rogram

Yes

0
AV py (L) = AV (g (LV) {_BEAJ

AV ppy (REF) = [X ¥ Z]AV (e (LV)

}

4 v P
Update Tagr Yag and rpar Vpa to time t3 obtaining Ta Y-A

and r,, v using Kepler Routine (Sec. 5.5.5).

Obtain t or ALARM using Tar Yar Lpe Yoo n=0,
FLAG=1, t=t3, tmax=250 sec, E in Pre-TPI

Program (Sec. 5, 4, 2. 2) entering at @ of Fig, 4.2-5
]

Yes stronau Yes
: 5
Is ALARM Set ¥ Recyele EXIT
No. Q
1 t=t
AT3=t-t2, ATTplzt"tS 3

Update Tag. zhz through time t3 -ty obtaining
T ags Y ag using Kepler Routine {Sec. 5.5.5)

!

u; ot cos E UNIT(EX -E‘—AS) + sinE UNIT(£A3

)
1 Laz g

LG22, 2
C9 7 %) " Taz " Vps

c&\ Yes

2
No
_ L 1/2
klk Cl+ Cq
k,=-¢C c21/2

-
Figure 4. 2-4, CBSI-CDH Maneuver Program (Sheet 5 of 7)
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cos™t (b - L py/brpg)SGN[u . ®x £ pg]

~=
i

W
-
Il
Q‘
1
~
o\_r
T
=
-
<
_
O\.J

by -y~ <
o7 O Yes
Avy = -SGN(SL)SGN(70)50 ft/sec
vy T Vy- Avl —.@
S3 = 3, Yo =Y

'

S3 =2, Avy = SGN(av,)10 ft/sec

Vi0 " V1r Yo 7 C

Figure 4.2-4. CSI-CDH Maneuver Program (Sheet 6 of 7)
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. Yes |AV1| <\ No /1AV1| > )
.1 ft/se 00 ft/sgc Ves
No
VTV tav ! ll Avy = SGN(AVI)ZOO ft/sec
' - N : '] '
,AC\".[‘Z—t2 -tl Obtgm hPZ using r pq9, ¥Viag, PC in
AT. =t -t Periapo Routine (Sec. 5,5, 14)

Return to (7)
HAM Program
Fig, 4.2-8,

[s1-=

0,52:1,ss=0,n=oj—h®
Z = UNIT(-r,,), Y= -u
X=Yx2Z

AY gy WV) = vy =¥ 4, 0)

A

V g (REF) = (XY z}av cs1 TV

B

Exit

Figure 4. 2-4.
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A second computational attempt is made if the first iteration attempt
fails, vy is incremented in steps of 50 ft/sec in the direction opposite to that
initially taken in the first attempt until the error ¥ has undergone a sign change,
The second attempt then starts with the latest value of vy and an adjacent point

in the direction of the 50 ft/sec steps.

Included in the CSI program are the following seven program checks

and the corresponding Alarm Codes (AC) (see Figure 4. 2-4).

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

AC equals A in this case,
2. The iteration counter n exceeds 15. (AC = C)

3. Two succeeding iterations resulting in V4 greater
than 1000 ft/sec. (AC = B)

4, The altitude of perigee h following the CSI ma-

P1
neuver is less than a minimum acceptable amount.

(AC = D)

5, The altitude of perigee h following the CDH ma-

P2
neuver is legs than a minimum acceptable amount.

(AC = EF)
6. The time AT 9 between the CDH and CSI maneuvers
is less than 10 minutes., (AC = F)

7. The time AT 3 between the TPI and CDH maneuvers

is less than 10 minutes. (AC = G)

For the first check above, a check failure results in an immediate pro-
gram exit. The last four checks are made only if the iteration has succeedecd.
The alarm codes are set (excluding the first check) only if the second iteration

attempt has been made.
The displays for the CSI program are:
1. Differential altitude

AH cpy
altitude is less than the passive vehicle's alti-

AH CDH at the CDH point.

is positive when the active vehicle's

tude when measured at the CDH point.

2. Time AT 9 between the CDH and CSI maneuvers
displayed in minutes and seconds with hours de-
leted.
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3. Time AT 3 between the TPI and CDH maneuvers
displayed in minutes and seconds with hours de-
leted.

4. Qut-of-plane parameters at tIG: acti\fe vehicle
cut-of-plane position YA and velocity YA relative
to the passive vehicle orbital plane; passive ve-
hicle out-of-plane velocity ‘_;’P relative to the

active vehicle orbital plane.

5. AV (g (LV) inlocal vertical coordinates at CSI
time, '

8. AV CDH (LV) in local vertical coordinates at
CDH time.

7. The alarm codes.

In the CSI program,P32, the astronaut can change the CSI computed ma-
neuver by overwriting the displayed maneuver velocity vector in local vertical co-
ordinates, AV ~gy (V). 1In such a case the astronaut input then becomes the de-
fined velocity-to-be-gained in the External AV Maneuver Guidance (Section

5.3.3.3.1) used to control the CSI maneuver.

Also displayed are M, the number of navigation measurements processed
since the last W-matrix reinitialization; MGA, the middle gimbal angle at the start of

the maneuver assuming plus X acceleration; and TFI, the time from ignition.
The middle gimbal angle is computed with the following equation:

e ein-1 )
MGA = sin [’\__f REF UNIT (A‘._f)]

If -90° < MGA <0°, MGA is redefined such that 270° < MGA < 360° . AV is the
maneuver AV in reference coordinates and Y prp 18 the second row of the
REFSMMAT matrix defined in Section 5. 6. 3. 3.

5.4.2.3 CDH Targeting

The CDH program, corresponding to program P33 (CSM active) or P73

(LM active) of Section 4, computes the parameiers associated with the CDH maneuver,
The astronaut inputs to this program are:
1. Choice of active vehicle (P33 CSM, P73 LM).

2. Time t2 of CDH maneuver.
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The active and passive vehicles' state vectors r,., V5, I'p, Yp are
available in the guidance computer. The TPI elevation angle E and the TPI maneu-

ver time tg are also available from the previous CSI program computations.

Figure 4. 2-4, sheet 4 of 7, illustrates the program logic. The state
vectors of both the active and passive vehicles are advanced to the CDH time. The
following out-of-plane parameters are then calculated: active vehicle out-of-plane
position and velocity relative to the passive vehicle orbit plane, and the passive

vehicle out of plane velocity relative to the active vehicle orbit plane.

After rotating the active vehicle state vector into the plane of ‘the passive
vehicle, the CDH maneuver is calculated as in the CSI program. Following a conic
update of the state vectors to time t 3 the TPI program is used to calculate
the time at which the specified elevation angle is attained. If the iteration was
not successful, an alarm code is displayed. At this point, the astronaut can elect
to recycle the program or to proceed with the calculation of the displays, which

are:
1. Out-of-plane parameters at TIG:
e active vehicle out-of-plane position and velocity
« passive vehicle out-of-plane velocity

2. AV .pg @OV)

3. Differential altitude AHCDH at the CDH point

4. Time AT 3 between the calculated TPI time and -
the CDH time displayed in minutes and seconds

with hours deleted. '

5. Time ATTPI between the calculated TPI time
and the specified TPI time. (This number is
positive if the new TPI time is later than that

previously used.)

If the iteration did not converge, the last two displays reflect an unchanged

TPI time. In addition, M, MGA, and TFI are displayed as in the CSI program
displays.
The astronaut can modify the CDH maneuver by overwriting the displayed

maneuver velocity vector, AV CDH (LV), as in the CSI program.
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5.4.2.4 TPI Targeting

The TPI program corresponds to program P34 (CSM active) or P74 (LM
active) of Section 4. Its objective is to establish the terminal phase initiation (TPI)
maneuver. The position of the TPI maneuver is determined by specifying either
the TPI time or the elevation angle which specifies the relative geometry of the ve-
hicles at the TPI point. The astronaut inputs are:

1. Choice of active vehicle (P34 CSM, P74 LM)
2., Time t of the TPl maneuver

3. Elevation angle E (set equal to zero if t is

specified}, defined in Figure 4.2-3

4, Central angle wt of the passive vehicle be-
tween the TPF and TPI points

5. Number N1 of precision offsets made in
generating target vector for TPI maneuver.
If set equal to zero, conic trajectories are

used to generate the target vector.

The active r 5. Ya and passive vehicle Ipre Ypr state vectors are
available in the guidance computer. The program starts with a conic update of

these vectors to the TPI time.

If the elevation angle is not specified, it is computed after the conic up-
dating of both vehicles to the TPI maneuver time. I[f E is specified, an iteration
procedure is initiated to find the TPI time at which E is attained. This procedure
uses the input TPI time as the initial guess and is based on conic trajectories,
The time correction é§t is based on (1) the angular distance between r'p and
the desired position of the passive vehicle, obtained by assuming the passive ve-
hicle is in a circular orbit, and (2) assuming the vehicles are moving at a con -

stant angular rate. The flow diagram for this procedure is shown in Figure 4.2-5.

The iteration is successful when the computed elevation angle EA is
sufficiently close to E.

To help insure convergence, the following steps are taken
a. The step size 46t is restricted to 250 sec

b. If the solution has been passed (§ E 6E0 < 0},
the step size is halved and forced in the opposite
direction of the last step.

c. If the iteration is converging ( |6E0| - |6E|> 0),

the sign of 4§t is maintained.
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rTPI Program

Inputs: EAI, V_AI; EPI’ !PI’ ta ant, rLaALG=U,

Nl’ active vehicle, n=0, &t_- = 250 gecs.

Update Tap VAl and 'or Yp1 to time t

obtammg Tpr Ya and T Vp using )
Kepler Routine (Sec. 5. 5. 5)

L

@__*{ tg=t, Tap =Ly Yarp - a0 Iprp T Ip TPF :Xf;l

u = UNIT (E‘_P - EA” u = UNIT (;‘_AXy_A)

@—-“—P - UNIT [y - (a * 2pb2p/p")

- -1 , .
E, = cos fBL EPSGN (P—P EXEA)]

_J

EXIT

with ALARM

n=n+1, SEg = éE, E=E, - E

wp T VA UNIT (u X EA)/I'A
wp = Vp' UNIT [(_I"_P XXP)XI_'P]/rP
a=E+S8GN [(ry Xrp)- ujcos~1 (ry EP/I‘A rp)
- - - -1
5t=a 7+ SGN (rP rA) [7 - cos (rA cos Eer)]

UJA'G)P

’I' :
Figure 4.2-5. TPI Maneuver Program (Sheet 1 of 3)
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4“ = 8t SGN (5t)
max

|

[

6t = -SGN (6t,)] 8] /2

Mmax : étmax/S

# 6t - SGN (5t)| st] |

t + 6t

-+
1
-
1
—
+
o
o
o
L
1]

= —6t0/2 &ty = 8t

Update Tapr VAR and L ppr Ypp through time t - tg obtaining :
Car Ya and r p» ¥Yp using Kepler Routine (Sec. 5.5.5)

@ Obtain tF using Cpr Yo wt in
Time-Theta Routine (Sec. 5.5.7)

Update Ips ¥ptotimet + tr obtaining Lo Ypr

using Kepler Routine {Sec. 5.5.5)

Update r ,, v to time t + t_, obtaining r , v
~P’ P F ~PT" ZPT |g
using Coasting Integration Routine {Sec, 5.2,2)

- -1 [
e=n+ cos (EA'EPT/rArPT)_"] SGN _(E-AXEPT)' u]
3

- 7 - — .0
Obtain Vs f2 and Vap: Usingr,, L pr tF’ € =157,

N1 in Initvel Routine (Sec, 5,5,11)

(]
| Obtain Hp, using r . v, in Periapo Routine (See. 5.5.14) |
]

= ’ - = -
AVrpr "¥a " Yar Yrpp T YaR T Ypr

Sp =fp, ¥ =-u, Z=UNIT(r,), X-Yx2

v

Figure 4.2-5. TPI Maneuver Program (Sheet 2 of 3)
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_r T
AVrpp (V) = [X ¥ Z]" AVp)y

Astronaut No

AVpp = [X X Z] Vg

(LV)

VA= Vat AVppg

Obtain new target vector

rp by using ry, vy, tg
in Kepler Routine
(Sec. 5. 5. 5)

Replace oifset target vector,
r (tz) generated by Initvel
Routine (Sec. 5. 5.11) by Ty
found above. )

Ry =u, trpp =ttty
R, = UNIT [(aX R} X R,]
R, = R, XR,
AV.._ (LOS) = [R. R, R.]T AV
ZTPI By X Byl Slrpr

 §
EXIT

Figure 4. 2-5. TPI Maneuver Program (Sheet 3 of 3)
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d. If the iteration is proceeding in the wrong

direction, the step direction is reversed.

The iteration is terminated for any of the following reasons, and a single

alarm as described in Section 4 is set:

1. The iteration counter has exceeded its maximum

value of 15.

2. The line of sight emanating from the active vehicle
does not intersect the circular orbit with radius

equal to that of the passive vehicle.

3. The elevation angle is inconsistent with the relative
altitudes of the two vehicles (e, g., if the elevation
angle is less than 180° when the active vehicle is

above the passive vehicle).
Upon convergence, the state vectors are conically updated to the TPI time.

The TPI-TPF phase of the program starts with the use of the angle wt
in the Time-Theta Subroutine (Section 5.5.7) to determine the corresponding trans-
fer time t Fr The passive vehicle is next updated through tF using either a conic
or precision updating routine, depending on the value of N 1" The Initvel Routine
(Section 5.5.11) is then called to compute a transfer trajectory between the TPI and
TPF points with the cone angle € set equal to 15°. The rotation projection switch
f2 is obtained from the Initvel Routin~ for use in the powered flight steering pro-
gram as S R"

The central angle ¢ traversed by the active vehicle from the TPI time
to intercept is computed as shown in Figure 4. 2-5 for display if requested by the

astronaut. This display is used to avoid 180° transfer angle problems.

The displays for the TPI program are:

1. AVTPI
2. AVoppg
3. AVappp (LV): local vertical coordinates

4. DPerigee altitude (Hp) following the

TPI maneuver

The AV pp (LOS) (TPI AV in line-of-sight coordinates) is available but

is not displayed automatically.

The display of AYTPI {

a new target vector is generated as shown in Figure 4,2-5. This new aimpoint is

1V) may be overwritten by the astronaut. If so,

used for powered flight steering.
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In addition, M, MGA, and TFI are displayed as. in the CSI program dis-
plays.
5.4,2.5 Rendezvous Midcourse Maneuver Targeting (TPM)

This program, corresponding to program P35 (CSM active} or P75 (LM
active) of Section 4, computes a midcourse correction maneuver, This maneuver
insures that the active vehicle will intercept the passive vehicle at the time estab-
lished in the previous TPI program. The astronaut may call this program any
time after the TPI maneuver, but in general no later than 10 minutes before the
intercept time. The flow diagram for this program is shown in Figure 4. 2-6,

There is one astronaut input: choice of the active vehicle (P35 CSM,
P75 LM), Available in the guidance computer are the intercepi; time tTf’F and the
number N, of precision offsets (both available from the TPI program), the active
(gA, EA) and passive (_I:P. _V:P) vehicle state vectors and a time dglay. The
time delay (&7 3 for P35 and 6T for P75) is the time required to prepare for the
thrust maneuver and is stored in either of two erasable locations.

When the program is initiated, the number of navigation measurements
since the last W-matrix reinitialization and the time since last maneuver or ma-
‘neuver calculation are displayed. Based on this information and additional displays
discussed in Section 5. 6.7, the astronaut may elect to proceed with the midcourse
maneuver at some time. When he does so, the program updates the state vectors
to the present time plus the time delay using the Kepler Routine. After updating
the passive vehicle to the time tTPF to obtain the target vector o1 the
Initvel Routine is called with the cone angle ¢ set equal to 150, to obtain the ve-
locity vector on the transfer ellipse. The rotation projection switch f2 is obtained

from the Initvel Routine for use in the powered flight steering program as S R*

The central angle ¢ traversed by the active vehicle from the maneuver
time to intercept is computed as shown in Figure 4. 2-6 for display if requested by
the astronaut. This display is used to avoid 180° transfer angle problems.

After obtaining the maneuver AV, it is rotated into a local vertical (LV)
and a line of sight (LOS) coordinate system obtaining AV (LV) and AV (LOS). AV
(LV) is displayed. Also displayed are M, MGA and TFI as in the C-SI prograrﬁ dis-
plays. AV (LOS) is available to the astronaut but not displayed.

The display of AV (L'V) may be overwritten by the astronaut. If so, a
new target vector is generated as shown in Fig., 4. 2-6. This new aim point is

used for powered flight steering.

5.4.2.6 Plane Change Maneuver Targeting (PC)

This program, corresponding toc program P36 of Section 4, computes the
parameters associated with the plane change maneuver. It is normally used in

conjunction with the Concentric Flight Plan Sequence. .
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Figure 4.2-8. Rendezvous Midcourse Program (Sheet 1 of 2)
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Figure 4. 2-8, Rendezvous Midcourse Program (Sheet 2 of 2)
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Figure 4.2-7. Plane Change Targeting
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In normal operation, the CSI maneuver results in the active vehicle's
velocity vector being parallel to the plane of the passive vehicle, causing a nodal
point to occur 80 degrees from the active vehicle's CSI position, Program P36, in
which the CSM is the active vehicle, is then used to compute the PC AV at a nodal
crossing 90 degrees after the CSM CSI position and the out-of-plane parameters at
this point. If the CSI maneuver is done by the CSM, and if the Plane Change maneu-
ver is then executed by the CSM, the active and passive vehicles' orbits will be co-

planar.

Figure 4.2-7 illustrates the program flow. The CSM and L.LM post CSI
state vectors Tome Yom Fome Yome 8re available in the guidance computer.
The time of the previous CSI maneuver is also available from the previous CSI pro-

gram computations.

The time tPC of the Plane Change Maneuver is computed to be 20 degrees
after the stored CSI time with the CSM as the active vehicle, The state vectors of
both the CSM and LM vehicles are advanced to the PC time. The following para-

meters are then computed:

1. Out-of-plane position of the CSM relative to
the LM orbital plane YCM

2. Out-of-plane velocity of the CSM relative to
the LM orbital plane YCM

3. Out-of-plane velocity of the LM relative to
the CSM orbital plane YLM

4. AV (LV)

-PC

The astronaut can modify the computed PC time or the PC maneuver AV,
In the automatic rendezvous sequence, the astronaut will normally overwrite the
AV with a 0 since the CSM is the non-active vehicle. This will cause the automatic

program controller to bypass the selection of a powered flight program.

The out-of-plane parameters and the local vertical AV are displayed as

well as M, MGA and TFI as in the CSI program displays.
5.4.2.7 Height Adjustment Maneuver Targeting (HAM}

The Height Adjustment Maneuver Program, P31, is used in conjunction
with the Concentric Flight Plan sequence of maneuvers to perform a rendezvous
from certain abort situations in which the CSM is the active vehicle. The HAM
burn is performed one-half orbit prior to the final CSI maneuver. Its purpose is
to adjust the altitude of the CSM at the CSI point so that the subsequent CSI, CDH
maneuver sequence results in the desired altitude difference AHDES between the
CSM and LM from CDH to TPI
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The inputs to the program are the same as those for P32, with the addi-
tion of AHDES .
state vector, r; a1, Vy o are available in the gu_idance computer.

The active vehicle state vector, Tem® YoM -and passive vehicle

The desired altitude difference AHDES between the vehicles from CDH
to TPI which is used in the calculation of the Height Adjustment Maneuver, depends
on the particular rendezvous being flown (i. e., the particular LM abort that has
occurred). It is an erasable constant which can be changed by the crew. The pro-

gram flow is illustrated in Figure 4. 2-8.

The Height Adjustment Maneuver time tyaM is computed to be one half
of a CSM orbital period prior to the CSI maneuver. The CSI maneuver program is
then entered and used to compute the differential altitude, AHCDH , at the CDH
point which would exist if no HAM were performed. When solving the Concentric
Flight Plane Maneuver Sequence to obtain this AHCDH’ the same constraints must
be satisfied as in the CSI program with the exception that there are no constiraints

the time intervals between the CSI-CDH and CDH-TPI maneuvers.

After the solution to the CSI maneuver is obtained (and the corresponding

AHCDH) the HAM AV is computed using AHDES and AH -

derived formula. It is applied in the local vertical direction. In addition to dis-

with an empirically

playing this AV, the out-of-plane parameters at the HAM ignition time are also

computed and displayed.

As in the CSI program displays, M, MGA, and TFI are displayed.

NOTE: Pages 5.4-31 through 5.4-42 are deleted in Revision 14.
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5.4.3 RETURN TO EARTH TARGETING

5.4.3.1 Introduction

The Return to Earth Targeting Program provides to the
astronaut the ability to compute on board the spacecraft the target-
ing for a powered maneuver which returns the spacecraft to an earth
reentry peoint with proper conditions for a safe reentry. This pro-
gram is intended as a backup in the event of a communication or
ground system failure and, thus, is completely independent of inputs
from the ground system. The method of computation, however, does
not compromise certain critical trajectory characteristics such as
fuel usage and transit time for the expediency of minimum computer

storage usage or computational speed.

Specifically this program provides powered maneuver tar-

geting for :

(1) Returning from near earth orbits

(2) Returning from trajectories resulting from a translunar

injection powered maneuver failure,

*(3) Returning from translunar midcourse

Outside moon's sphere of influence only
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*(4) Returning from transearth midcourse
*(5) Midcourse corrections during transearth midcourse

*(6) Changes in transit time during transearth midcourse

Two modes of operation are provided: time critical and
fuel critical. The former establishes trajectories which return to

earth in a minimum of time, the latter, with a minimum of fuel.

The return trajectory is constrained to be in the plane which
the spacecraft was in prior to'the return so that optimum fuel utiliza- -

tion will be achieved.

Although explicit control of the spacecrait landing site is not
a feature of this program, it is possible to achieve landing site selec-
tion through adjustment of the astronaut input to the program. When
on translunar or transearth trajectories, the adjusted parameter is the
desired fuel utilization. When in orbit near the earth,the designated
return time is the adjusted parameter. The astronaut need only to
note the earth track of the landing site as a function of the adjusted

parameter to select the proper parameter value,

The computations take place in two steps., The first is the
generation of a conic two body solution to the problem, This takes
a relatively short computational time. The second step, the com-
putation of a precise trajectory, takes a relatively long computa-

tional time.

“Outside moon's sphere of influence only
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The Return to Earth Program is described in increasing

detail in the following subsections:

Sec, 5.4.3.2
Sec. 5.4.3.3
Sec., 5.4.3.4
Sec. 5.4.3.5

Program Input-Output pg. 5.4-48
General Computational Procedure pg. 5, 4-48
Logical Description ‘ pg. 5.4-58
Detailed Flow Diagrams pg. 3.4-71
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5.4.3.2 - Program Input-Output

The Return to Earth Program may be called by the
astronaut at any time the computer is operable. Should the de-
signated time of return place the spacecraft at a point in space
where the program is incapable of producing a successful
solution,an alarm will occur. The current calling designation

for this program is P -37 for both modes.

Return-to-Earth Targeting

After calling the program, the astronaut must
load the following information into erasable memory ' via the

keyboard,

(1) objective velocity change to be utilized during

the maneuver
(2) time the maneuver is to be executed

(3) reentry angle (normally set to zero and internally

calculated™)

Should a minimum fuel return be desired, the objective
velocity change should be set to zero. Should the objective change
be less than the minimum required, the program will select the
minimum. When the objective velocity change is greater than the

minimum, the return will require that amount of velocity change.

This program is not designed to operate from low
altitude polar orbits unless the astronaut selects the reentry angle.

The program provides the following displays when both
the conic trajectory computation and the precision trajectory
computation are complete.

(1) latitude of the landing site

(2) lomgitude of the landing site

(3) velocity change required (vector)

=°=See 5.4, 3,4, 2 for detailed explanation of its use
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(4)  velocity magnitude at 400, 000 ft. entry altitude

measured above the Fischer ellipsoid.
(5) flight path angle at 400, 000 ft. entry altitude

(6) transit time to 400, 000 ft. entry altitude from
ignition,

The astronaut must select either the SPS or RCS
engine after the precision trajectory calculation, The following

guantities are digplayed after the engine selection:

(7) middle gimbal angle at ignition
(8) time of ignition

(8) time from ignition

The precision trajectory displays can be significantly
different from the conic displays, especially in the case of long
transit time returns; therefore the astronaut should check the new

displays before accepting the precise solution.

The cross product steering constant ¢ (Section 5, 3, 3.4)
is set to ec of Section 5, 3,3.3.2, Upon entering P-37 ec is set equal
to 0, 5, In additicn the rotation switch, SR’ which is used in the
Lambert Aim Point pre-thrust computation of Section 5.3.3,3,2 is
set to zero,
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5.4.3,3 General Computational Procedure

This section contains a general description of the Return-
to-Earth computational procedure as illustrated in Figures 4,3-1,
4,3-2, and 4,3-3,

The Return tc Earth Targeting Program, as previously
mentioned, may be used in either the fuel critical or time
critical mode, When used in the fuel critical mode, the program
generates a trajectory which meets specified constraints on
reentry flight path angle and reentry altitude, and minimizes the
impulsive velocity change required to achieve this trajectory.

In the time critical mode, the program generates a irajectory
which meets the specified reentry constraints and returns the
spacecraft in the shortest possible time, The astronaut selects
either mode by entering via the keyboard the objective velocity
change (AVD). If AVD is set to zero, the routine will provide a
fuel critical trajectory. If Avy is not set to zero, the routine
will provide a time critical trajectory if possible, or select a
fuel critical trajectory if AVD is less than the minimum required
impulsive velocity change, In addition, during transearth coast,
a negative AVD may be selected -- resulting in a slower return,

i.e., slower than the minimum fuel return.

The Return to Earth Targeting Program has two major
phases, an initial two body conic phase illustrated in Figure
4,3-1 and a numerically integrated precision trajectory phase
illustrated in Figure 4.3-2. A conic routine which provides initial
conditions for return trajectories for both phases ig illustrated

in Figure 4,3-3.
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5.4.3.3.1 Nomenclature

The following is a list of the nomenclature used in

Figs.4.3-1, 4,3-2, and 4, 3-3.

Z(to) = (I(to)' y(to)) CSM state vector maintained in the
CMC

Xl(tl) = (r(tl), zl(tl)) pre-return state vector

12(‘51) = (;;(tl), x_rz(tl)) post-return state vector

Z(tz) = (E(tz)’ 2(‘:2)) state vector at reentry

Z(tZ)PRE final state vector of a precision
trajectory

RCON final radius of a conic trajectory

RPRE final radius of a precision trajectory

RD desired final radius (reentry radius)

7(t2)CON final flight path angle of a conic trajectory

( t2 )D desired final flight path angle

'Y(tz)PRE final flight path angle of a precision
trajectory

x(tl) cotangent of the post-return flight
path angle

Av impulsive velocity change

AVD desired velocity change

€ to €10 tolerances
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to1

time of flight (t5 - t)
counter

0 initial conic phase
flag set to

1 precision trajectory phase
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El

5.4.3.3.2 Discussion of the Conic Phase

The following discussion is intended to supplement the

information contained in Fig, 4.3-1.

The pre-return CSM state vector (11 (tl)) is obtained by
numerical integration. An initial conic trajectory is then generated
which meets the reentry and vélocity change constraints of the pro-
blem. The reentry radius and flight path angle constraints, however,
are known only as a function of the latitude and velocity magnitude-
at reentry. Therefore an iterative procedure is employed to gen-
erate this initial conic trajectory. Based on the pre-return radius
magnitude, an estimate of the reentry constraints is made. This
Initial estimate is used to compute a conic trajectory which satis-
fies the AVD requirement, The final velocity magnitude and latitude
are now available for use in a more precise calculation of the reentry
constraints. An iterative process has now been started which quickly
converges on a suitable initial conic trajectory,

During the above iterative process slight changes in the
reentry flight path angle can produce significant changes in the
minimum required velocity change. If the time critical mode is
being used, it is possible that during a particular pass through the

iteration loop the velocity change desired may be less than the mini-
mum required. This does not necessarily preclude a time critical

solution, and therefore, the iteration is continued using the minimum

required velocity change.

A description, in general terms, of the procedure
CONICRETURN, used to obtain the initial state vector of the conic
return trajectory, will follow later in this section,

After an initial conic trajectory is computed, an estimate
is made of the landing site, and the results are displayed. Based
on this display the astronaut may elect to continue with the
calculation of a numerically integrated trajectory. |
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Figure 4.3-1 Simplified Logic Diagram of Return to Earth Targeting
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9.,4.3.3.3 Digcussion of the Precision Phase

The following discussion is intended to supplement the

information contained in Fig, 4, 32,

The numerically integrated trajectory must satisfy the
reentry constraints achieved by the initial conic trajectory and
meet the AVD requirement as closely ag possible., An iterative
procedure is again employed to generate this trajectory. The
post-return state vector of the previous conic trajectory is used
to initialize the Coasting Integration Routine., The integration
proceeds until the desired reentry flight path angle has been
achieved, The reentry radius of the next conic trajectory is then
offset to compensate for the error in the reentry radius of the
numerically integrated trajectory. An iterative process has now
been initiated which converges to the precigse trajectory which
meets the objective velocity change and the reentry constraints,
Next a target is computed for the Lambert Aimpoint Powered Flight
Routine, the landing site is calculated, and the results are displayed.
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Figure 4. 3-2 Simplified Logic Diagram of Return-to-Earth Targeting
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5.4.3,3.4 Discussion of the Conic Routine

The following discussion is intended to supplement the in-

formation contained in Fig,4.3-3.

The conic routine solves the following two conic problems.
(1) Given an initial position vector (E(tl))- a pre-return velocity
vector (_\_r_l (tl)), a final flight path angle ('y(tz}CON), and a final radius
magnitude (RCON)’ compute a post-return velocity vector (Kz(tl)) :
which minimizes the velocity change (Av).
(2) Given the above quantities, compute a post-return velocity vector

(y_z(tl)) which meets the objective velocity change (AVD).

An iterative procedure is again used, The independent
variable of the procedure is the cotangent of the post-return flight
path angle (x(tl)), and the dependent variable is the velocity change
(av).

Initial bounds on x(tl) are computed based on the maximum
allowable semi-major axes. The upper bound constraing return tra-
jectories which pass through apogee from going too near the moon,
and the lower bound keeps the reentry velocity for direct return flights

Irom exceeding the maximum allowable reentry velocity.

During the second phase of the Return to Earth Targeting
Program, the calculation of a numerically integrated trajectory,
additional bounds are imposed on the independent variable x(tl).

In the case of a return from earth orbit, the resulting trajec-

tory may be nearly circular, and will pass through the desired
reentry flight path angle twice at nearly the same radius, Additional
limits on x(tl) are computed to prevent conic trajectories generated
during the search for a numerically integrated trajectory from os-

cillating between these two solutions.
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ENTER

Compute bounds on x (tl) for x (tl) - Av
iterator based on maximum allowable
semi-major axis

YES
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desired velocity change &vp

YES

YES NO

3

Restrict large changes in x (tl)
resulting from & change in the

relative minimum Av

RETURN

Figure 4. 3-3 Simplified Logic Diagram of Return-to-Earth Targeting-
Conic Return Routine
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In all cases the x(tl) - Av iterator is used to compute a
post-abort velocity vector which requires a minimum Av. In the
event that a time critical answer is required, another iteration using
the x(t, ) - Av iterator will be made to compute a post-return velocity
vector which requires a Av equal to AVD. If the velocity change de-
sired is less than the minimum required, the second iteration will

be omitted,

During the calculation of the numerically integrated tra-
jectory, the intermediate conics are additionally restricted to prevent
large changes in the post-return flight path angle, This additional
restraint is necessary in the time critical mode for certain near
earth returns because both absolute and relative minimum Av solu-

tions exist.
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5.4,3,4 Logical Description

This section contains logical flow diagrams of the
outside the sphere portion of the Return to Earth Targeting
Program, Some items not fully discussed in the text are ex-
plicitly illustrated in the diagrams. Certain self contained

procedures are detailed in the next section,
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5.4,3.4.1 Nomenclature

A list of the nomenclature used in this section and

not previously defined follows.

IG

tyy

plt}

x{ty v

xt yaxe XM

Ax(tl)

Axlty hyax

x(tz)
xty)pre

Pcon

RERR

desired ignition time

time of flight (’c2 - tl)

0 for earth
primary body

1 for moon

limit on the cotangent of the post-
return flight path angle

upper and lower bounds on the cotan-
gent of the post-return flight path

angle
change in x(tl)
maximum allowed change in x(tl)

final cotangent of the flight path

angie

final cotangent of the flight path angle

for a precision trajectory

semi-latus rectum of a conic trajectory

precision trajectory reentry radius

error
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Mg earth's gravitation constant
MA 1° MA 2 maximurn major axes
n normal vector
+ 1 near apogee solution
d’2 - 1 near perigee solution
¢4 precision trajectory direction switch
f2 iterator mode flag
ny, O counters
Bl to Bl 4 intermediate variables
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5. 4. 3. 4,2 Discussion of the Logical Flow Diagram

The following discussion is intended to supplement

the information contained in the referenced diagrams,

Three inputs are required in addition to the CSM state
vector ( Fig, 4,3-4 ), They are the objective velocity change de-
sired (./_\.VD), the desired time of ignition (tIG), and the reentry

angle (v (1 The reeniry angle should nominally be set to
g

o))
zero, allowing the program to compute a reentry angle in the
center of the reentry corridor. The astronaut may select the
reentry angle if a minimum Av solution lying on the edge of the
reentry corridor is required. This may be necessary in the event’
the reaction control system is used for the return. See Fig. 4,3~15

for a detailed explanation of the reentry angle calculations.

The Coasting Integration Routine is used to advance the

state vector to the desired return time. A check is made to insure that

the state vector is not inside the moon's sphere of influence, If

the state vector is outside the sphere of influence, precomputations
are executed. They are explained in detail later. A conic trajectory
is then generated which satisfies the estimated reentry constraints
and Avp requirements. The procedure CONICRETURN,which com-
putes the initial state vector of this conic, will be discussed later.,
The Time Radius Subroutine, described in Section 5. 5. 8, is used

to compute the time of flight to the desired radius and advance the

state vector through that time of flight.

Based on this final state vector (Fig.4,3-5), a new reentry
radius (RCON‘) and a new value for the cotangent of the reentry flight
path angle (x(tz‘)') can be computed, If they are sufficiently close to
the previously used values, the conic trajectory is accepted. Other-
wise a new comnic is computed which satisfies the new reentry con-
straints. A counter is employed to protect against an excessive
number of iterations,
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Figure 4. 3-4 Logical Diagram of Return-to-Earth Targeting
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Figure 4. 3-5 Logical Diagram of Return to Earth Targeting
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Figure 4. 3-6 Logical Diagram of Return-to-Earth Targeting
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If the initial conic is accepted, an estimate is made of the
latitude and longitude of the landing site, For long ﬂight times,
however, differences in time of flight between the conic and numer-
ically integrated trajectory will cause an error in the conically
estimated landing site longitude. The results of the preceding cal-.
culations are displayed, and based on this information the astrcnaut
may elect to proceed with the calculation of a numerically integrated
trajectory or exit the program. As explained in Section 5.4,3.3, re-
turn trajectories from near earth orbits may be nearly circular,
and therefore pass through the desired flight path angle twice with
approximately the same radius. The unique solution reached by the
initial conic is tested to determine whether the final state vecior was
achieved during the first or second pass through the desired reentry
flight path angle. A switch qu is set appropriately, and with one ex-
ception all succeeding precision and conic trajectories are required
to behave in a similar manner. The exception will be explained in

detail in Section 5. 4, 3. 4. 3.
The post-return state vector of the conic trajectory is now

advanced until the desired flight path angle of reentry is reached
{Section* 5, 4. 3. 5}. A radius error will exist between the desired
final radius (RD) and the final radius magnitude of the numerically
integrated trajectory, If this error is small, the precision trajec-
tory is accepted, Otherwise a new conic trajectory is generated
which uses an offset final radius magnitude. If the error in the final
radius is small, a final check is made to insure that the reentry flight
path angle is acceptable,
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5.,4,3.4.3 Discussion of Logical Flow Diagram - CONICRETURN

The procedure CONICRETURN, illustrated in Figures
4.3-7 and 4. 3-8, is used to generate initial state vectors for
the Return to Earth Targeting Program. Equations required to
initialize CONICRETURN each time it is used are described in
Section 5. 4. 3,5, The conic problems solved by the routine were
described in Section 5. 4, 3. 3. 4.

The logical structure shown in Figs.4.3-7 and 4.3-8

is based in the following facts.

(1) There is only one minimum if the pre-return

velocity vector has a negative radial component,

{2) There may be two minima if the pre~-return velo-
city vector has a positive radial component. In thig case the
absclute minimum post-return velocity vector has a positive
radial component and the relative minimum has a negative

component,

As explained in Section 5.4.3.3.4 and 5.4.3.4.2, it
is necessary to compute additional bounds on x(tl) during the
search for a precision trajectory. The logic used to do this isg

shown on the lower portion of Fig.4, 3-7.
A check is made to determine whether the locus of

possible solutions includes trajectories which achieve the radius

Rcon
variable B will be positive®,

and the flight path angle 'y(tz) near apogee, and if so the

>kWith one exception every conic solution generated by this routine
achieves the desired reentry flight path angle (y(t,)) twice during
the passage from apogee to perigee, The first tidhe ¥ (tg) is
reached during the passage from apogee to perigee will be re-
ferred to as near apogee, and the second time will be referred
to as near perigee. The desired reentry angle will be achieved
only once if v (t2> equals.the maximum flight path angle of the
conic.,

5. 4-66



Cenic initialization
Fig, 4.3-18
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Figure 4.3-7 Logical Diagram of Return to Earth Targeting -

Conic Return Routine
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x(t,) * xlt ypy

xlt, ) = 2t haax
axit;) - Ax(lllm

Axlt) = -Axl Jyay

Do XVITERATION

Fig, ¢.3-19
YES
NO : ;
YES BETURN
avp, - Av []
xit,) = xlt gy
Axlt, ) = -Bxit, )
1 1'MAX YES
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Limit x(t,) change Yrs .
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Fig, 4. 332 1
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Figure 4.3-8 Logical Diagram of Return to Earth Targeting --

Conic Return Routine

5,4-868




if 56 is negative, only near perigee solutions are pos-

sible and hence no additional bounds on X(tl) are computed, The

initial conic trajectory may have achieved the desgired reentry

flight path angle near apogee, however, and this type of solution

is no longer possible due to a change in R

CON’ This is the one

exception mentioned in Section 5,4.3.4.2, The value of d>2 must

be set to -1, forecing all subsequent conic solutions to reach the

desired reentry flight path angle near perigee, and then the entire

precigion trajectory phase is recycled.

If 66 is positive, it is used to calculate x(tl)

LIM’

Three types of solutions may exist,

(1)

(3)

X(tl) < - x(tl)

- x(t < X(tl) < x(t

I)LIM l)LIM

if x(tl) takes a value in this region, the desired
reentry flight path angle (v(tz)) will be achieved
near apogee.

Lin ©F X0y < x{ty)

If x(t ) takes a value in these regions, the desired
reentry flight path angle ('y(tz)) will be achieved

near perigee,

x(ty) = x(by)y g or x(ty) = - x(ty)y oy

If X(tl) takes on either of these values, the desired
reentry flight path angle ('y(tz)) will equal the maxi-
mum angle achieved by the conic.

The above information is used to set new bounds on x(tl) which

will force the conic to reach a near apogee or near perigee solu-

tion as prescribed by the initial conic,
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_ if the program is being operated in the fuel critical
mode, the x(tl) - Av iterator is used to compute an absolute
minimum Av solution, ‘

If the program is being opefated in the time critical
mode, the x(tl) - Av iterator will be used to compute a solution

requiring a velocity change equal to the objective velocity change.
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5.4.3.5

Detailed Flow Diagrams

Certain portions of the flow diagrams mentioned in the

previcus sections are illustrated in Figs, 4.3-11 through 4.3-24,

A list of nomenclature used in the following diagrams

and not defined previously follows:

P37RANGE

radius ratio
semi-latus rectum
1/semi-major axis
target aim point
vector through landing site
landing sife longiiude
lancing site latitude
mass flow rate
thrust
{0 RCS jets

flag set to

1 SPS engine

{lag set for transearth coast
slowdown (-Av))

+1 posigrade
flag set to

-1 retrograde
time of landing

tength of burn

velocity change vector in local vertical
coordinates

middle gimbal angle
intermediate variables
adjustment of t21

change in the final radius of a conic
trajectory

=0 AUGEKUGEL entry range used
#£0 P37TRANGE used
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The diagrams are essentially self-explanatory;

however, a discussion of two of the diagrams will follow:

Precomputations

The equations illustrated in Figure 4. 3-11 are used to
compute basic variables required during the remaining portions

of the program.

As mentioned in the introduction, the pre-return and
post-return state vectors are required to lie in the same plane.
If the pre-return position and velocity vectors are nearly
colinear, the plane of the return trajectory will be defined to

prevent reentry near the earth's poles.

Retrograde return to earth trajectories are not allowed.

I'inal State Vector Computation

The method illustrated in Figures 4.3-12 and 4.3-13 is
used to extrapolate a post-return state vector to the desired

reentry flight path angle. An iterative procedure is again used.

First the post-return state vector is advanced through
the best estimate of the transit time to reentry using the
Coasting Integration Routine, Since it is not necessary to
explicitly compute the flight path angle of the resulting reentry
state vector, the cotangent of the flight path angle is compared
with the cotangent of the desired reentry flight path angle. If
they are sufficiently close, the resulting reentry state vector

is accepted,

If the desired cotangent of the reentry flight path angle
is not achieved, an iterative procedure is started. This
procedure uses Conic Subroutines to compute the time of flight
(AIZI) to the desired reentry flight path angle.
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Figure 4.3- 11 Precomputations
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Figure 4.3-13 Final State Vector Computation
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x(ty) = cot(90° - y(f?)D) :

"(tz) = ky x (ty) = X,
0 =
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n, = 1
Y | =
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Figure 4.3-15 Reentry Constraint Computation
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l

Call time-radius-
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vity) = |v(ty)}/0.3048
S : YRy - X(ts)
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- =1
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Call LATITUDE-LONGITUDE Subroutine

s tus

Resume

8rat%.0NG

EXIT

Figure 4.3-16 Landing Site Computation
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Figure 4.3-17 Return-to-Earth Display
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Figure 4.3-18 Conic Initialization
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Figure 4. 3-24 New x(t 2) Computation
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BASIC SUBROUTINES

5.5.1 GENERAL COMMENTS

The basic solar system and conic trajectory sub-
routines which are used by the various guidance and navigation

routines are described in this section.

5.5.1.1 Solar System Subroutines

The subroutines used to determine the translation
and rotation of the relevant solar system bodies (earth, moon
and sun) are designed specifically for a fourteen day lunar
landing mission. The method of computing the position and
velocity of the moon and the sun relative to the earth is given
in Section 5.5.4. The transformations between the Basic Ref-
erence Coordinate System and the Earth- and Moon-fixed
Coordinate Systems are described in Section 5.5.2. The pro-
cedure for transforming between vectors in the Basic Reference
Coordinate System and latitude, longitude, altitude coordinates
is given in Section 5.5.3. Although these subroutines are
normally used in the lunar landing mission, they are valid for
use in any mission of not more than fourteen days duration in

earth-moon space,
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9.5.1.2

Conic Trajectory Subroutines

This is a description of a group of conic trajectory

subroutines which are frequently used by higher level routines

and programs in both the Command Module and the Lunar

Module computers.

These subroutines, whose block diagrams are presented

in Sections 5,5.5 to 5.5, 10, provide solutions to the following conic

problems.

(1)

(2}

(3)

(4)

(5)

vided.

(6)

(1)

(8)

(See nomenclature which follows)

Givenr (tl), E(t1)’ tD; solve for r (tz), v (tz)
{ Kepler Subroutine)
Given r (tl), r (tz), tDz l’SG; solve for X(t1)
{ Lambert Subroutine )
Givenr (tl), K(t1)= g ; solve for t21’ r {t 2), v (t2)
(Time-Theta Subroutine)
Given r (tl), v (tl),r (tz)'si; solve for t21' r (tz), v (tz)
( Time-Radius Subroutine)
Given E(t)’ v (t) ; solve for Tos Yps €

( Apsides Subroutine)

In addition, the following useful subroutines are pro-
Conic Parameters Subroutine (See Fig. 5. 10-1).
Geometric Parameters Subroutine (See Fig. 5. 10-2).

Iterator Subroutine (See Fig. 5.10-3).
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The solutions to the above set of conic problems
have stringent accuracy requiremenis, Programming the
fixed-point Apollo computer introduces two constraints which
determine accuracy limitations: the 28 bit double precision
word length, and the range of variables which is several orders

of magnitude for the Apollo mission.

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

This, however, requires an even larger number of instructions,
These considerations provide the incentive for efficiently organiz-

ing the conic equations as shown in the block diagrams.

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

tions be performed when solving the problem,

Method of Solution

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



Kepler's equaticn, in the universal form, is utilized
to relate transfer time to the conic parameters. All other
necessary equations are also universal. The Kepler and Lambert
problems are solved with a single iteration loop utilizing a
simple first-order slope iterator. In the case of the Kepler
problem a third order approxirﬁation is available to produce the

initial guess for the independent variable (See Eq.(2. 2. 4) of Section

5.2.2,2).
Sections 5.5.5 thru 5.5, 10 provide block diagrams

of the detailed computational procedures for solving the various
problems. The equations are presented in block diagram form

with the nocmenclature defined below.

Range of Variables

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

margin in any of these areas.

Since the values of problem variables are determined
by the solution of the problem being solved and since the prob-
lem may originate from the ground system, it is essential
that the variable range limitations be defined. The conic
routines are incapable of handling problems when the solution
lies outside of the range.

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

of variables.
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Scaling for Conic Subroutines (Sections 5. 5.5 to 5. 5. 10)

Parameter

O
il

+

c

A= (tl)/r (tz)

cos 6 - A

r-oy N

2-rv2/u—1

Earth
Primary Body

Maximum Value

229

Moon

Primary Body

227

All dimensional values are in units of meters and centiseconds.

" The maximum absolute value occurs for negative values of
this parameter,

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

Parameter Earth Moon
e 23 23
X2 234 232
x% ¢ (&) 233 231
x> s (5) NI 228 528
3 x2c(€) 249 246
cqy x% s (5) 23? 233
x [, x2 s{§) + r(t)] 949 246
£ s (8) 2 X
x2 c(®)r 48 N
VEx (Es(E) - Dfelt,) 2P p13
c (8) ' 24 2
s (£) gl 9l

®

Alldimensional values are in units of meters and centiseconds.
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Nomenclature for Conic Subroutines (Sections 5, 5, 5 to 5, 5, 10)

£(t1) initial position vector

X(tl) initia} velocity vector

E(tz) terminal position vector

.Y(tz) terminal velocity vector

Uy unit normal in the direction of the angular

momentum vector

o reciprocal of semi-major axis

(negative for hyperbclas)

rp radius of pericenter

ra radius of apocenter

e eccentricity

oy ratio of magnitude of initial position vector

o semi-major axis

PN ratio of semi-latus rectum to initial
position vector magnitude
Y inertial flight path angle as measured from
vertical
6 true anomaly difference between E(tl) and r(t 2)
f true anomaly of r (t2)
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21

1
to1

D21

ERR

Acot vy

a universal conic parameter equal to the ratio
of eccentric anomaly difference to \/:*_af..for the
ellipse, or the ratio of the hyperbolic analog
of eccentric anomaly difference to Vv -« for

the hyperbola

value of x from the previous Kepler soluticn

computed transfer time from Kepler's equation
transfer time corresponding to the previous

solution of Kepler's equation

desired transfer time through which the conic

update of the state vector is to be made

desired transfer time to traverse from E(tl)
to E{tz)

error in transfer time

fraction of desired transfer time to

which t ERR must converge
increment in x which will produce a smaller tERR

value of Ax which will produce no significant
change in t21
increment in cot ¥ which will decrease the
magnitude of tERR
value of Acot ¥ which will produce no signifi-

cant change in t21



MAX
MIN
COtMAX
c:otMIN
MAX
MIN

*MAX 1

*MAX 0

product of universal gravitational constant

and mass of the primary attracting body

maximum value of x

minimum value of x

maximum value of cot v

minimum value of cot ¥

upper bound of general independent variable

lower bound of general independent variable
absolute upper bound on x with respect to the moon
absolute upper bound on x with respect to the earth
a fraction of the full range of the independent
variable which determines the increment of

the independent variable on the first pass

through the iterator

general dependent variable

previous value of y

error in y

general independent variable



increment in z which will produce a smaller YERR

a sign which is plus or minus according to
whether the true anomaly difference befween
E(tl) and E(tz) is to be less than or greater

than 180 degrees

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

is plus or minus
general vector # 1
general vector # 2
angie between n4 and Ny

a switch set to 0 or 1 according to whether a

guess of cot ¥ is available or not

a switch set to 0 or 1 according to whether

Lambert should determine u

_Nfrom E(tl) and E(tz)

oru Nis an input

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

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

order iterator

a flag set to 0 or 1 according to whether

Lambert converges to a solution or not
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a switch set to 0 or 1 according to whether or
not the new state vector is to be an additional
output requirement of the Time-Theta or Time-

Radius problems,

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

trajectory must close through infinity

a flag set to 1 if the Time-Radius problem was
solved for pericenter or apocenter instead of
T { t2 )

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

Subroutine produced an e less than 2 “18.

period of the orbit

the minimal acceptance fraction of tD21 to

which tE must converge

RR
a flag set to 0 or 1 according to whether or not

the velocity vector at the terminal position is to
be an additional output requirement of the Lambert

Subroutine
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5.5.2 PLANETARY INERTIAL ORIENTATION SUBROUTINE

This subroutine is used to transform vectors between the
Basic Reference Coordinate System and a Planetary (Earth-fixed or
Moon-fixed) Coordinate System at a specified time, These three

coordinate systems are defined in Section 5. 1. 4.

Let r be a vector in the Basic Reference Coordinate System,
;Pthe same vector expressed in the Planetary Coordinate System, and

t the specified ground elapsed time (GET). Then,
rp= Mty (x - £Xr) (5.2.1)

and

r= M) (rF £pX 1) (5. 2. 2)

where M(t) is a time dependent orthogonal transformation matrix, £
is a small rotation vector in the Basic Reference Coordinate System,
and gPis the same vector { expressed in the Planetary Coordinate
System. The vector g is considered constant in one coordinate sys-
tem for the duration of the mission, The method of computing M(t)

and _J; depends on whether the relevant planet is the earth or the moon.

Case I - Earth

For the earth, the matrix M(t) describes a rotation about

the polar axis of the earth {the Z-axis of the Earth-fixed Coordinate
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System), and the vector £ accounts for the effects of precision and

nutation by describing the small angle rotations about the X-axis (EX)

and Y-axis (EY) of the Basic Reference Coordinate System (BRCS) which

are necesgsary to produce a coordinate system whose Z-axis is co-

incident with the true pole. Thus, if U which is included in the

erasable data load, is the unitized result of transforming into the

BRCS the true pole unit vector in the Earth Fixed Coordinate System,

then

M(t)

H

y
JX
5,2
1-02 -2
x
‘
0

A +wE(t+t

20 O)

cos AZ sin AZ
-sin AZ cos AZ

0 0

Mit) £

0

0

1

(5.2.3)

where AZO is the angle between the X-axis of the Basic Reference

Coordinate System and the X-axis of the Earth-fixed Coordinate

System (the intersection of the Greenwich meridian and the equatorial

plane of the earth) at July 1,0, 1971 universal time (i.e., the

Greenwich midnight at the beginning of July 1, 1971), tO is the elapsed

time between July 1.0, 1971 universal time and the time that the com-

puter clock was zeroed, and & E is the angular velocity of the earth.
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Case II - Moon

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

cal libration.

Define the following three angles which are funciions of

time:
B = the obliquity, the angle between the mean earth
equatorial plane and the plane of the ecliptic,
QI = the longitude of the node of the moon's orbit
measured from the X-axis of the Basic Reference
Coordinate System,
F = the angle from the mean ascending node of the

moon's orbit to the mean moon.

Let I be the constant angle between the mean lunar equatorial plane
and the plane of the ecliptic (5521,5"), Then, the sequence of
rotations which brings the Basic Reterence Coordinate System into
coincidence with the Moon-fixed Coordinate System (neglecting li-

bration) is as follows:
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Rotation Axis of Rotation Angle of Rotation

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

The transformation matrices for these rotations are,

respectively,

1 0 0
Ml =) 0 cos B sinpB
0 -sinB cos B
cos QI sin QI 0
Mz— LsinQI cosQI 0
0 0 1
(5. 2. 4)
1 0 0
M3 =10 cos I -sin I
0 ginl cos I
-cos F -gin F 0
M4 = sin ¥ -cos I 0
0 0 1
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The matrix M(t) is then given by

M{t}= M, M, M, M (5. 2.5)

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

Coordinate Systems,

The angles B, QI and F are computed as linear functions
of time, Let gM be the value of the vector libration -ﬂ-P { expressed
in the Moon-fixed Coordinate System) at the time it will be used.

The vector gM is included in the pre-launch erasable data load and is

considered constant throughout the flight, Then,

=p T IM
tM = t+t0
B = B0 + BtM
By = B ety
F = FO+ FtM
cos &y (5.2.6)
a = cosBsinﬂI
sinBsinQI
- Q
sin I
E ={ cos B cos$§

I

sin B cos QI
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c =] -sin B
cos B
d =bhCr-cd
m, = bSI + SCI
5.2.6
m. = -acos F-dsinF (5 )
—0 - = {cont.)

E1=gsinF-gcosF
T
j2ey)
ma
_ T
iQ. = M (t) '!;P

where B QIO’ and FO are the values of the angles B, QI and F, re~

0’
spectively, at July 1.0, 1971 universal time; B, QI and F are the
rates of change of these angles; and CI and SI are the cosine and siue,

respectively, of the angle I,
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5.5.3 LATITUDE-LONGITUDE SUBROUTINE

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

or Selenographic latitude, longitude, altitude at a specified time.

In the case of the moon, the altitude is computed above
either the landing site radius, rLS’ or the mean lunar radius, v M
For the earth, the altitude is defined with respect to either the launch
pad radius, r Lp* °F the radius of the Fischer ellipsoid, r F* which is

computed from

2

rgl = b (5.3.1)
9
b 2
1 -0 -—2-)(1 - SINLS)
a

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

tric latitude,

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

and F where

0 for earth

1 for moon
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1 for Fischer ellipsoid or mean lunar radius

0 for launch pad or landing site radius
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ENTER

Call Planetary Inertial Orientation

Subroutine to Transform r to rp

Yo
u={u | UNIT (EP)
¥

SINL = u

2

I

Determine v and ry
Fig. 5.3-3

Lat = tan

u
I.ong = tan b L
u
0
Alt =r - ry
EXIT

Fig.5.3-1 Vector to Latitude, Longitude, Altitude

Computation Logic Diagram
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ENTER I

Determine ¥
Fig.5,3-3a

Ug cos (Long} cos (Lat)
Lp=iUy|= UNIT |[sin (Long) cos (Lat)}
Uy v sin {Lat)

SINL = u2

Call Planetary Inertial Orientation Subroutine
to Transform Unit Vector 'p to Unit Vector r

A

Determine Ty
Fig. 5. 3-3b

EXIT

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

Computation Logic Diagram
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ENTER

Yes _ bz
L]
a
No i{
¥=1 | EXIT

Figure 5. 3-3a Determination of vy

ENTER

Compute r

F
Eq. {5.3.1)
o= Tp
f07 "Ls
ro = I'M T EXIT - PO = rF
Figure 5, 3-3b Determination of L
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5.5.4 LUNAR AND SOLAR EPHEMERIDES

This subroutine is used to determine the position and

velocity vectors of the sun and the moon relative to the earth, The
position vectors of the moon and the sun are needed by the Coasting
Integration Routine to compute gravity perturbations {Section 5. 2. 2. 3).
The velocity of the moon is used by the Coasting Integration Routine
when a change in the origin of the coordinate system is performed at
the sphere of influence of the moon (Fig. 2, 2-3), The velocity of the
sun is required,but not very accurately, to compute aberration cor-

rections to optical sightings.

The position of the moon is stored in the computer in the
form of a ninth-degree polynominal approximation which is valid
over a 14.5 day interval beginning at noon ephemeris time on the
day of the launch, The following parameters are included in the

pre-launch erasable data load:

tMO = the elapsed time between July 1.0, 1971 I
universal time and the time at the center
of the range over which the lunar-posi-
tion polynominal is valid. The value of
tIVIO will be an integral number of quarter
days minus the difference between ephem-
eris time and universal time

o to Cg= vector coefficients

Let t be the specified ground elapsed time (GET), and ty be the elapsed
time between July 1.0, 1971 universal time and the time that the com- I

puter clock was zeroed. Then, the approximate position and velocity

of the moon are computed from

fom bt byt (5.4.1)

MO
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9 .
Ten E ety (5. 4. 2)

_ . i-1
VEM - Z ic tM (5. 4. 3)

The approximate position and velocity of the sun are com-
puted from the following items which are included in the pre-launch

erasable data load:

Trsor YEso © the position and velocity vectors of the sun
relative to the earth at time t, ...
MO
Wpag = the angular velocity of the vector TESO at time tMO'
Then,
Tps T FEgo 908 lepgg ty)
(5. 4. 4)
¥ [EEso X UNIT {vggq * EESO% sin (ogg tyy)
XES ® ¥Yrgo (5. 4. 5)
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5.5.5 KEPLER SUBROUTINE

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

terminal position.

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

Section 5. 5, 10, Nomenclature is found in Section 5.5, 1, 2.

Prior to entering the Kepler Subrouiine an initial
estimate of x can be generated via Eq, (2.2.4) of Section 5.2.2.2
L At _ =
Wlth-z— = tD t21 and T= tD.
non-zerc only if the subroutine is being used repetitively.

However, x' and t21 are

Although, theoretically, there is no upper bound on

x, the practical bound is set to MAX0 °F *MAX1 to eliminate

non-feasible trajectories and increase the accuracy to which x
can be computed. In addition, ¢ x2 has a practical range of

-50 <ax2 <(27r)2which determines an independent upper bound
on x. The x - used, then, corresponds to the smaller of

MAX
the two values.

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

to introduce € as a redundant convergence criterion.

The Kepler Subroutine, provided the parameter range

constraintis are satisfied, will always produce a solution,
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A negative value of tD will cause the subroutine to update
the state vector backward in time (i.e. backdate the state vector)

The subroutine may be called to update or backdate for any
amount of time; there are no restrictions on whether the time

tD is. less than a period,
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ENTER

w(t)), vis,), tp, %, X',

tay's J

im20
rtt,) =| rtt )|

E(tl) . X(tl)
Cl =""'"_“T_

€2 m

a =(1-¢cylr {t,)

= r(tl>!(t1) . !(tl) a

—

YES

2r he

NO

MAX =U-50/a

Moon primary

*MAX ~ *MAX 0

*MAX " *MAX 0

Figure 5, 5-1 Kepler Subroutine
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i: sign (tD)

<0 >0

*MIN ~ © *MAX -0
MAX

Fig. 5.5-2 Kepler Subroutine
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Call KEPLER EQUATION subroutine
¢sCp X, T (tl),#

Resume
tyyr 8(E), c(E)

t

p~tn

‘eRR ©

Call I'TERATOR subroutine

0, 0, t21' t21l' tERR' Ax, x, 0, Xax XMIN

Resume

A%, Xpaxe XMIN

NOC

|Ax| >€x

YES

Call STATE VECTOR subroutine
pit) y ), rlydu, 8 s {E), e (€ ty M

Resume
£y, ¥ (ty)

Return

rt,), vy, x, ty,

Figure 5, 5-3 Kepler Subroutine
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5.5.8 LAMBERT SUBROUTINE

The Lambert Subroutine solves for the two body ini-
tial velocity vector given the initial and terminal position vectors

and a transfer time between the two.

This section contains information to aid the reader
in understanding the less obvious aspects of the Lambert Sub~
routine block diagrams depicted in Figs. 5.6-1 and 5. 6-2.
The subroutines referred to in these figures are presented in
Section 5. 5. 10 and the nomenclature is found in Section 5.3. 1. 2,

If the Lambert Subroutine is used repetitively and
rapid computation is required, the previous value of the in-
dependent variable, cot+y, can be used as a starting point for

the new iteration. Flag f 1 provides this option.

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

tingent upon the setting of these flags.

The theoretical bounds on the independent variable,
cot ¥, correspond to the infinite energy hyperbolic path and
the parabolic path which closes through infinity. These bounds
are dynamically reset by the iterator to provide a more efficient
iteration scheme. In addition, if during the course of the itera-
tion, cot ¥ causes a parameter of the problem to exceed its
maximum as determined by its allowable range, the appropriate
bound is reset and the iterator continues trying to find an ac-

ceptable solution. (This logic does not appear in Figs.5.6-1and 2
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as it is pertinent only to fixed-point programming). If no ac-
ceptable solution is reached, the transfer time input was too
small to produce a practical trajectory between the input position
vectors, When this happens, A cot vy approaches its granularity
limit €, before time converges to within a fraction €, of the
desired time. However, this same granularity condition exists
when the sensitivity problem occurs as described in the Kepler Sub-
routine, Section 5.5.5, In this case an acceptable solution does
exist, This dual situation is resolved via a third convergence
criterion. If the error in transfer time is greater than the usua®
fraction €4 of the desired transfer time, bui 3till less than a
slightly larger fraction k; of the desired transfer time and
Acoty is less than €. then the solution is deemed acceptable
and the required velocity is computed.
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ENTER

Itht). Clgh thay. 3G, 0y, 1ot W, 1, (HN), J

Cal! GEOMETRIC PARAMETERS subroutine
ety :"2" i Iy

Resume
et} rity) sln 6, cos 9"(!N)- ay

l

A=l Writy)
-1 i=20
P - 1-cos#

pgncosa‘k

8in
cot YTMAX " T -cos @ é--“?)/pl

y

cot Ymax © 3!7.75E4371104

fein 8 4,[]

cot TMIN

= - 31 IBQSTllDi

)

9

tot ¥ =
Kk =.25
A coty=cot ¥

cat TMAX + cot TMIN
—

L
ETHRET

R J W
PN aln 8 eot‘)’_' [

on T 2~pN (lfcotzy)

Call UNIVERSAL VARIABLE subroutine
sin 8, cos &, cot v, r(!li, an Py

" Resume
x, £.cp. 0y
Ly
Figure 5. 6-1 Lambert Subroutine
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\f//

Call KEPLER EQUATION subroutine
S Cpr 4, E, vty

Resume
1y, 8(8), cl)

ERR ~'D21 " t21

NO YES

Call ITERATOR subroutine
0, 13, tzl' tn', tERR' Acot v, cot ¥, k, cot T™MaX’ cot "MHW

Resume

Acot ¥, 13, cot Tyaxe O Ty

NO

: YES
!

cot ¥ =cot vy + Acot ¥y

l RETHRN

Return
!("1)'
eat v

YES N

e R T I R R P (

Return
vith i),

col vy

Figure 5, 6-2 Lambert Subroutine
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5.5.7 TIME-THETA SUBROUTINE

The Time-Theta Subroutine solves for the two body
transfer time given the initial position and velocity vectors and
the true anomaly difference (transfer angle} to the terminal

position,

This section contains information to aid the reader
in understanding the less cobvious aspects of the Time-Theta
Subroutine block diagram depicted in Fig. 5.7-1. The sub-
routines referred to in this figure are presented in Section
5 5.10 and the nomenclature is found in Section 5.5.1.2.

The flag f6 must be zero ifthe user desires compu-

tation of the terminal state vector in addition to the transfer time.

If the conic trajectory is a parabola or hyperbola and
the desired transfer angle, 6, lies beyond the asymptote of the

conic, f., will be set indicating that no solution is possible. i

7

In addition to the parameter range constraints imposed on
Kepler's equation, the additional restriction on Time-Theta
that the trajectory must not be near rectilinear is indicated by

the range of cot v. *

The Time-Theta problem is not well defined for near
rectilinear trajectories, i e. the transfer angle ¢ is no longer
a meaningful problem parameter. This will not cause difficul -

ties provided the input variables are within the specified ranges.

#If the Time-Theta Routine is called with inputs for which no
solution is possible (for either or both of these two reasons),
then the routine will abort with an alarm code of 20607,
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ENTER

l

g(tl}, y(tl). u, 8in 8, cos 8, fﬁ

Call CONIC PARAMETERS subroutine
ruy), vt

Resume
@ e Pye COE Y Uy r(t]), LI

Call UNIVERSAL VARIABLE subroutine
gin 8, cos 8, cot v, r(tl), @\ Py

Resume
c c
x £, ¢,y

Call KEPLER EQUATION subroutine
£, X, &, g r(tl),p

Resume

tyy 1 s(E), cl8)

Call STATE VECTOR subroutine
rlt)), vlt)), rlty), v, x,

§, s(E), olf), . b

Return

tay

Resume
£lty), vity)

Return

tyyr Elty), ¥lt,)

Figure 5.7-1 Time-Theta Subroutine
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5.5.8 TIME-RADIUS SUBRQUTINE

The Time-Radius Subroutine solves for the two body
transfer time to a specified radius given the initial position

and velocity vectors and the radius magnitude.

This section contains information to aid the reader
in understanding the less obvious aspects of the Time-~Radius
Subroutine block diagrams depicted in Figs, 5,8-1 and 5, 8-2,
The subroutines referred to in this figure are presented in

Section 5, 5, 10 and the nomenclature is found in Section 5.5, 1. 2,

Paragraphs 3, 4 and 5 of Section 5, 5, 7 apply to the

Time-~-Radius Subroutine as well, *

Since an inherent singularity is present for the cir-
cular orbit case, near-circular orbits result in a loss of ac~
curacy in computing both the transfer time, t21, and the final
state vector, This is caused by the increasing sensitivity of
t21 to r (t2 ) as the circular orbit is approached, In the extreme
case when the eccentricity is less than approximately 2_18 , the
problem is undefined and the subroutine will exit without a solu-
tion, setting flag f, to indicate this. * (The precise conditions

are given in Figure 5, 8-1.)

Ifr (tz) is less than the radius of pericenter or
greater than the radius of apocenter, then r (t2 ) will be ignored
and the pericenter or apocenter solution, respectively, will be

computed, A flag, f8’ will be set to indicate this,

*If the Time-Radius Routine is called with inputs for which no
golution is possible (for any one or more of the reasons
given in paragraphs 4 or 5 of Section 5.5.7 or paragraph 4
above), the routine will abort with an alarm code of 20607,
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ENTER l

rlty) vt n, rityh 8, 1

Call CONIC PARAMETERS subroutine
), ¥t u
Resume

@y Py COtYs Wy vty ) w0 vt )

exeapu, = coty fput2 -ay) n )

Ee'UNIT(E)
2 -36
IfeX <« 2 > €y = 0
11ef,<2'36, ey = 0
2 -36
Irez <2 s ey 0

FRETU RN

{Abort with alarm
code 20607}

1906000000000000000008000008080008

fg =0 NO YES 1 =1

\/———2" 00521>1
einf » s.V1 . cos™ sin{f) = 0

+
by

YES

cog £ <0

NO

cosif) = - 1 cosf=l

!

fg= 0 |
u_y = coslfiu, + ai.n(f)(gN xu.}

cos(8) =u,; ° Yy

sin(B) = (B ¥ Bl + ¥y

Figure 5. 8-1. Time Radius Subroutine
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N4

Call UNIVERSAL VARIABLE subroutine
gin 9, cos 6, cotv, r(tl), ay: Py

Resume

x, §, ¢, ¢y

Call KEPLER EQUATION subroutine
g, x, ¢, ¢y, r{t,), #

Resume

s(£), c(£)

t21‘

NO

4

\

Return

ta1

Call STATE VECTOR subroutine
r(t)), vit)), rit,), u.p, % £ (), cl8), ty, u

Resume

_!;(tz), y_(tz)
Return

rit,), vity)

tay

Figure 5. 8-2 Time-Radius Subroutine
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5.5.9 APSIDES SUBROUTINE

The Apsides Subroutine solves for the two body
radii of apocenter and pericenter and the eccentricity of the
trajectory given the position and velocity vectors for a point

on the trajectory.

This subroutine igs depicted in Fig, 5.9-1. The
subroutines referred to in this figure are presented in Section

5.5, lb. Nomeneclature is found in Section 5.5.1.2.

It is characteristic of this computation that the
apsides become undefined as the conic approaches a circle.
This is manifested by decreasing accuracy. When the conic is
nearly parabolie, or hyperbolic, the radius of apocenter is
not defined, In this event the radius of apocenter will be set

to the maximum positive value allowed by the computer.
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ENTER

Ly
T
'

Call CONIC PARAMETERS subroutine
r(t,), v (), u

Resume

a Py T (tl)

Figure 5, 9-1 Apsides Subroutine
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5.5.10 MISCELLANEOUS SUBROUTINES

There are, as part of the Conic Trajectory Sub-
routines, three subroutines which are useful in their own right.
These are the Conic Parameters, the Geometric Parameters
and the Iterator Subroutines which are depicted in Figs. 5.10-1,
5, 10-2 and 5. 10-3, respectively.

The Conic Parameters and Geometric Parameters

Subroutines are self explanatory.

The Iterator Subroutine serves several purposes. It
is used when flag f4 is set to zero to solve for the value of the indepen-
dent variable which drives the error in the dependent variable
to zero, provided the function is monotonically increasing. To
improve convergence for functions whose derivative changes

rapidly, the limits are reset as shown in the block diagram.

With f4

the function, provided the first derivative is single-valued be-

set toc 1, the Iterator seeks a minimum of

tween the limits. The inputs are redefined so that ''y" is the

derivative of the independent variable with respect to the dependent
mn__rt

variable, and '"x'"' is the value at which the derivative was computed

or approximated, Since the desired value of y is zero, YERR = Y

Since the Iterator uses the '"Regula Falsi" technique,
it requires two sets of variables to begin iteration. If only one
gset is available, flag f3 must be set to 1, causing the iterator to
generate the independent variable increment from a percentage
of the full range.

5.5-41



In addition to the above subroutines there are three
other subroutines of primary interest to the five basic conic sub-
routines described in Sections 5.5.5 to 5.5.9, These are the
Universal Variable Subroutine, the Kepler Equation Subroutine
and the State Vector Subroutine shown in Figs. 5. 10-4, 5.10-5
and 5. 10-6, respectively. '

The Universal Variable Subroutine is utilized by the
Lambert, the Time-Theta and the Time~Radius Subroutines to
compute the universal parameter x required for the time equa-
tion. There are two different formulations required according

to the size of the parameter w.

If the input to the subroutine requires the physically
impossible solution that the trajectory '"close through infinity",

the problem will be aborted, setting flag f7.

The Kepler Equation Subroutine computes the transfer

time given the variable x and the conic parameters,

The State Vector subroutine computes the position
and velocity vectors at a point along the trajectory given an

initial state vector, the variable x and the transfer time,

The final miscellaneous subroutine, the SETMU Sub -
routine, is depicted in Fig. 5, 10-7, It sets u to the appropriate
primary body gravitational constant consistent with the estimated

CSM or LM state vector as defined in Section 5, 2. 2, 6.
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ENTER

|

x(tl)' !(tl).u

'

Call GEOMETRIC PARAMETERS subroutine
rit) v(t) +1, 0

Resume
r(t) v (t), siny, cos v, uy, Uy, Uy

l

cot v = cos 'y/sin v

2

_r(ty) vit)
03 “"_‘_‘_“ -
an = 2-¢y

Py © C3 sxin2 ¥

Return

an. Py €Ot Y, Uy, T (tl)‘

Yy Vv (tl)’ Y1

Figure 5,10-1 Conic Parameters Subroutine
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ENTER

|
=
—
i
=
—_
\
=
oy

YES

uy = N/sin ¢

Return
nys Mg, 8in ¢ . cos ¢, (QN) s Ups U

Figure 5.10-2 Geometric Parameters Subroutiae
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ENTER

l

1 >
MAX =

Figure 5.10-3

5.5

-40

Iterator Subroutine

g g0 ¥ ¥ Ypup 0% % % hyax Tviw
YES N
f.=0 o 1
3 :
82 = SIGNly - Ve Ly = L)
fa =0
Az = SIGN (ypp o) g ]
- Az >0 g
NO
YES
IMax = 2
2 + AeNO o iy <z + Az
YES YES
y
Az=.9(lMAx-z) Az=.9(1MIN-z)
Return
4z, 13 Ivax 'min




ENTER

)

Llln ¢, cos ¥ coty, r(!l). Ty Py I

“ iy [k - o)

PR

ay --\/n}rru" LEH

- _1 an ¢ |
2 |~.’p—‘:“0co-0--in0cot1f|

-!"

o

Fs;m"ﬂ

RETURN

ey gl
x = xNVr(tlf
Loy --\pr ritﬂ cot ¥

e 1- ay
'r'q_"‘,o,,,, e

Figure 5.10-4 TUniversal Variable Subroutine

5, 5-486



TINTER

¢y Cgs X, £, r(tl), u ’

ty, = [clxzc(s) + X (czxzs(&’) +r(t1)]]/\/E

Return
tyys s(£), c(&)

Figure 5. 10-5 Kepler Equation Subroutine
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ENTER

l

ey v it), et wy, x, & slE), elf) 1y,

2 3
rlt ) e [ 1 -=B= c(6)] rt )+£. - J—B(E)) vit )
-2 ( rit)) )._ 1 21 Vi =1

rity) = | rit,)|

2
- YIX . X ol
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Figure 5,10-6 State Vector Subroutine
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Figure 5.10-7 SETMU Subroutine
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5,5,11 INITIAL VELOCITY SUBROUTINE

The Initial Velocity Subroutine computes the required
initial velocity vector for a trajectory of specified transfer time
between specified initial and target position vectors, The tra-
jectory may be either conic or precision depending on an input
parameter (namely, number of offsets), In addition, in the
precision trajectory case, the subroutine also computes an
"offset target vector', to be used during pure-conic cross-product
steering, The offset target vector is the terminal position vector
of a conic trajectory which has the same initial state as a precision
trajectory whose terminal position vector is the specified target

vector,

In order to avoid the inherent singularities in the 180°
transfer case when the (true or offset) target vector may be
slightly out of the orbital plane, the Initial Velocity Subroutine
rotates this vector into a plane defined by the input initial posi-
tion vector and another input vector (usually the initial velocity
vector ), whenever the input target vector lies inside a cone whose
vertex is the origin of coordinates, whose axis is the 180° trans-

fer direction, and whose cone angle is specified by the user,

The Initial Velocity Subroutine is depicted in Fig. 5.11-1,
The Lambert Subroutine, Section 5, 5.6, is utilized for the conic
computations; and the Coasting Integration Subroutine, Section9. 2.2,

is utilized for the precision trajectory computations,

5,5-50



Nomenclature {or the Initial Velocity Subroutine

rit,)

vit)

[cot v ]

vty

r(t

veplty)

r o t,)

cot ¥

Initial position vector,

Vector (usually the actual initial velocity vector)
used to determine whether the transfer from the
initial position vector to the target vector is through
a central angle of less or greater than 1809, and also
used in certain cases to specify the transfer plane
(see text).

Target Vector (True target vector if Nl > 0, or
Offset target vector if N, = 0).

Desired transfer time from initial position vector to
target vector,

Number of offsets to be used in calculating the offset
target vector from the true target vector, (N; = 0
implies conic calculations only with offset target vec-
tor input),

Cone Angle of a cone whose vertex is the coordinate
origin and whose axis is the 180° transfer direction
{(i. e., the negative initial position direction). The
cone angle € is measured from the axis to the side
of the cone,

Switch set to 0 or 1 according to whether a guess of
cot v is input or not.

Guess of cot v.

Required initial velocity vector of a precision [a conic]
trajectory which passes through the true [or offset]
target vector, or the rotated true {or offset ] target
vector if the original target vector was in the cone,

at the end of the desired transfer time, if N1 >0

for N1 =0].

Computed offset target vector.

Final precision [Eoni¢] velocity vector resulting from a
precision [conic] update of the initial pesition vector and
the required initial velocity vector vT(tl), if N1 >0,
[or Ny =0, respectiveli] . -

Final precision position vector.

Value to which the Lambert Subroutine converged
(for later use as guess to minimize computation time).

Switch set to 0 or 1 according to whether the input
krue or offset) target vector was not or was in the
cone, and consequently was not or was rotated into
the plane.



ENTER

-

r{t,), v(t), rn(t5), th, Ny, e, 1y, [cot g
r(ty) = rp(ty)
w = COS €
N, = -1
h = UNIT[ © (t)) % v (¢))]
z = UNIT[r (t)| - UNIT|z (t,)
7y
| No Yes
v
£y = 0 r(t,) = |ty | UNIT [2ty) - (2 tty) -
f, = 1
No
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A

B)h

Figure 5.11-1 Initial Velocity Subroutine
{page 1 of 2)
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Sg = SIGN[r () - nx E(tl)]

A
Call LAMBERT Subroutine-
£ (40 Tty tp, s N, £y, [eot 7], 15[ 0]
Resume
Vi (tl ), [XT (t2 )] , cot y
; b
Call Coasting Integration Routine
{(tl). Vep (’cl), th
k Resume . v
fp () v (1)

i

Return
rity) = mliy) ~[p () ~mp ()] |0t vpdt)) rity), vty 1),

l cot v, f2
“

Figure 5,11-1 Initial Velocity Subroutine
(page 2 of 2)
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5.5.13 LOCSAM SUBROUTINE

The LOCSAM Subroutine computes the lines-of-sight
of the Sun, Earth, and Moon with respect to the spacecraft in
the Basic Reference Coordinate System. This data is used by
the IMU alignment programs whenever the astronaut elecis to
sight on the Sun, Earth, or Moon instead of a star for purposes
of IMU alignment., The data is alsc used by the Star Selection
Routine (Section 5. 6. 4) when testing for star occultation., In
addition, this subroutine computes the sizes of the occultation
cones used in the Star Selection Routine and the correction for
aberration of light which is applied in the IMU alignment pro-
grams to the line-of-sight unit vector of a star stored in basic

reference coordinates.

The unit vectors Ugs Up, and Ung specifying the lines-
of-sight to the Sun, Earth, and Moon respectively, in the Basic

Reference Coordinate System are computed as follows:

UNIT (rpc) itP=E
l—lS = (5. 13. 1)
UNIT (EES - EEM) iftP=M
-UNIT (r.) iftP=E
up = (5. 13.2)
“UNIT {rppr t L) P =M
UNIT (r -r.) ifP=E
= —EM =C (5,13, 3)
- -UNIT (r) iftP=M

where P, E, M, and S respectively denote the primary body,
Earth, Moon, and Sun, r . is the position vector of the CSM

with respect to the primary body, and YEM and Ipg 8T€ the posi-
tion vectors of the Moon and Sun with respect to the Earth ob-
tained from the Lunar and Solar Ephemerides Subroutine of
Section 5. 5. 4. The line-of-sight vectors are determined for

a time specified by the calling program or routine,
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The occultation cones used in the Star Selection Routine

for the Sun, Earth, and Moon are computed as follows:

cg = cos 15 (5, 13. 4)
_ R
cos[50+sin1 (-}E]} ifP=E
Cp = ¢ (5. 13. 5)
cos 5° iftP=M
CcOoS8 5° ifP=E
Cyp = (5.13. 6)

_ R
cos [50+ sin 1 {-——l\i)] ifP=M
e

where ¢ is the cosine of one half the total angular dimension of

a cone and represents a more convenient way of treating the di-
mengion of a cone in the Star Selection Routine, e is the mag-
nitude of the CSM position vector, RE is the equatorial radius

(6378. 166 km) of the Earth, and R, is the mean radius (1738, 09 km)
of the Moon.

M

The vector a which is used by the IMU alignment pro-
grams to correct the stored star vectors for aberration of light
is determined as follows:

ol

= ug X Pt (5.13.7)

where Ug is as calculated by Eq, 5.13.1, Yo is the velocity of the CSM
with respect to the primary body, c is the speed of light, and

-EEcl =Cy (0, - sin B, cos BO),



5,5,14 PERICENTER-APOCENTER (PERIAPQO)} SUBROUTINE

The Pericenter - Apocenter Subroutine computes the
two body apocenter and pericenter altitudes given the position
and velocity vectors for a point on the trajectory and the primary

body.

This subroutine is depicted in Fig, 5,.14-1,
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Figure 5. 14-1 PERICENTER - APOCENTER SUBROUTINE
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5,5.15 Time-of-Longitude Program (P29)

The Time-of-Longitude
time of the first crossing of a specified longitude after a specified base
time, as well as the corresponding latitude, for either earth or lunar
orbits. The program is depicted in Figure 5. 15-1.

Inputs to the program consist of the base time to, the de-
sired longitude ¢4» and a vehicle option (CSM or LM). The base time
is measured in terms of Ground Elapsed Time, and is not to be con-
fused with the tO defined in Section 5, 1. 5.5, The desired longitude is
measured positive in an eastward direction from the conventional zero
meridian of either the earth or moon; west longitudes may be specified

negatively if desired,

The permanent state vector corresponding to specified vehicle
is transferred to a temporary location and precision-integrated to the
base time to by the Coasting Integration Routine, L.et Iy and Yy be the
position and velocity vectors at the time to. It is re-emphasized that
the program finds the Ground Elapsed Time of the first crossing after
the base time t,, regardless of where either vehicle is at the "present"

time, provided that s and vy define an elliptic orbit,

The unit angular momentum vector By is formed, and used
to calculate a supplementary unit vector B which will be needed later
to determine whether a transfer is through 6 or 360- g degrees, The
direction of the vector By is then placed in the same hemisphere with
the earth's or moon's north polar unit axis Ko The unit local east
vector g at the hase position Ty and the unit vector He normal to both

Mo and Mo (and pointing to the center or axis) are calculated,

Kz,
The iteration variables r, t, and A¢ correspond to the guess

on the latest iteration of the position, time, and longitude difference

from the longitude of Tye of the gpacecraft at the desired longitude; these

variables are initialized to siart the iteration process from the base

ry. The factors 16/15 and 327, 8/ 328, 8 reduce the number of

iterations required for convergence of the procedure by approximating

point

the ratio of the number of revolutions of the spacecraft with respect to
inertial space to the number with respect to a fixed longitude in equal
time periods, The values correspond to an earth-orbiting spacecraft
with a period of 90 minutes and a lunar-orbiting spacecraft with a period

of 120 minutes,
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The iteration loop is entered with a call to the Latitude-
Longitude Routine, which transforms the inertial position vector r
at time t into body-fixed spherical coordinates so that its longitude
may be compared with the desired longitude, If the two longitudes
are within the folerance e¢ » the iteration process has converged
and the corresponding time t and latitede A are output for display

purposes.

If the two longitudes are not within the tolerance €, a

new current iterative approximation A ¢ of the longitude diff:rence
between the longitude of r 0 and the desired longitude is calculated,
Because A ¢ must always be positive for the earth and negative for
the moon in order for the factor F to correctly compensate (re-
flecting the posigrade motion around the earth and the retrograde
motion around the moon), and because of the moduling of the angles
by 360°, a complicated series of tests is necessary to determine
whether 360° should or should not be added or subtracted to (9 d-
¢ ). After the first pass, the tests pick out the eight cases in
which a 360° adjustment is necessary from the 24 possible arrange-
ments of ¢, ¢ a® 0 and 0. These tests hold for all longitudes be-
tween -360° and +360°.

After the new current guess of A ¢ has been determined,
the unit local east vector E'E at the current iterative approximation
of the desired longitude is calculated, and from this is obtained the
current iterative unit position vector By which yields the current
approximation of the transfer angle §. Using the conic Time-Theta
Routine, the base state vector (EO’ XO) is updated through 6, tc a

new terminal position r, with which the iteration loop is re-entered.
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II\TPUT : to’ q&d , Vehicle

Call Coasting Integration Routine

Integrate state vector tot

Resume Ty v

o)
Hz,
Earth
or
Moon
4
b= UWIT (__1_"0 x® -Y-o) ——————
By UNIT (_;_z_n I _1:0)
HEn T En sign (ﬁn ) iZ)
bp s UNIT (-EZ % 1‘.0)
= UNIT (u, * pg)
=1L,
t = to
AD =0
Central Body
Earth Moon
F = E“Ei F = 327.8
15 328, 8
A

Figure 5,15-1 Time-of-Longitude Crossing Program (P289)
(Page 1 of 3)
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Call LATITUDE - LLONGITUDE Routine r, t
Resume ¢, A

6g = 4] |6q - 6| - 360° ’G '¢|<€¢ )A

i s
<
Yes@d - 6| > (3600 - €2

,,A//*
¥ No

4
OSE f—""—ﬂ )
;‘ Yeos \ Firgt Pass ?7 No

sign (9,-60)(8g- i@
L+1
@gn (64)() =i1) @gn (¢) + sign (§,) = OD

-1 +1 No Yes

_’

IR B/
*————){ (6q - 6) = (6q - ¢) - [sign (g, - ¢)] (360°)

NoO

corresponding latitude

"

4 ’}OUTPUT; t = time of longitude crossing
A

Figure 5,15~1 Time-of-Longitude Crossing Program (P29)
(Page 2 of 3)
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Ko By cos (Ag) +u  sin (Ag)
By = UNIT (u'po*p )

sg © sign (Ed N ﬁs)

e =

T Q - SG) + 8¢ ARCCOS (ﬂd : _g_:o/ rO)H'GE

Call TIME - THETA,

E.o' zo’ 0
Resume tf, r, v

v

1:=1:0+1:f

Figure 5.15-1 Time-of-Longitude Crossing Program (P289)
{Page 3 of 3)
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5. 6 GENERAL SERVICE ROUTINES

5.6.1 GENERAL COMMENTS

The routines presented in this section include the

following general service functions:
1) IMU alignment modes
2) Basic Coordinate Transformations
3) Computer initialization procedures

4) Special display routines which can be called by the

astronaut

5) Automatic optics positioning routine



5.6,2 IMU ALIGNMENT MODES

5.6,2,1 IMU Orientation Determination Program

The IMU Orientation Determination Progrém (P-~51)
is used during free-fall to determine the present IMU stable
member orientation with respect to the Basic Reference Coordinate
System by sighting on two navigation stars or known celestial
bodies with the sextant (SXT) or the scanning telescope (SCT),
At the start of program P-51 the asironaut acquires the desired
celestial bodies by maneuvering the spacecraft until they are
visible in one of the above optical devices, During this acquisition
phase he monitors the FDAI Ball to avoid IMU gimbal lock, He
may also have the IMU gimbal angles coarse aligned to zero if

he so desires,

Afterwards, the following steps are performed on each

of two celestial bodies: —

1) The Sighting Mark Routine (R-53 of Section 4)
is used to sight on one of the celestial bodies,
The astronaut performs the sighting by centering
the SXT or SCT on the celestial body and presses
the MARK button., This mark causes the measure-
ment time and the optics and IMU gimbal angles to

be recorded by the computer,

2) The identity of the celestial body is indicated by
the astronaut by use of a celestial body code,
Separate codes are provided for the 37 navigation
stars, Sun, Earth, Moon, and a general celestial
body. The latter code is referred to as the Planet

code,
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3)

4)

5)

The subroutine LOCSAM of Section 5,5,13 is

used to compute the correction for aberration of
light and the line-of -sight vectors of the Sun,
Earth, and Moon in the Basic Reference Coordinate
System for the time of the optical sighting (mark).
If the Sun, Earth, or Moon code was selected,

the vector for that body is set aside for use later,

If the Planet code was selected, the astronaut is
requested to load the coordinates of the desired
celestial body in the Basic Reference Coordinate
System,

The unit vector l—le defining the direction of the
celestial body as a result of the optical sighting
is obtained in the IMU Stable Member Coordinate
System as follows:

sin TA cos SA

o . .
uhp [NBSM] [SBNB] sin TA sin SA (6.2.1)
cos TA

where [NBSM is the transformation matrix in
Section 5,6, 3. 2.1 using the IMU gimbal angles
stored for the optical mark, [SBNB] is the matrix
in Section 5,6,3.1,1, and SA and TA are respec-
tively, the shaft and trunnion angles of the SXT or
SCT stored for the optical mark,



6) A correction for aberration of light is then applied
to the unit vector BéB defining the direction of the
celestial body in the Basic Reference Coordinate
System which was either taken from the computer's
star catalog in fixed memory, computed by the
subroutine LOCSAM in step 3, or loaded by the
astronaut in step 4. The light aberration correction

is made as follows:

S
e

u = UNIT (u

Uep uGp t @) (6.2.2)

where a is the aberration correction vector
computed by the subroutine LOCSA M when this

subroutine was called after the celestial body

* .
BC and ECB are, respectively, the

uncorrected and corrected unit vectors to the

sighting, and

celestial body in basic reference coordinates,
Although this correction is correct only for distant
cbjects such as stars, it is alsc applied, for reasons
of program simplification, to the unit vectors of

the Sun, Earth, Moon, or a planet, if any of these
bodies are being used, It should be noted that the
aberration correction is negligible in comparison

to the errors in sighting on the Sun, Earth, or

Moon,

When the above steps have been performed for two
celestial bodies, the computer has the unit line-of -gight vectors
for the two bodies in both IMU stable member and basic reference
coordinates, Let u/ and u! be the unit vectors for the

~CBA —CBB
two celestial bodies (A and B) which are obtained with Eq, (6.2.1)
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and let ECBA and ECBB be the unit vectors for the same bodies

obtained with Eq, (6,2,2), At this point in the program the
Sighting Data Display Routine (R-54 of Section 4) computes the
1 !
Ycga 279 Uopp)
obtained for the two bodies in stable member coordinates and

angle between the unit line-of -sight vectors {

the angle between the corresponding unit line-of -sight vectors
(ECBA and I_J_CBB) for the two bodies in basic reference coordinates,
The magnitude of the difference between the two angles is displayed
to the astronaut and he either accepts the results or repeats the

IMU orientation determination process,

If he accepts the results of the Sighting Data Display
3 1 1 1
Routine, the unit vectors ECBA’ ECBB’ ECBA’ and ECBB are
used to determine the present stable member orientation and

REFSMMAT, using the procedure given in Section 5,6, 3, 3, 1.
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5.6,2,2 IMU Realignment Program

The IMU Realignment Program (P-52) is used during
free-fall to re-align the IMU to its presently assumed orientation
or to align it from a known orientation to one of the desired
orientations given in Section 5.6, 3, 3 and in P-52 of Section 4,
This alignment is made by sighting on two navigation stars or
known celestial bodies with the sextant (SXT) or the scanning
telescope (SCT),

At the beginning of program P-52 the astronaut indi-
cates which of the following stable member orientations is desired:

1) Preferred - for thrusting maneuvers
2) Landing Site - for LM lunar landing or launch

3) Nominal - for alignment with respect to local

vertical .

4) REFSMMAT - for re-alignment to presently

assumed orientation

The Preferred, Lianding Site, and Nominal orientations are
defined in Section 5,6, 3.3, If the astronaut selects the Landing
Site or Nominal orientation, it is computed by program P-52

in the manner shown in Section 5,6, 3.3 and in P-52 of Section 4.
The Preferred orientation must be computed prior to entering
program P-52. Whenever the astronaut selects the Preferred,
Landing Site, or Nominal orientation, the program alsc computes
and displays the IMU gimbal angles for the desired stable member
orientation using the present vehicle attitude, These angles are
computed by the routine CALCGA of Section 5, 6. 3,2, 2 where the



inputs to this routine are the unit vectors (I—J-XSM’ YvsM® EZSM)
defining the desired stable member axes with respect to the
Basic Reference Coordinate System, and the unit vectors (ENB’
INRB’ ?—NB) defining the present navigation base axes with respect
to the Basic Reference Coordinate System, which are computed

as follows:

X

T
Xyp = |REFSMMAT]" xip

11

T :
Ynp = [REFSMMAT]" g0 (6,2.3)

T 1
Zyp [RE FSMMAT] ane

where [REFSMMAT]T
\ . . . . , .

and XNB' INB and ENB define the navigation base axes with

respect to the present Stable Member Coordinate System and

are computed by the routine CAL.CSMSC of Section 5, 6. 3. 2, 5,

is the transpose of the present [REFSMMAT]

If the computed IMU gimbal angles are unsatisfactory,
the astronaut maneuvers the vehicle to a more suitable attitude
and has the program re-compute and display the new gimbal
angles, Once satisfactory angles have been obtained, the astronaut
keys in a "PROCEED" and is then requested to indicate whether
the IMU is to be aligned to the desired orientation by use of the
Coarge Alignment Routine (R-50 of Section 4) or by torquing the
gyros. If he elects to have the gyros torqued to the desired
orientation, the gyro torquing angles are computed by the routine
CALCGTA of Section 5. 6.3.2. 3 where the inputs to this routine
are the unit vectors (}—ED‘ Y E-D) defining the desired stable
member axes with respect to the present Stable Member

Coordinate System which are computed as follows:

X = [REFSMMAT] gy
Yp = [REFSMMAT] uyqy
zp = [REFSMMAT] u,qo0,
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where Useanrs Y yspe and U o Were previously defined,
During the period when the gyros are being torqued, the IMU
gimbal angles are displayed to the astronaut so that he may
avoid gimbal lock by maneuvering the spacecraft. After the
gyro torquing process, the astronaut either terminates program
P-52 or performs a fine alignment with optical sightings on

two celestial bodies.

If the astronaut elects to have the IMU aligned to the
desired orientation by means of the Coarse Alignment Routine
(R-50), this routine will command the IMU to the computed gimbal
angles if any of the required gimbal angle changes is greater
than one degree. If all of the required gimbal angle changes
are less than or equal to one degree, routine R-50 will leave
the IMU at its present orientation, and it will be assumed by
program P-52 that it is at the desired orientation. It should be
noted that there is no computation of gimbal angles or coarse
alignment of the IMU if the astronaut selects the REFSMMAT

orientation at the beginning of program P-52,

Afterwards, the astronaut maneuvers the vehicle to
a desired attitude for celestial body acquisition and decides
whether to select his own celestial bodies for sighting purposes
or to use the Star Selection Routine of Secticn 5.6.4. If he selects
the Star Selection Routine, program P-52 will call the subroutine
LOCSAMof Section 5. 5. 13 prior to calling the Star Selection
Routine since LOCSAM computes the directions and the occulta-
tion cones of the Sun, Earth, and Moon used in the occultation
tests of the Star Selection Routine. When LOCSAM is called
for this purpose, the specified input time ig the present time
plus an additional amount (TSS) in order to insure that the time
used in computing the 1L,OS vectors for the Sun, Earth, and Moon
is near the middie of the sighting mark process. The time in-
crement TSS is based upon estimates of the time required to
do the Star Selection Routine and to perform the optical sightings,
The primary purpose of using TSS is to insure that the LOS
vector of the primary body used in the occultation test is that

which occurs during the sighting mark process.

If the Star Selection Routine is unable to find two
satisfactory stars at the present vehicle attitude, the astronaut
either repeats the above process of changing the vehicle attitude
and using the Star Selection Routine, or decides to select his
own celestial bodies,
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Afterwards, the following steps are performed on

each of two celestial bodies:

1)

2)

3)

4)

5)

The celestial body code is established for one of
the two bodies which are to be sighted upon (i. e,
the astronaut either accepts the celestial body

code for one of the stars found by the Star Selection
Routine orloads his own celestial body code ).

The subroutine LOCSAM of Section 5.5.13 is
used to compute the line-of-sight vectors of the
Sun, Earth, and Moon for the current time in
case the Sun, Farth, or Moon code was selected,
If one of these codes was selected, the vector
computed for that body is set aside for use later,

If the Planet code was selected, the astronaut

is requested toload the coordinates of the desired
celegtial body in the Basic Reference Coordinate
System,

The program then calls the Auto Optics Positioning
Routine (R-52) which in turn calls the Sighting

Mark Routine (R-53)., After the SXT and SCT

have been driven to the LOS of the celestial body

by routine R-52 the astronaut manually centers

the SXT or SCT on the celestial body and presses the
MARK button,

When a satisfactory optical sighting (mark) has
been obtained, the same steps (2 through 6 ) are
performed after the optical sighting as are given

in Section 5,6,2,1 for the IMU Orientation Deter-
mination Program {P-51) except that the unit vector



Uep (see Eq. (6,2,2) in step 6 of Section 5,6,2,1)
is expressed in terms of the desired IMU Stable
Member Coordinate System instead of the Basic
Reference Coordinate System as follows:

u.p = UNIY[REFSMMAT| ) (ugp + 3)} (6.2.4)
where a is the aberration correction vector computed
by the subroutine LOCSAM, and [REFSMMAT]D

is the matrix (Section 5,6, 3, 3} for transforming
vectors from the Basic Reference Coordinate

System to the desired IMU Stable Member Coordinate
System.

After the above steps have been performed on two
celestial bodies, the computer has the unit line-of -sight vectors
for the two bodies in both present and desired IMU stable member
coordinates. Let EbBA_ and BICBB be the unit vectors for the two
bodies (A and B) which are obtained with Eq, (6.2,1) and let
UrpA and YrBR bethe unit vectors for the same bodies obtained
with Eq. (6.2,4), At this point in the program the Sighting Data
Display Routine { R-54 of Section 4) computes the angle between
ECBA and YRR and the angle between EbBA and E-'CBB’ and
displays the magnitude of the difference between the two angles
to the astronaut, If he accepts the results, the four vectors are
used in the routine AXISGEN of Section 5, 6. 3, 2, 4 to compute the degired
stable member axes with respectiothe present Stable Member Co-

ordinate System, which are used in the Gyro Torquing Routine
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{R=55 of Section 4), Routine R-55 computes the gyro torquing
angles required to drive the IMU stable member to the desired
orientation by using the above vectors in the routine CALCGTA

of Section 5.6.3.2,3, The gyro torquing angles are displayed

to the astronaut so that he can decide whether to have the gyros
toerqued through these angles or not. If he is not satisfied with the
results of the Sighting Data Diéplay Routine or the Gyro Torquing
Routine, he may repeat the optical sightings without having to

terminate the program,

It should be noted that the ground can indicate to the
CMC via uplink the present stable member orientation or a desired
stable member orientation, If the present orientation is being
indicated, this is done by transmitting a REFSMMAT to the CMC,
Undernormalcircumstances, however, it would not be desirable
for the ground to indicate the present stable member orientation
since this orientation should be determined by the CSM GNCS,
However, if an orientation different from the present orientation is
desired by the ground, this desired orientation can be transmitted
as a Preferred orientation, By treating a desired stable member
orientation in this manner, program P-52 will be able to correct
for any large differences between the present and desired orientations
by coarse alignment, In addition, this approach avoids the introduc-
tion of orientation errors which affect celestial body acquisition,
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5.6.2.3 Backup IMU Orientation Determination Program

The Backup IMU Orientation Determination Program
(P-53) is used during free-fall to determine the present IMU
stable member orientation with respect to the Basic Reference
Coordinate System by sighting on two navigation stars or known
celestial bodies with some optical device other than the sextant
or scanning telescope, An optical device which is considered
to be a backup to the normal CSM optics is the Crew Optical
Alignment Sight (COAS). This program is identical to program
P-51 of Section 5.6.2.1 except that the Alternate LOS Sighting
Mark Routine { R-56 of Section 4) is used in place of the Sight-
ing Mark Routine {R-53) to sight on the celestial bodies, When-
ever routine R-56 is called by program P-53, the astronaut
is requested to load the coordinates of the backup optical device
before performing the optical sighting. These coordinates are
the equivalent SXT shaft and trunnion angles of the device which
would be indicated for the SXT if it were possible to direct the
SXT along the same direction as the optical device. When an
optical sighting is performed using routine R-56, the measure-
ment time, the IMU gimbal angles, and the equivalent shaft and
trunnion angles of the backup device are stored by the computer,
These angles are used just as in step 5 of Section 5.6.2,1 to
obtain a unit vector %B in the IMU Stable Member Coordinate
System where SA and TA are now the equivalent shaft and trun-

nion angles of the backup device,

5.6.2.4 Backup IMU Realignment Program

The Backup IMU Realignment Program (P-54) is
used during free-fall to re-align the IMU to iis presently as-

sumed orientation or to align it from a known orientation to
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one of the desired orientations given in Section 5.6.3.3 and in
P-54 of Section 4 by sighting on two navigation stars or known
celestial bodies with some optical device other than the sextant
or scanning telescope, Such an optical device may be the Crew
Optical Alignment Sight (COAS). This program is identical to
program P-52 of Section 5,6,2,2 except that the Alternate 1.OS
Sighting Mark Routine (R -56 of Section 4) is used in place of
the Sighting Mark Routine (R-53} to sight on the celestial bodies.
In addition, the Auto Optics Positioning Routine (R -52} is not
used in this program, A description of Alternate L.OS Sighting
Mark Routine is given in Sections 4 and 5,6, 2, 3.
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5,6.3 IMU ROUTINES

5.6.3.1 Sextant Transformations

5.6.3.1.1 Sextant Base - Navigation Base

To transform a vector from sextant base to navigation
base coordinates, use is made of the following transformation

matrix:

CcoSs o 0 -sin o
[SBNB] = 0 1 0 (6.3.1)
gin « 0 CcoS o
fe) 1 11 ‘
where ¢ =-32~ 31 23,19

-
The above matrix and its transpose [NBSBJ are both

present in computer memory.

The sextant base coordinate system referred to
above is frequently called the Block I navigation base
coordinate system in deference to the present navigation base
coordinate system (Block II}). Any transformation of vectors
between the sextant and the present navigation base requires

use of the above transformations,
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5,6.3,1,2 Sextant to Navigation Base (SXTNB)

To obtain a unit vector (ENB ),

direction of the line-of-sight of the sextant in navigation base

which specifies the

coordinates, use is made of the following:

sin TA cosg SA
UNg T [SBNB] sin TA sin SA (6.3.2)
cos TA
where [SBNB] is the transformation matrix given in Section

5.6.3.1.1, and TA and SA are the trunnion (precision) and

shaft angles, respectively, of the sextant,

5.6.3.1.3 Calculation of Sextant Angles (CALCSXA )

Given a unit star vector SsM in stable member co-
ordinates, this routine computes the angles SA and TA required
to position the optics such that the line of sight lies along the

star vector,

The star vector is first transformed to the sextant
base coordinate system as follows:

Ssp = [NBSB] [SMNB] Saur (6.3.3)
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where [NBSB] and [SMNB] are given in Sections 5.6.3.1.1
and 5.6, 3.2, 1, respectively,

Next, a unit vector ETDA’

the trunnion { precision) drive axis in sextant base coordinates,

defining the direction of

is obtained:

Urpa = UNIT {ESB X ESB] (6.3.4)
where
0
ZsB T 0
1

Using Sqp and UrpA® the angles SA and TA are de-

termined as follows:

sin SA = dppy (- Zgp)
cos SA = urps - Ygp
(6.3.5)
SA = ARCTRIG (sin SA, cos SA)
TA = cos_1 Z © 8
—SB =SB
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where ARCTRIG implies computing the angle, choosing either

-1 -1 . .
.gin " or cos ~ so as to yield maximum accuracy, and

1 0
X4p = 0 and ¥sp © 1
0 0

5.6.3.2 IMU Transformations

5.6,3,2.1 Stable Member-Navigation Base

Let IGA, MGA, OGA be the IMU inner, middle and
outer gimbal angles, respectively. Define the following matrices:

cos IGA 0 ~-ginIGA

Q, = 0 1 0 (6.3.8)
sin [GA 0 cos IGA
cos MGA sin MGA O

QZ = |-sin MGA cos MGA O (6.3.7)
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1 0 0
QS = 0 cos OGA sin OGA (6.3.8)

0 -sin OGA  cos OGA

Stable Member to Navigation Base Transformation

Unp = Q3R Q; Ky
(6.3.9)

I:SMNB] = Q3 QZ Ql

Navigation Base to Stable Member Transformation

T T T T T . T
Uy = 9 R Q3 Uype [NBSM:[ "R Ry Qg

(6.3.10)
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5.6.3.2,2 Calculation of Gimbal Angles (CAJL.CGA }

Given a stable member orientation and a navigation

base orientation both referred to the same coordinate system,

the following procedure is used to compute the corresponding

gimbal angles.

~-MG

cos OGA=

sin OGA =

OGA =

cos MGA=

sin MGA=

MGA =

cos IGA =

sin IGA

IGA =

= UNIT (xg X Ygp)
MG 2NB
amG - INB

ARCTRIG (sin OGA, cos OGA)

ARCTRIG (sin MGA, cos MGA)

qmg  Zsm
avg © Zsm

ARCTRIG (sin IGA, cos IGA)
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where the inputs are three vectors along the stable member

axes and three vectors along the navigation base axes.

5.6, 3. 2.3 Calculation of Gyro Torquing Angles (CALCGTA)

In the fine align procedure, after the present plat-
form orientation is determined, the torquing angles required to
move the platform into the desired orientation must be computed.
This is achieved as follows:

Let ED , and ED be the desired stable member

s ¥
=D
axes referred to present stable member orientation, The ro-

tations are performed in three steps: (1) rotating through By

about the y axis, yielding —)E]‘D‘ ¥pe gb; (2) rotating through
1"

QZ about the z' axis, yielding X5 zb, EI');
tating through Gx about the x'" axis, yielding EE)’ Zi')’ g_i') The

{3) and finally ro-

relevant equations are as follows:

_z_'D = UNIT (-XD, 3 0, XD,1 )

sin 6_ = le), 1

cos 8 = Z]’D’ 3 (6.3.12)
By = ARCTRIG (sin 6_, cos 8_)
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- 1 _ 1
cosGZ-zD SXD,I ZD‘I XD,B

(6. 3.12 cont.)

6 = ARCTRIG (sin 6_, cos 6_)
X X

The required inputs are the three coordinate axes of
the desired stable member orientation referred to the present

stable member orientation,
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5 6.3.2.4 Coordinate Axes Generator (AXISGEN)

Civen two unit vectors {usually star vectors), Sp
and Sp’ expressed in two coordinate systems, denoted by
primed and unprimed characters, i.e., _S_A, Eis’ EA’ —S—B’ this
routine computes the unit vectors x, y, z which are the primed
coordinate system axes referred to the unprimed coordinate
system. This is accomplished by defining two ortho-normal

coordinate sets, one in each system, in the following manner:

1 —_ '
Ux = 5a
[l - L |
ul, = UNIT (s}, X sp)
1 - | | -
uy 7 UxX iy
(6.3 13)
Ux = 5A
U = UNTT(§A_X SB)
uz % xXly

The primed coordinate system axes expressed in

terms of the unprimed coordinate system axes are:
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| %

Uiy T Uy Byt Uy Y,

T Uxglx T Myply Y Uzaly (6.3.14)

<

! 1 t
“xzlx T Uygty T ¥zl

It should be noted that vectors can be transformed
from the unprimed to the primed coordinate systems by using
the following matrix constructed with the output (Eq. 6. 3. 14)
of AXISGEN:

|

(6.3.15)

=<

N

6.6-23



5.6,3.2.5 Calculation of Stable Member Coordinates of the
Spacecraft (CALCSMSC)

To determine the directions of the X, Y, and Z axes
of the present vehicle coordinate system or the navigation base
coordinate system with respect to the IMU Stable Member Co-
ordinate System, use is made of the routine CALCSMSC,

The unit vectors ENB’ XNB’ and E—NB
directions of the navigation base coordinate system axes with
respect to the IMU Stable Member Coordinate System are de-

termined as follows:-

defining the

cos IGA cos MGA

ANB T sin MGA

-sin IGA cos MGA

cos IGA sin OGA sin MGA
+ cos OGA sin IGA

—Z-NB = -sin OGA cos MGA

cos OGA cos IGA
-gin OGA sin MGA sin IG

INB © ZNB * XnB

where IGA, MGA, and OGA are the inner, middle, and outer
IMU gimbal angles, respectively, It should be noted that the
rows of the transformation matrix [SMNB] also give the above
vectors,
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5.6.3.3 REFSMMAT Transformations

The matrix required to transform a vector from the
Basic Reference Coordinate System to the IMU Stable Member
Coordinate System is referred to as REFSMMAT. This matrix
can be constructed as follows with the unit vectors u

Uxsmr Zysw 224
Uysm defining the orientations of the stable member axes with re-

spect to reference coordinates.

REFSMMAT = | ul (6.3.16)

5.6.3.3.1 Present REFSMMAT From Star Sightings

The present IMU stable member orientation with re-
spect to the Basic Reference Coordinate System, and the associated
REFSMMAT, can be determined by sighting on two navigation
stars with the CSM optics. If EA and Ei?: are the unit vectors
defining the measured directions of the two stars in the present
Stahle Member Coordinate System,and Sa and 5g are the unit
vectors to the corresponding stars as known in the Basic Reference
Coordinate System, then these vectors can be used as the input
to the routine AXISGEN (Section b. 6. 3. 2. 4) to obtain the
present IMU orientation and REFSMMAT (Eqgs. (6.3. 14) and
(6.3.15)).
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5.6,3. 3.2 Alignment for Thrusting Maneuvers ( Preferred

Orientation)

During certain thrusting maneuvers the IMU will be
aligned according to the following equations.

ixsy © UNIT (xp)
Uygy © UNIT (P—XSM x 1.”_)"‘ - (6,3.17)
Yzsm = Yxsm < Yysnrt

where ip is the vehicle or body X-axis at the preferred vehicle

attitude for ignition and r is the CSM position vector,
The associated transformation matrix (REFSMMAT)

is given by Eq. (6,3,16),

3.6.3. 3.3 Alignment to Local Vertical in Orbit ( Nominal
Orientation)

The IMU stable member may be aligned te the local
vertical at a specified time, * For this type of orientation the

stable member axes are found from the following,

Ussm = (Uysw X Yzsm!?

Yogny = UNIT (v X 1) (6.3.18)

Uzsy - UNIT (-r)
where r and v are the position and velocity vectors of the CSM

at the specified time. The vectors r and v are computed by

the Coasting Integration Routine of Section 5.2. 2.

The REFSMMAT associated with this IMU orientation
is found from Eg. (6.3.16).

In P41 if |ugegn X T <2 meters or in F40 if (
-
<3

r EXSM x UNIT f)

radians, then Uy = UNIT [EXSM x (UNIT r+0.125 UNIT X)I

where v is the CSM velocity vector
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5.6.3.3.4 Lunar Landing or Launch Orientation

The proper IMU orientation for lunar landing or

launch is defined by the following equations:
Usronr = UNIT (ELS) att,

Uysm T YzsMm * Bxsm ' (6.3.19)

= UNIT (he X uyan)

Uzsm XSM

where

be = Ic* ¥
is the orbital angular momentum vector of the CSM,
and s is the landing site position vector at the
nominal time of lunar landing or launch, tL, depend -
ing on the alignment mode,

The REFSMMAT associated with this IMU orientation
is found from Egq, (6,3, 18),

5.6.3.3.5 FEarth Pre-launch Alignment

Prior to earth launch the IMU Stable Member is aligned

to a local vertical axis system,

U, opg = UNIT (-r) (local vertical)

Uean = UNIT (A) where A is a horizontal vector

pointed at the desired launch azimuth angle,
Yysm = Yzsm < Exsm

The REFSMMAT associated with this IMU orientation
is given in Eq, (6,3, 16),
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5, 6, 4 STAR SELECTION ROUTINE

The Star Selection Routine is used by the IMU Realign-
ment Program (P-52) and the Back-Up IMU Realignment Program
(P-54) to select the best pair of stars in the viewing cone of the
sextant for fine alignment of the IMU. The logic diagram for this

routine is shown in Fig. 6. 4-1.

Each pair from the computer catalog of 37 stars is
tested to see if both stars are within a 78 degree viewing cone

centered with respect to the shaft drive axis of the sextant (SXT).

Afterwards, the routine checks to see if the angle of

separation between the stars is at least 30 degrees.

If a pair passes the above tests, a check is then made
to see if either star is occulted by the Sun, Earth, or Moon. The
sizes of the occultation cones about each of the three bodies are
such as to not only account for true occultation but to also pre-
vent the selection of stars too near the bodies because of visi-
bility problems., The directions and the associated occultation
cone sizes of the three bodies are actually computed by the sub-
routine LOCSAM (Section 5, 5. 13) which is called by the IMU
Realignment Programs just prior to calling the Star Selection

Routine,

The pair of stars passing the above tests and having
the largest angular separation is chosen by this routine. If the
routine is unable to find a satisfactory pair of stars after test-
ing all combinations, it is seen in Program P-52 of Section 4
that an Alarm Code is displayed, whereupon the astronaut may
either repeat the star selection process at a different spacecraft

attitude or select his own stars later,
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START

|

Set Flag

Select a pair

of stars

XIT

Stars in
viewing cone
0

EXIT

(Alarm Code dis -
played in P-52
or P-54)

Bither star occulted

Sun, Earth, or Moo

Reset Flag

!

Store pair with largest
separation and neglect
any previously stored

pair

Figure 6, 4-1 Star Selection Routine
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5.6,9 Ground Track Routine

This routine is used by the astronaut in near-earth or near-
moon orbit to obtain CSM or LM trajectory information, The astronaut
specifies a time (GET } and a vehicle {CSM or LM}, The routine uses
the Coasting Integration Routine (Section 5,2, 2) to extrapolate the de-
sired vehicle's state vector to the specified time, The resulting estimated
position vector is converted to latitude, longitude, altitude coordinates
by means of the Latitude-Longitude Subroutine (Section 5,5, 3}, and -
these data are displayed, Alfitude is defined with respect to the landing
site radius for lunar orbit, and the launch pad radius for earth orbit,

The astronaut can request the state vector extrapolation to continue in

ten minute steps, or to another specified time, and obtain additional
displays of the coordinates of points in the spacecraft's orbit, Alter-
natively, the astronaut can request a display of altitude (to 10 nm),
inertial velocity magnitude (to 1 ft/sec), and flight path angle (in degrees)

at an astronaut-specified time,

As an additional option, the astronaut may specify a longitude,
a base time (GET) and a vehicle (CSM or LM ), and request the computer
to solve for and display the time (GET) of the _f__i_r_s_t_crossing of the s
specified longitude by the vehicle after the base time, The Time-of-
Longitude Program, described in Section 5,5, 15, is used for these cal-

culations.
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5.6.6 S-BAND ANTENNA ROUTINE

The S-Band Antenna Routine (R -05) is used to
compute and display 2 angles y and p defined in Fig. 6.6-1.
Once the program is initiated by the astronaut the computer
will automatically update the display at a rate no greater
than once per second, depending on other computer activity.
This updating will continue until 3-Band Lock-on is achieved
and signaled to the CMC by the astronaut through the DSKY.
If the S-Band Routine is interrupted the display of y and p
will be stopped until the astronaut reinitiates the routine.

The accuracy associated with the computation and
display of v and p does not indicate the pointing accuracy of the
associated antenna alignment or the accuracy associated with the

antenna gimbal angles.

The angles shown in Fig, 6.6-1 are computed without
consideration of any consiraints imposed by the actual antenna
and therefore, if the present vehicle attitude results in antenna
angles beyond the gimbal limit, the CMC will not indicate that
the antenna line-of-sight cannot be pointed according to these angles.

The equations and logic flow used to compute y and p
are shown in Fig, 6.6-2. With reference to the first portion of
this figure, the program will automatically determine whether the
Basic Reference Coordinate System is earth or moon centered and

will compute the proper values of y and p for either case,
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v is defined as a positive rotation from the plus body
X axis about the CSM body Z axis. (0 < vy <360°)

p is defined as a positive rotation about the Y' axis.
Y' is an axis in the CSM body XY plane rotated from the CSM
Y body axis about the +Z axis direction an amount —y.(-900< p < 900)

LOS 1O
EARTH CENTER

N

Figure 6. 6-1 Definition of CSM S-Band Display Angles
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START :
CMC + Kepler Subroutine

: Section 5,5,0
ADVANCE oM to present time

R = vectorfrom CM to
Earth center

in _ vector from Earth Compute }zi_EMSectlon 5,5, 4
Ref. Y=EM center to Mooncenter
Cood. P =primary body indica- _ R=-(R +r )
tor (sec, 5.2,2.6) R - -1 — EM —CM
=7 cM l
R - [SMNB] [REFSMMAT] R R in CM body axes

proj. of R into
=z CM xy-plane

0°<. <180°

-1 b
p =cos " (Ug - yz)—n/Z Ay

p = 'pitch angle"
- 90°S p < 90°

Figure 6. 6-2 S-Band Angle Computations and Logic
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5.6,17 ADDITIONAL RENDEZVOUS DISPLAYS

During the final phases of rendezvous the following
four routines may be called by the astronaut for the purpose of
computing and displaying special quantities related to the ren-

dezvous geometry,

5.6,7.1 Range, Range Rate, Theta Display

Routine R-31 may be called upon to compute and dis-
play the range and range rate between the two vehicles and an

angle 8 shown in Fig, 6, 7-1.

The angle 6 represents the angle between the CSM
X-body axis and the local horizontal plane, It is defined in a
manner completely analogous to the definition of E in Section
5.4.2.2. Theta, therefore, can have values between ¢ and 3600,

esm

é

\

Y \‘\
/ LOCAL HORIZONTAL

Figure 6,7-1 Definition of Theta

(3]

The equations used to compute the display parameters

for R-31 are given below,

R=r; -Irc

up = UNIT (B_)
RANGE = !El (6.7.1)
RANGE RATE = (XL - -Y-C) *up (6.7.2)

To compute § the following vector is defined
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ENTER

No ot = oregen i
'LE_' pr‘esgnr time 1

Extrapolate CSM
permanent state vector
to t nsing Coasting
Integration Routine
(Bection 5,2, 2)

t = piptime

URFLA Yes

Set

Yes

Update LM
permanent state
vector to t
using Planetary
[nertial Routine
Section 5.5.2)

LM state updated
to t using
Planetary Inertial
Routine

Extrapulate LM
permanent state vector
to t using Coasting
Integration Routine

Extrapolate I.M
staie to t uging
Coasting Integration
Routine

Save LM & CSM

Save LM states in base location
state in base locatlon

Campute R, h, 2] I‘L‘

t = present time

Extrapolate LM basge
state to t using
Coasting Integration
Routine

Extrapolate CSM
base state to t
using Coasting
Integration Routine

“xtrapolate LM,
CSM stored base
states to t using
Kepler Subroutine
{Section 5.5, 5)

Update LM state
to t using Planetary
Inertial Routine

LM State.updated
to t using

Planetary Inertial

Routine

Figure 6,7-2 Range, Range Rate, 8
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1
0

uy = [REFSMMAT] = [NBSM]
0
where NBSM and REFSMMAT are defined in Section 5. 6. 3 and
U is a unit vector along the X-body axis expressed in basic re-
ference coordinates., The angle ¢ is then found as follows:

UNIT (_r"_c XXC)

\ E:
u LI
- _{=X =C
I i TR
r
C
- cos™d [ug .
8 = cos [EX up SGN(EP EXEC)] (6.7.3):.
<0;0=27r -0 ,

The three displays of R-31 are automatically updated

/

}l
untﬁl R-31 is terminated by the astronaut. The logic flow required
to accomplish this update is shown in Fig. 6.7-2.

5.6.7.2 Range, Range Rate, Phi Display
Routine R-34 may be initiated by the astronaut to

display the computed range and range rate between the two

vehicles as well as an angle ¢ shown in Fig, 6,7-3.

Xesm
LOCAL HORIZONTAL
s, % |
\\ ‘,': q RG] \

SXT LOS

[}

Figure 6,7-3 Definition of Phi
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The angle ¢ represents the angle between the SXT line
of sight and the local horizontal plane. It is determined in the

same way as 0 in Eq. (6. 7. 3) except that

, T
uy = [ REFSMMAT] [ NBSM] uyp

where Yy is the sextant line of sight in navigation base coordinates

as given in Section 5, 6. 3. 1. 2,

The three displays of R-34 are automatically updated

in a manner similar to the R-31 update,

5.6,7.3 Final Attitude Display

Routine R-63 may be used to compute and display the
gimbal angles required to point a specified spacecraft vector,
SCAXIS (as defined in Section 5.2.5.1),at the LM, After initiation
of this routine the state vectors of both vehicles are extrapolated
to the present time plus one minute. Based on these new state

vectors the required gimbal angles are computed and displayed.

There is no automatic display update, However, R-63
may easily be recycled to manually accomplish an update of the

display.

5.6,7.4 Out-of-Plane Rendezvous Display

Routine R-36 may be used during any phase of the
rendezvous sequence to provide information about the out-of -
plane position and velocity of the CSM relative to the LM orbital
plane and the out-cf-plane velocity of the LM relative to the CSM
‘orbital plane., These three quantities are computed for a given
time. The present time of ignition is automatically selected in

the absence of a time input by the astronaut,

The definition of the three quantities computed is given
by the following set of equations where oM YoM is the state
vector of the CSM and "Iy pr» ¥y gy 18 the state vector of the L.M.
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5.6.8 AUTOMATIC OPTICS POSITIONING ROUTINE

5.6.8.1 General

This routiie is used during alignment and navigation pro-
cedures io automatically point the optics in the direction of a speci-
fied tracking target to aid the astronaut in the acquisition of the

It is also used to provide optics shaft and trunniou rates

target.
The four target modes

from computed estimates of LOS rate.
available in this routine are as follows:

1} Star mode
2) LM mode
3) Landmark mode

4) Advanced ground track mode

The calculations in this routine are repeated approximately
every two seconds; positioning commands are issued provided the
optics mode switch is set to CMC. The rate aided optics feature is
available only to P-24 when the optics switch is set to MANUAL.

The routine consists of two subroutines, Line-of-Sight and
Command, Lett be the time (GET) at the beginning of a cycle and
let

t5=t+5t (6.8.1)

where 6t is a lead ferm to compensate for system lags, During the
first part of the cycle the desired line-of-sight vector at time td’

Ur os? is computed, The Command Subroutine then computes updated

values of the desired optics angles from the desired line-of -sight

vector, Y; ose and the current vehicle attitude, The entire procedure

is then repeated., A basic CMC routine drivesg the optics to the

orientation indicated by the desired angles.
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5. 6. 8. 2 Line-of-Sight Subroutine

5,6,8.2.1 Star Mode

This mode is used during IMU alignment procedures to

point the optics in the direction of a specified star. The desired

line-of-sight vector, Y1 .08’ is the specified unit star vector stored

in the CMC fixed memory. The optics may also be directed along

lines-of-sight for stars and celestial bodies whose unit position vec-

tors have been input via N88.

5.6.8,2.2 LM Mode

This mode is used during LM tracking phases to point the
optics in the direction of the LM. The Kepler Subroutine (Section
5. 5. 5) is used to compute o and r., the estimated conic position
vectcrs of the CSM and the LM, respectively, at time té. Then,

the desired line-of-sight vector is given by

Y o5 = UNIT (-I;L - EC) (6, 8. 2}

9. 6. 8.2.3 Landmark Mode

This mode is used during the orbit navigation phase to
point the optics in the direction of a landmark specified either by
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code number for a landing site, or by latitude, longitude, alti-

tude for a landmark whose coordinates are not stored in the CMC
memory. The Kepler Subroutine (Section 5. 5. 5) is used to compute
Ies the estimated conic position vector of the CSM at time ’c(5 .
Then, LR the estimated position of the landmark at time 1:6 is
computed by means of the Latitude -Longitude Subroutine (Section

3. 5. 3). Finally, the desired line-of-sight is given by

u

U o = UNIT (z, -

r) . (6. 8. 3)

5.6.8.2.4 Advanced Ground Track Mode

This mode is used during the lunar-orbit navigation phase
to aid in the surveillance, selection and tracking of possible landing
sites by driving the optics to the direction of a point on the ground
track of the CSM at a time slightly more than a specified number of
orbital revelutions from current time. ILet the specified revolution

number be N, and assume that N is no greater than four.

Let o be the estimated CSM position vector at time t.

The local vertical vector, u

Y at time { is given by

2Lv

= - UNIT (Ec) (6.8.4)
The desired line-of-sight vector, ELOS’iS determined such that lthe
angle between the vectors Y1 o5 and Yy is approximately 60°, Thus,
the astronaut can survey the advanced ground track of the CSM,and
select a landing site over which the CSM will pass in N orbital revo-
lutions plus about 1/2 (5 — N) minutes, After the astronaut selects
the landing site, he switches the optics mode to MANUAL in order to
obtain navigation data as described in Section 5. 2. 4. 1.
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The value of the angle between the vectors Y 0s and ur v
is chosen to be 60° in order to ensure that the astronaut will have
sufficient time to center the selected landing site in the field of view
of the optical instrument before the first navigation sighting should
be made. After about one minute of manual tracking, the angle be-
tween the line -of -sight to the selected landing site and the current
local vertical direction (not the vector P—LV) will be approximately
45°. At this time it is desirable for accurate tracking conditions
to have been attained, and for the MARK button to be pressed. Further
navigation sightings of the landing site should then continue. The
data obtained are processed by the Orbit Navigation Routine (Sec-
tion 5. 2. 4).

The desired line-of-sight vector, u; ~q, is computed by
first rotating the local vertical vector about the polar axis of
the moon to account for lunar rotation, and then rotating the
resulting vector about the normal to the CSM orbital plane to attain

the desired 60° angle, The computation sequence is as follows:

@ Call the Kepler Subroutine (Section 5, 5, 5) to de-
termine EC and Ve the estimated CSM conic

position and velocity vectors at time 1.

®

Y og = - UNIT (£C) (6. 8. 5)
@ Call the Planetary Inertial Orientation Subroutine
to transform the lunar polar vector (0, 0, 1) to the
Basic Reference Coordinate System, obtaining the

first rotation vector Up-
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®

©

Let the first rotation angle A be

A=A N (6. 8. 6)

where AM is the angle through which the moon ro-

tates in one nominal lunar-orbital period,

Rotate the vector Uy 05 about up through the angie
A by

Spos = (17 cos A) {up - uy o) up
(6.8.7)
+ U og €08 A+ ug X U1,08 sin A .
Compute the second rotation vector from
up = UNIT (v__C X EC) {6. 8. 8)
Let the second rotation angle be
A=y -aA (6.8.9)

Compute the final desired line-of-sight vector Ur o

by repeating Eq. (6. 8. 7)
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5.6.8.3 Command Subroutine

In this subroutine the line-of-sight vector, Ur o is
transformed to stable member ccordinates by means of

SaM T [REFSMMAT] Y1 08 (6.8, 10)

The desired optics trunnion ( precision) and shaft angles, TA
and SA, respectively, are computed as described in Section
5.6.3.1. 3.

5.,6,8.4 Rate-Aided Optics Subroutine

This subroutine is used to assist the astronaut in land-
mark tracking at low altitudes, where line-of-sight rates are
high. This is called only by the Rate-Aided Optics Tracking
Program (P-24). In this subroutine, shaft and trunnion rates
are supplied to the optics instead of shaft and trunnion angles.

For each cycle these rates are computed by

} (TRUNSF)
(6.8,11)

VSA = (S‘A‘NEW - SAOLD) ] ( SNEW ~ tGOLD) {SHAFTSF)

Vra * {TAypw - TAoLp) / tsnEw ~ f50LD

where: TANEW’ SANEW’ TAOLD’ SAOLD are the
desired shaft and trunnion angles computed in Section
5.6.8.3 during the present and previous cycle, respectively.
tﬁNEW’ tGOLD are the times computed in Eq. (8. 8.1)
for the present and previous cycles respectively.
TRUNSF and SHAFTSF are pad loaded scale factors

for computing drive rate.

At every Nth cycle (where N is an erasable integer) if
a new mark has been made and is valid (i. e., not rejected) the
routine will compute a new latitude, longitude and altitude for the
landmark to be used by the Landmark Line-of-Sight Routine {Section
5.6.8.2.3).
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This is done as follows:

@ Compute I~ the estimated conic position vector
of the CSM at the time of the navigation sighting
using the Kepler Subroutine (Section 5.5.5).

@ Obtain the latest valid navigation sighting (time,
three IMU angles and two optics angles), From
these angles compute the measured unit vector
Upg along the CSM-to-landmark line-of-sight in
the Basic Reference Coordinate System from Eq.
(2. 4.2).

Compute the estimated landmark position £E at
at the time of the sighting from Eg. (2.4, 10) using
(ry + landmark altitudeFinstead of (ro)z.

Use the Latitude-Longitude Subroutine (Section
5.5.3) to convert Iy to latitude, longitude and
altitude.

If no new mark has been made by the Nth cycle, the

update will be made after the next mark.

5.6.10 ORBITAL PARAMETER AND ENTRY DISPLAY
COMPUTATIONS

This section presents the CMC computations required

for the displays in the following routines and programs:

a) The Orbital Parameter Display Routine R-30, which
is callable by the astronaut via an extended verb,

b) The Splash Error Computation Subroutine DELRSPL
which is automatically called by R-30 when either the Earth
Orbital Injection Monitor Program P-11 or the CMC 1dling Program
P-00 is running.

¢} The Entry Preparation Program P-61 which
provides displays to initialize the EMS,

d) The CM/SM-Separation-and Pre-Entry-Maneuver
Program (P862) and the Eniry Ballistic Program (P-686), which
display IMU Gimbal Angles corresponding to current CM hyperscnic
trim attitude.
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e} The Entry Final Phase Program (P87} which dis-

plays current CM geographic location.

5.6.10.1 The Orbital Parameter Display Routine R-30

The Orbit Parameter Display Routine R-30 may be
called by the astronaut via an extended verb in order to compute
and display certain orbital parameters defined below. This
display will be automatically updated only when Average G is
running. Also the option to select the vehicle for which these
orbit parameters are to be displayed and the time of the state
vector to be used for these calculations will only be available

when Average G is not running.

In the normal case the apocenter altitude, pericenter
altitude and the time from a reference altitude (300, 000 ft, for
Earth orbit, 35,000 for Lunar orbit) is displayed, If the chosen
orbit does not intercept this altitude, the third display is -59R59,
Under certain circumstances explained in Section 4 an additional
display of time from pericenter may also be requested by the
astronaut, The details of each option and acceptable astronaut

responses are discussed in Section 4,

The computational logic and equations used in R-30
are shown in Fig. 6.10-1. The following is a list of important

parameter definitions which apply to these figures.

r

State vector of the selected vehicle
y

. , 0 Earth

P, Primary body designator {1 Moon
ha Apocenter altitude
hp Pericenter altitude
T p Earth launch pad radius
YLs . Lunar landing site radius
tff Time from a reference altitude
tPER .+ Time from pericenter
SPLERROR : See Section 5.6.10,2
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It may be added that tff and tPER represent the trans-
fer times between the specified state vector and the specified ter-
minal radius (to the reference altitude or to pericenter). How-
ever, if Average-G is not running, the transfer time is corrected
to account for the difference between the specified state vector

time and the present time,.

The TFF Subroutines, TFFCONIC, TFFRP/RA,
CALCTPER,and CALCTFF, which are called by R-30 to do the
mathematical computations, are described in Section 5. 6.10, 4,

The Splash Error Computation Subroutine DELRSPL
which is also called by R-30 if P-11 or P-00 is running is described in
Section 5, 6, 10, 2,

It should be noted that R-30 and DELRSPIL, use the
standard values of the gravitational constants., This is in
contradistinction to the "adjusted" values used in the TFF
subroutines for the computations involved in the P-61
displays, which are used for near earth trajectories,

It should be noted that the transfer times when
displayed on the DSKY are the negative of the calculated values,
as in count-down. - In the event that the present position lies
between perigee and terminal radius, a positive time representing
time since terminal point is displayed. When perigee is passed,
negative time to terminal radius is displayed once again.
However, for outbound hyperbolas or parabolas, positive time

since terminal point is displayed.
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ENTER

CSM

naut-spec

Precision integrate the CSM to
the present time or to an astro-

state vector (r, v)

ified GET obtaining a

Vehicle P
~

Yes

.M

_ i
recision integrate the LM 1o
the present time or to an astro-
naut-specified GET obtaining a

state vector (r, v)
v ¥
(Earthy 0 1 ( Moon )
Y
LT fLp LTTLS
romn - 900,000 it Fomy = 355000 Tt
i I —
(Call TFFCONIC Subroutine
Using r, v, NH, obtainr, a, p, b, v'*
Call TFFRP/RA Subroutine
Using @, p, obtain rp, r
h =9999,9 NM h =¢r -r
a a a L
b 2
h = -
hp p s L
v

Call CALCTPER using

r, r, r,

obtain tPER

v, @, P;NK

Call CALCTFF

R, r, T, v, a,

obtain tﬁ., X,

using
PN
Y

Figure 6.10-1
(page 1 of 2)
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Off

Yes

AverageG
outine
P-11
No
or P-00
pe running

Call DELRSPL using t, 1, ¥, v 2, R,
h',Nu, X, Y, LATgp, LONGg

Obtain SPLERROR (See Sec, 5,6,10,2)

keyed in during
Qperaticn of

keyed in during
operation of

Display
tPER

v

Display Display

h,h,t SPLERROR, h_,
a’> “p* ff p

o | v

tep

v

RETURN

Figure 6,10-1 Orbital Parameter Display Routine

{page 2 of 2)

Note: The values of tor and t PER 28 displayed on the DSKY are first corrected

for the difference between the state vector time and the present time

before being made to actually "count down'' every second, i,e., the DSKY

displays are automatically updated once a second, but only if Average-G

is not on.

This is not shown explicitly in the above figure.

*These blocks are indicative of use of routine. Tor complete
specification of DSKY interface, see Section 4 of GSOP,
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5.6.10.2 The Splash Error Computation Subroutine DELRSPI.

The Splash Error Computation Subroutine DELRSPL is
automatically called by the Orbital Parameter Digplay Routine R-30 if
(and only if) the Earth Orbital Injection Monitor Program P-11 or P-00 is

running.

DELRSPL provides an approximate indication of landing point
miss distance, SPLERROR. The error is computed as the difference
between an approximation to the range to be covered and the range to the
predicted target point. This assumes that all range components lie in the
same plane. The range to the predicted target point is the distance
between the present position and the target, as specified by the target
coordinates and an estimate of the time of impact. The flight time is the
sum of the conic free-fall time to 300, 000 ft altitude and an estimate of the
entry duration. The approximate range to be covered is the sum of the
conic free-fall range to 300,000 ft altitude and an estimate of the entry
range. However, if the conic path from the present position does not
intercept the 300, 000 ft altitude, or the vehicle's present location has
already passed below the intercept altitfude, then the miss distance is
defined and displayed as minus the range to the target. In both cases, the

sign convention is: negative ranges correspond to undershooting the target. s

DELRSPL uses the VGAMCALC and TFF/TRIG Subroutines
which are described in Section 5. 6.10.4. It also uses one of the
Latitude-~Longitude Subroutines described in Section 5.5. 3 for converting
a known latitude and longitude into a position vector, Further DELRSPL
uses the empirical formulas for the entry range and entry time given by
the AUGEKUGEL Subroutine.

The coefficient 3437, 7468 which is used twice in the DELRSPL
calculations is a conversion factor of the reentry calculations, and is
defined in Section 5. 7 of this GSOP. (It is called "ATK'" in that section.)*

The parameters LATSPL and LONGSPL

latitude and longitude of the splash point. These quantities are either

are the geodetic

pad loaded, uplinked, or entered via the DSKY by the astronaut.

It should be noted that the Earth Orbital Insertion Monitor
Program P-11 has automatic displays, which are not associated with
R-30 or DELRSPL. These are described in Earth Orbital Insertion

Monitor Program Section (5,3.5. 6).

:':See note on page 5.7-2. L
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tep T SPL
: (Gone past
b 300, 000 ft
¢ altitude)
Yes {Does not intercept
Call VGAMCALC i "ceb
300, 000 ft altitude)
r, Viz: rh’ h's ’\[’:
Obtain L
RANGE = ¢
Ver g

Call AUGEKUGEL
Ve '

Obtain

¢E,’ tp

l

Call TFF/TRIG
r, Iy, X, Y

Obtain
cog 6, sin 8

:

RANGE = ARCCOS (cos ) 3437, 7468 + qu

(n, m.)
l |

Figure 6,10-2 Splash Error Computation Subroutine

(page 1 of 2)

*See note on page 5. 7-2.
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ALT =20

T = (State Vectol." Time) - t|ff+ tE

|

Call LALOTORV,
LONG ALT, T

LA

Tsprs SPL’

Qbtain

YspL

l

SPLERROR = - ARCCOS (ESPL . _r_/r) 3437.7468 + RANGE

{n. m.)

Return SPLERROR

See note on page 5. 7-2.

Figure 6.10-2 Splash Error Computation Subroutine
(page 2 of 2)
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AUGEKUGEL START V., 7, v, - fps

Y. - deg
(‘De - nm
T - sec
(5]
Kl = 2400 + , 443(28000 - Ve)
Yes
\ 4
= -3.2 - .001222(24000 - V) e L€
A 4 h 4
K2 =1-,00105(28000 - Ve) K2 =2.4+, 000285(Ve -32000)
B
Ky
_minimum 2000 N
] P, of _—, NM ) | g—

~—P»n RETURN "Oe’ Te

Figure 6,10-3 Empirical Relations for Entry Range
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5.6,10,3 The Entry Preparation Program (P-61)

Displays

The following display computations are made in

Program P-61:
GMAX

VPRED

GAMMAEI

Maximum predicted deceleration
for entry at the nominal roll angle
(1./ D=0, 3),

Predicted inertial velocity at an
altitude of 400, 000 feet,

Predicted flight path angle between
the inertial velocity vector and the
local horizontal at an altitude of
400, 000 feet,

The altitude of 400, 000 feet is referenced to the Fischer ellipsoid,

and a two step iteration is made to calculate this radial length,

The following three display parameters are required

to initialize the Entry Monitor System, EMS:

RTGO

VIO

TTE

Range-to-go from the EMS altitude

to the predicted splash point,

Predicted inertial velocity at the

EMS altitude,

Time to go from the current time to the
EMS altitude (megative and decreasing).
TTE is decremented every two seconds

until 6,05 g is sensed,

The EMS altitude is measured above the Fischer ellipsocid and is

stored in erasable memory during the pre-launch erasable load.

(EMSALT)
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The principal computation required for these display
parameters is the conic calculation of time to a radius of specified
length, The intersection of a conic with an altitude above the
Fischer ellipsoid is a two step iteration. An initial calculation
is made using a guess of the radius length. The latitude of the
conic with this assumed length is then used to calculate the radius
of the Fischer ellipsoid. This is then used to calculate a second
radial length, and display quantities are referred to this second
radius. Additional iterations are not required to achieve the
necessary display accuracy.

The computation logic for the P-61 displays is
presented in Fig. 6, 10-4, These computations use the TFF
Subroutines which are described in Section 5. 6, 10, 4,

The earth gravitation constant used in these calculations
may be increased to recoghize missions under consideration that are
confined to low inclination angles from the equator where oblate earth

effects can be significant. * The drag loss in reaching the EMS point
(0. 05@Q) is also approximated for these display computations.

Besides the TFF Subroutine symbols {which are
defined in Section 5, 6. 10. 4), and the symbols which are defined
above, the following additional symbols are used in Fig, 6, 10-4:

THETA : The angle between the present position
and the initial target vector at the nominal
time of arrival, (This is a reentry variable-
See Section b, 7).

KTETA1 Time of flight constant = 1100

1< i

} ~ : State vector of the vehicle at the present time

*The choice of whether the spherical earth gravitational constant or

the adjusted constant is uscd depends on the value of the pad loaded
EMS altitude.
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first guess of the terminal radius
ToAD + 284, 643 feet

1!

= 21, 194, 545 feet

(since TpAp * 6,373,338 m = 20, 909, 902 ft)

Gravitational constant used with an
adjusted value that is 0.12% greater
than the standard value of the
gravitational constant, used if and
only if the EMS altitude is less than
a certain value.

Gravitational constant for spherical
earth,

5.6-56



| Call Entry itialization

!

l Resume URTO, UTR, RTE, URT

!

Is EMS altitude -290000 feet POS)

-*Yes ‘No

Spherical kg = P My =1.0012 ko

Earth

i Y
Call TFFCONIC, r, v, A/ul

Resume r, a, p, h’, (v')°, h'

!

{See Fig. 7.0-4)

Near
Earth

Call CALCTFF, rg, v, 1, v, @, b, Vi

Resume t, X, Y

Y

Call TFF/TRIG, r, rg. X, Y

Resume cos8, sin#

y

Call FISHCALC, r, v, h’, cos6, sin@

Resume g

!

Top = Tp + ,(,EMS altitude)

Call CALCTFF, rp, v, ¥, v, @, /iy

Resun_le ~tte1’ XY

i~

TTE = - t

‘

tel

Call TFF/TRIG, r, e X Y

Resume cos 0, sin 8

l

Call FISHCALC, r, v, h',cos 8, sin-8

r,
Resume T, Yop

Figure 6. 10-4 Display Calculations for P-61

(page 1 of 3)
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THETA = cos

"(URT - u_). CYCLES =0

w

URT =
THETA
CYCLES

WT = WIE (ttel +KTETAL THETA)

TRTO + UTR (cos WT-1) + RTE sin WT
cos ! (URT - W)’
CYCLES + 1

CYCLES = 27

No

o,

Revised
[J Added

RTGO = 3437,7468 THETA | *

(n.m,)
v

Call VGAMCALC, r, v/, vy, h', /i

Resume v,

T YT

v

VIO,= Vo - 1,510, 000/ (VT-yT)
g = I'p + 300, 000 feet

v

Call VGAMCALC, r, v'2, r

TJ

Resume Vs Yrp

v

VBAR * (vT - 36, 000)/ 20, 000 (in feet/sec.)
G MAX = 4 -6.05 -2.4 Vo, A o21+ 10
el e v
-°VBAR
G MAX = 0

Figure 6,10-4 Display Calculations for P-61

{page 2 of 3)

“See note on page 5.7-2.
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N/

v
rp ST + 400, 000 feet

h 4

Call CALCTFF, rp, T, T, ¥, @ p, Vi

Resume t, X, Y

l

Call TFF/TRIG, r,

rT, X, Y

Resume cos &, sin 6

l

Call FISHCALC, &1, v, h', cos 8, sin 8

Resume
F

\ 4
p = T + 400, 000 feet

v
Call VGAMCALC, r, v'2,

h', Nu

Yers 1

Resume VPRED, Y

l

GAMMAEI = -

:

Return TTE, VIO, RTGO, G MAX, VPRED, GAMMAEI 0
for display

T

Figure 6.10-4 Display Calculations for P-61
{page 3 of 3)

“See note on page b.7-2,
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5.6,10.4 ‘The TFF Subroutines

The TFF Subroutines are used to calculate various
conic parameters, such as the semi-latus rectum, the semi-
major axis, apocenter and pericenter radii, the iransfer time
from an initial or present position to specified terminal radii
(which may include apocenter and pericenter), the transfer
angle of such transfers, and the velocity magnitude and flight-
path angle at the terminal position., For the subroutines, the
terminal radius is defined to be on the inbound side of the tra-

jectory.

It should be noted that the transfer time displayed
on the DSKY is the negative of the calculated value, as in
count-down, when the present position approaches the terminal
radius. In the event that the present position lies between
terminal radiug and perigee, a positive time representing
time since terminal point is displayed. When perigee is passed,
negative time to terminal radius is displayed for ellipses. How-
ever, for outbound hyperbolas or parabolas, positive time since
terminal point is displayed.
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The TFFCONIC Subroutine (Fig. 6. 10~ 5 ) calculates
various conic parameters and stores them forshort-term use,
It also computes other intermediate quantities to avoid duplication

by following subroutines,

The TFFRP/RA Subroutine (Fig. 6.10~- 6 ) calculates
pericenter and apocenter radii for the general conic. For
hyperbolic or parabolic orbits, or for those elliptic orbits where
the apocenter radius exceeds the scaling, r, is set equal to
, which corresponds to the largest number expressible

Fa MAX
in the double precision CMC word.

The CALCTFF/CALCTPER Subroutine (Fig. 6.10-7 )
calculates the time of free-fall to a given radius or to pericenter
depending on the entry point to the subroutine, The subroutine
also calculates the quantity Y required by the TFF/TRIG routine
in its computation of the transfer angle, In the event that the
terminal radius does not lie on the present conic, t is set to
the largest time expressible in double precision, 228 -1
centiseconds, as a flag, After TFFCONIC has been called,
CALCTFF/CALCTPER may be calied as desired with different
terminal radii to obtain the various times of free fall to these

radii for the same conic.

The TFF/TRIG Subroutine (Fig, 6. 10~ 8 ) calculates
the sine and cesine of the transfer angle 6 from the initial
position vector to the terminal position vector. The computation
of the intermediate parameter Y is done during the appropriate
branch in CALCTFF/CALCTPER and saved temporarily. Thus
the caller of TFF/TRIG may make only one call for each call
to CALCTFF/CALCTPER.
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FISHCALC Subroutine (Fig, 6, 10- 9) calculates"
the sine of the geocentric latitude of the terminal position
vector, and then calls the Fischer Ellipsoid Radius Routine
(part of the Latitude~Longitude Subroutines of Section 5. 5. 3)
to obtain the radius of the Fischer ellipsoid, using Eq. (5. 3. 1).

VGAMCALC Subroutine (Fig. 6. 10-10) calculates
the velocity magnitude at the terminal position and the flight-path
angle relative to the local horizontal at the terminal position,
The user of the subroutine must supply the proper sign to the
flight-path angle.
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Nomenclature of the TFF Subroutines:

rorr,
v or ¥,
o

o

TFF

MAX

Present or initial state vector

Gravitational constant

Reciprocal of the semi-major axis of

conic {negative for hyperbolas)
Semi-latus rectum of conic
Eccentricity of conic

Pericenter radius

Apocenter radius

Terminal position radius

Velocity magnitude at terminal position

Flight-path angle relative to local
horizontal at the terminal position

Switch set to 0 or 1 according to

whether the transfer time is calculated

to the terminal position radius (CALCTFF)
or to the pericenter (CALCTPER)

Transfer angle

Radius of Fischer ellipsoid along the
terminal position unit vector

Conic transfer time from the present or

initial position to the terminal position
(CALCTFF) or to pericenter (CALCTPER)

The largest apocenter radius expressible

in the double precision CMC word at the

relevant scaling.
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ENTER

e, v, Vi
r = |rl
vt o= v/Nu
bt =rXxv
p =.I_1.l' }-ll
n =Np
(vl)z = X| . zr
« =2

!

Returnr, o, p, h', (v')z, h'

Figure 6. 10-5 TFFCONIC Subroutine
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& D
e=nMl -ap
r = 1+ e)
b p/(
No
Yes a=0

ra=(1+e)la —

Return rp, ra ¢——

Figure 6. 10-6 TFFRP/RA Subroutine
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CALCTFF CALCTPER
ENTER ENTER (r, = rp)"‘
Ty Tor Tge Voo @ Py Vi T Tor Tgo Voo o Nl
Stpp~d ETFF=1
(force pericenter
calculation)*
Conic does not )
intersectter-
minal radius
. Xh *
J
{Outbound) No AYes {Inbound)
f N4 !
Nth_QO ' . N=I‘h—r0
D=Cg-rje D =Q, +Q,

*Supplementary Information

Figure 6.10-7 CALCTFF/CALCTPER Subroutine (page 1 of 2)

5,6-~66

{Highly circular, or
ry and rg are peri-
center and apocentey]
or vice-versa, or
other singularity)*

Yes @ No
Hyperbolic or
parabolic trajec,

*




T(X)

o =

Z = N/D 1/Z = D/N r
Y = pzlzl Y = aBsgn(Q0+_o_)
X = az? X = 1/e z2
' =zfr,+r -222T )] |T
0" *h
2(XT(X) - 1)]
- QT
0" ST
A J
H t=228-1)
csec
2 .3
X ,X°_X
gt gt
Figure 6. 10-

7 CALCTFF/ CALCTPER Subroutine
(page 2 of 2)
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ENTER

r, r

h’

h 4

cog 8=1-2 |Y1l[rrh(1+x)]

sin 6 = sgn(Y) N1 - (cos (:?)2

l

Return cos 8, sin 8

Figure 6.10-8 TFF/TRIG Subroutine
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r, v, h', cos 8, sin 0

h 4

—h!

Yh

UNIT (r)

1

UNIT (h')

=u, cos 6+ V(Erx (»Eh,)) sin 6

l

SINL

Unit vector of Earth's North Pole
in the Basic Reference Coordinate

Figure 6.10-9

System

YWh' Uz
Call GETERAD, SINL

Resume rF

Return r

Fr Yrp
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ENTER

|

r, (V')2, r

:

e B No

v'h = 'J(V')z + 2 (r - rh)/(r r'h)

vg = ARCCOS (h'/rh v’h)
vy = N vl
Return Vi ’YE

Figure 6,10-10 VGAMCALC

5.6~T70

Subroutine



5.6,10,5 Equations Used inCalculating the Conic Time of

Flight

The time of flight along any conic trajectory
proceeding from an arbitrary radius Iy in the.direction of
velocity Vogtoa radius of specified length N is provided by
Kepler's equation, The following formulation, while not
quite universal, is explicit and direct. With a single equation,
time of flight can be calculated for conic paths that are
hyperbolic or parabolic and for those elliptic paths having
AEL < 90°. An alternate equation is needed for the elliptic
paths having [AE] > 90°, Highly circular orbits are excluded
by the constraint of length for the terminal radius. In the
abgence of a vector direction, highly circular cases are not

treated.

The two conic parameters that appear in the time

of flight equations are given by:

Angular momentum: H-= Iy X Yo
. H-H
Semi-latus rectum: p = F—= (6,10, 1)
1]
. . . v v
reciprocal semi-major . 2 _—0--0
axis: @ —r—a In

The equation for reciprocal semi-major axis ¢ has the usual
sign convention: « is negative for hyperbolic orbits, zero for

parabolic orbits, and positive for elliptic orbits.
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Two intermediate quantities, given in two useful
equivalent forms, are:

5y XUNE

H

Q= Sgn(z"o)'\frow—aro)—p
(6.10, 2)

Qh = sgn (fh) N ry (2 -« rh) -p }“_h" Xh/\/;

It is these quantities that exclude highly circular orbits, since
being proportional to radial velocity they become uselessly
gsmall. For TFF application to reentry, I is on the returning
side, so the sign of :'rh is chosen as negative. Excepting
ellipses for which |AE] > 900, the conic time of flight is
given by

t= @D ey + 1, - 2 2° T () (6. 10. 3)

where 7 is the obtained by one of the following:

if QO and Qh have opposite signs:

Z=1{Q, - Q2 - a(rg+ 1)) (6.10. 4a)

if QO and Q, have like signs:

Z = (rh - ro)l(Qh + QO) (6. 10, 4b})
and where if
ezl<1.0
then
2
X=aZ (6.10, 5a)
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For those elliptic cases having | AE] > 90°,

then

and

X =1/l 2% (6.10. 5b)

The conic time of flight is given by

1 T
t= T -Q v Qat
aNE | \Ne h =0

2_95_“-_‘_99._'_1_) {6.10. 6)
o Z

The function T (X) is defined by the series

2 3
:\f&“—arctan(\f}_{) H0<X<1
XX (6.10.7)
_ _N-X - arctanh (N=X) X <0

X NTX

The equations (6. 10. 4) are equivalent, except that each has
a point of indeterminancy. The selection used in Eq. (6.10. 4) ex-
cludes the indeterminant point of each from the region of application.
The geometric significance of opposite signs for the Q's is that To
and ry lie on opposite sides of the conic axis of symmetry. For like
signs, the radii lie on the same side. In application to spacecraft
landing, r"h is negative and Eq. (4a) applies to outbound trajectories
while Eq. (4b) to inbound cnes.
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The choice of Eq. (6. 10. 3) or Eq. (6. 10. 6) depends
on whether o Z2 is less than or greater than one., Since both
Eq. (6. 10, 3} and Eq, (6, 10. 6} reduce to the same form when
X = 1.0, the division made above is arbitrary. Equation (6.10. 3)
gives both positive and negative values, indicating time to
terminal point, and time since terminal point passage., A
positive value, time to terminal point, is always provided
for the ellipse by replacing negative t by 2r/aNon + t.
Equation (6. 10, 6) yields positive values only.

The time of flight equations are exact and involve
approximations only to the extent that the function T (X) is
represented by a polynomial. Furthermore, Eq. (8. 10, 3) is
continuous as the conic changes from hyperbolic to elliptic.
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5.6.10, 8 Desired Gimbal Angle Display for Entry
Attitude used during P62 and P66

In the CM/SM Separation and Pre-Eniry Maneuver Program
(P62) and in the Entry Ballistic Program (P68), the desired IMU
Gimbal Angles corresponding to entry attitude (hypersonic trim with
respect to the computed wind axis) at the present time are calculated

and may be displayed.

The calculations are shown in Figure 6,10-11, The

following nomenclature is used;

KWE : Equatorial Earth Rate = 1546, 70168 ft/sec, (this
is a reentry constant - See Section 5,7),

Yy : Unit vector of Earth's North Pole direction, left by
pad load,

UXA The trajectory triad computed each two seconds

UYA : in reference coordinates by CM / POSE (part of

UzZA the DAP calculations).

UXD Desired body triad for frimmed flight with respect

UuYypD : to the relative velocity vector, using roll command

UZzD _ and trim angle of attack,

OGA : Outer Gimbal Angle - Roll

1GA : Inmer Gimbal Angle - Piich

MGA : Middle Gimbal Angle - Yaw

ROLLC Commanded Rcll Angle

a, : Hypersonic Trim Angle of Attack for CM, stored in

erasable memory during the prelaunch memory load.
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ENTER

|

UYA cos (ROLLC} + U ZA sin (ROLLC)

e
!
u

[ast

ol
o
u

UNIT (UYD X UXA) sin a,

+ UXA cos @y

:

UZD = UXD X UYD

XNB = UXD
YNB=UYD
ZNB = UZD

l

Store REFSMMAT in
XSM, YSM, ZSM

!

Call CALCGA

Resume OGA, IGA, MGA

where:

UXA = - UNIT (V +KWE (UNIT (r) X ug)

"

UYA = - UNIT (UXA X UNIT (r))

UZA = (UXA X UYA)

Figure 6.10-11 Calculation of Gimbal Angles
Corresponding to Entry Attitude
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5.6.10.7 Entry Terminal Display of CM Geographic Location

During the Entry Final Phase Program (P67) after the
relative wind velocity becomes less than VQUIT (1000 fps), the
Entry guidance ceases to compute a new roll command for spe-
cifying the CM lift vector direction. Instead the current value
is kept constant and the DAP continues attitude control for the
remainder of the flight, The guidance mode SELECTOR is
changed to compute the CM geographic coordinates for display

to the crew.
The computation is as follows:

Call LATITUDE-LONGITUDE Subroutine (Section
5,5, 3) with the parameters as defined there

having the following values:

r = Average G position vector
t = time of position vector
P=20
F=20

Obtain
L.at = present geodetic latitude

Long = present longitude

8.6.11 LGC INITIALIZATION

The LGC initialization procedure prior to LM sepa-
ration is a manual operation which does not involve a numbered
CMC program, After the LLGC is activated the first requirement
is to synchronize the I.GC clock with that of the CMC, This is
a count-down and mark procedure described in R-33, CMC/LGC
Clock Synchronization Routine of Section 4, to obtain an average
clock difference which is then used to increment the LGC clock,
The CMC and L.GC clock synchronization can also be checked by
the Mission Ground Control Center using telemetry down-link

data, which can provide a more precise difference to increment

the L.GC clock,
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Next, the following parameters are voice-linked from e
the CSM or uplinked from the earth to the LM to be entered into

the LGC:

1) e CSM position vector

2) Yo CSM velocity vector

3) tc CSM state vector time

4) s lunar landing site vector in
moon-fixed coordinates

5) 1:0 : time difference between zero GET
and July 1.0,1971 universal time,

6) P : planet identifier

All of the above parameters are in octal, and all are double
precision except item 5, to, which is triple precision and item
6, PC’ which is one bit, In the lunar landing mission the above
items 1 through 4 are normally determined by the CMC Orbit
Navigation Program P-22,

5.6.12 CMC IDLING PROGRAM

This program is used to maintain the CMC in a state of readiness
for entry into any other program., While the idling program is in operation,
the Coasting Integration Routine (Section 9,2,2) is used to advance the
estimated CSM state vector (and the estimated LM state vector when the
LM is not on the surface of the moon) to approximately current time, This
procedure has the lowest priority of all programs, and is performed only
when no other program is active, This periodic state vector extrapolation
is not necessary from a theoretical point of view, but does have two
practical purposes, First, it is advisable to maintain current (or at least
nearly current) state vector estimates in case an emergency situation
arises. Second, a significant amount of computation time is transferred
from a period of high computer activity (navigation measurement proces-
sing, targeting, etc,) to a period of low activity,
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The state vectors of both vehicles are extrapolafed even if the
vehicles are attached, There exists a special DSKY verb by means of which
the LM state vector is made equal to the CSM state vector. This verb is
used in conjunction with the LM/CSM separation maneuver in order fo
properly initialize the LM state vector, The use of this verb is followed
by astronaut selection of the Target AV Program (Section 5. 6. 14) to

incorporate the LM separation maneuver AV.

In order to use the Coasting Integration Routine in an efficient
manner, the maximum value for the integration time step, Atmax’ is
computed as described in Section 5,2.2,5, The value of Atmax is a
function of radial distance and varies from step to step. Let tC be the
time associated with the estimated CSM state vector and tl be the

current time, The estimated CSM state vector is extrapolated ahead when

>
b7t 44t ¢ (6.12,1)
The integration is terminated when At max is more than the integration
time-to-go. In this manner no extra and smaller-than-maximum inte-
gration time steps are performed, and the periodic integration is ac-
complished most efficiently.

The estimated LM state vector (if applicable) is then ex-
trapolated to the CSM gtate vector time.

The error transition matrix W (see Section 5,2.2.4) is
extrapolated with the estimated CSM (LM ) state vector if ORBWFLAG
(RENDWFLG ) indicates that the W matrix is valid, ORBWFLAG is
defined in Sections 5,2,4,5 and 5,2,6,4, and RENDWFLG in Section
5.2.5,2,

The logic for the periodic state vector extrapolation is
illustrated in Fig, 6,12-1, The variables D and V are indicators
which control the Coasting Integration Routine, The quantities X
and X, are the estimated CSM and LM state vectors, respectively,
and x is a temporary state vector used for integration, Refer to
Section 5,2,2.6 for precise definitions of these items, The switch
SURFFLAG indicates whether or not the LM is on the surface of the
moon, This flag is set to one (zero) by means of a special DSKY verb by

the astronaut when he receives voice confirmation that the LM has
landed on (lifted off from) the lunar surface.
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As shown in the figure, time synchronization of the two
state vectors is achieved and maintained by this program, The
purpose of the state vector synchronization is to guarantee correct
W matrix extrapoclation during rendezvous navigation,

in order to permit correction of wrong erasable memory
parameters which have caused or could cause an invalid and
excessively lengthy integration process to begin, there is an
emergency special DSKY verb to terminate or inhibit the Coasting

Integration Routine. This special verb causes the following to occur:

1. If the Coasting Integration Routine is in operation, it
is terminated at the end of the current time step,

2. .The current program is terminated.
3. The CMC Idling Program (P-00) is activated.

4. The P-00 state vector test is bypassed so that no state

vector integration test occurs until P-00 is i-eselected,

Note that this operation does not maintain state vector synchronization
and can, therefore, cause incorrect W matrix extrapolation in

rendezvous navigation, ' R
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L

ENTER

linhibit Selection of New Program* M

* *except P-27

o+
i
o+

5]

ax

Compute Atm

Wait Ten Minutes

Ix <
l

A

Allow Selection of New Prograr]

i)

Compute Atmax

Extrapoclate CSM State
Vector (and W Matrix
if D = 6) One Time

Step to Time t + Atm

ax

D=8 D=0 29

' 4

=X

Extrapolate LM State Vector (and W
Matrix if D = 6) to time tp Using
Coasting Integration Routine (Sec. 5. 2. 2)

Figure 6,12~1 CMC Idling Program State Vector Extrapolation Logic Diagram
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5.6.13 IMU COMPENSATION

The IMU Compensation is designed to compensate for

PIPA bias and scale factor error and at the same time accumulate

gyro torquing commands necessary to compensate for the as-
sociated bias and acceleration caused gyro drifts. The correc-
tion to the PIPA's is

PIPAC = (1 + SFEI) PIPAI - BIASI At
where
PIPAC is the compensated data for the Ith PIPA
denoted PIPAXC, PIPAYC, PIPAZC
SF - SFno m 5
SFE = — . 22 (erasable load™)
. SFnom

SF = Scale-factor C—M&C—

Pulse

h

BIAS, is the bias for the 1™ pIpA (anerasable load)

The compensated data is then used to compute the
IRIG torquing necessary to cancel the NBD, ADIA, and ADSRA

gyro coefficients, The computations are

XIRIG = -ADIAX PIPAXC + ADSRAX PIPAYC - NBDX At
YIRIG = -ADIAY PIPAYC + ADSRAY PIPAZC - NBDY At
ZIRIG = -ADIAZ PIPAZC - ADSRAZ PIPAYC + NBDZ At

*The term "erasable load' refers to data entered

into CMC erasable memory just prior te launch.

5,6-82



where

XIRIG, YIRIG, ZIRIG are gyrodrift compensation
NBDX, NBDY, NBDZ are gyro bias drifts (anerasableload)

ADSRAX, ADSRAY, ADSRAZ are gyrodrifts due to ac-

celeration in spin reference axis (anerasable load)

ADIAX, ADIAY, ADIAZ are gyrodrifis due to acceleration

in the input axis (an erasable load)

When the magnitude of any IRIG command exceeds two

pulses, the commands are sent to the gyros.

During free-fall only the NBDX, NBDY, NBDZ are
the relevant coefficients and the routine is so ordered that only

these terms are calculated for the gyro compensation.
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5.6,14 AV Programs

The purpose of the Target AV Program {P'76) is to update the estimated
LM state vector in accordance with the maneuver AV which is voice-linked to the
CSM from the LM and then entered into the CMC as described in Section 5. 2. 1.

The purpose of the Impulsive AV Program (P77) is to update the estimated
CSM state vector after the execution of a thrusting CSM-maneuver not monitored by
the GNCS.

The logic for these programs is shown in Fig. 8.14-1. In the figure, AV
is the vehicle velocity change, expressed in that vehicle's local vertical coordinate

system; andt is the time of the maneuver,

AV
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Figure 6. 14-1,

Revised
[ Added

START

Inhibit Rendezvous Navigation

Data Processing

Inhibit Other Program
Selection via V37

Y

Extrapolate vehicle State Vector to

Time tAV using Coasting Integration

Routine (Section 5.2.2)

v

Rectify vehicle State Vector '
s 1t

(Fig, 2.2-3) Obtaining r ., AV

v
n- —con

s = - UNIT (r )
g = UNIT (Xcon X —Ilcon)
Y T
%o
T = VT + AVT u
— con -— con — -1
T
Yy

Extrapolate vehicle State Vector to original
CSM State Vector Time using Coasting

Integration Routine

Y

Rectify vehicle State Vector

(Fig. 2,2-3) Obtaining r » v » tay

v
Allow QOther Program
Selection via V37

\

EXIT

AV Programs: Target AV (P76), and Impulsive AV (P77).
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5.6.16 RMS POSITION AND VELOCITY ERROR DISPLAY

In order to provide the capability for astronaut monitoring
of the G & N system's estimate of state vector accuracy, there
exists a special DSKY verb which causes the RNS position and
velocity errors to be computed from the W matrix and to be
displayed, Based upon the values in this display and the details
of the particular mission, the astronaut will elect to stop the
navigation that is in progress, to resume or continue with the
current navigation procedure, or to reinitialize the W matrix
and continue navigating, The capability of selecting the W matrix

initialization parameters is also included in this process,

The logic for the RMS position error (ArRMS) and
RMS velocity error (AVRMS) display is illustrated in Fig, 6,16-1,
The vectors w, are partitions of the W matrix as defined in

26 . .
Eq. (2.2, ) of Section 5,2,2,4, The variables Wopr W wﬂr”
Wp s W , and w are W matrix initialization parameters, and

v’ "mr mv :

RENDWFLG and ORBWFLAG are the W matrix validity flags,
See Sections 5,2, 5,2, 5,2.4.5, and 5, 2, 6. 4 for further definitions

and usage of these terms.
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ENTER

'

Wait Until W Matrix Available

Astronatt No
> Overwrite> ™ EXIT

Wy = A'pMS

We © AVRMS
ORBWFLAG =
RENDWFLG = 0

rr

v

1 Code .3
Y
r WEP ) WI‘ er N Wy
wﬂV - WV Wmv - Wv

‘

o EXIT %

Figure 6.16-1 RMS Position and Velocity Error Display Logic Diagram
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5.6.17 Rate-Aided Optics Tracking Program (P-24)

This program is used by the astronaut to assist him
in tracking and marking on a landmark, especially at low altitudes.
The program uses the Coasting Integration Routine (Section 5. 2. 2)
to extrapolate the CSM's state vector to the present time. The
astronaut then specifies the latitude, longitude and altitude of
the desired landmark. The program then calls the Rate-Aided
Optics Subroutine (Section 5. 6. 8. 4) of the Automatic Optics
Positioning Routine to assist him: in tracking the landmark. This
routine will supply a rate to the optics with the OPTICS MODE
switch in MANUAL. While in this mode, the astronaut has the
capability of taking an unlimited number of gighting marks on the

landmark.
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5.7 ENTRY GUIDANCE

The entry guidance is used for control of the CM entry
vehicle and is described by the logic flow charts in Fig. 7.0-1 thru
Fig. 7.0-16. A detailed description of the guidance and steering
concept is presented in MIT/IL Report.R-532, "Reentry Guidance
for Apollo, " R. Morth, January 1966. »

Figure T7.0-0 illustrates the overall picture of opera-
tions during entry. Each block in Fig, 7.0-0 is described in
detail in following figures, Figure 7.0-1 defines the symbols
which represent computed variables stored in erasable memory,
The display nouns, together with cross-reference informati.oh
are tabulated in Fig, 7.0-2, The values and definitions of con-

stants are given in Fig. 7.0-3.

00000000

The initialization routine shown in Fig, 7.0-4 is
entered only once at the start of entry. Besides setting the ap-
propriate variables to their initial values, this routirlle presets
the variable SELECTOR to INITROLL,

Every pass through the entry equations (done once
every 2 seconds ) is begun with the section called navigation
{ see Fig, 7.0-5) and is the same as that presented in Section 5. 3. 2.
This integrates to determine the vehicle's new position and velocity
vectors. This navigation routine is started prior to encountering
the entry interface at 400, 000 feet altitude, and is continuocusly

operated from that time to landing.

Next, the targeting section updates the desired landing
site position vector and computes some guantities based on the
vehicle's position and velocity and the position of the landing site,
{See Fig, 7.0-6),
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The mbde selector chooses the next sequence of cal-
culations depending upon the phase of entry trajectory that is
currently being flown. The initial roll section maintains whatever
roll angle was previously selected in the initialization routine

and decides when to start the next phase, as shown in Fig, '7. 0-7.

The next phase maintains a constant drag trajectory
while testing to see if it i1s time to enter the up-control phase,
The testing is presented in Figs. 7.0-8 and 7.0-8, The constant
drag equations are given in Fig, 7,0-10. The other phases
(up-control, ballistic, and final) are listed in Figs. 7.0-11,
7.0-12, and 7.0-13. (See Fig, 7.0-0.) The final phase is
accomplished by a stored reference trajectory with linear inter-
polation between the stored points, Its characteristics as well
as the steering gains are stored as shown in Fig. 7.0-14. The
routine that prevents excessive acceleraiion build-up (G-limiter)
is given in Fig. 7.0-15. Finally, the section that does the lateral
logic calculations and computes the commanded roll angle is

shown in Fig. 7.0-16.

The display nouns, together with cross-reference
information are tabulated in Fig. 7.0-2. Those parameters

that are computed for display purposes only during the entry

2500000000000
k

phase are presented in Section 5. 6. 10.

For descriptive material about the interaction of
Entry Guidance with the Entry DAP and with the mission control
programs P61 - P67, see Section 3,

PINBALL {DSKY Display) NOTE: Inthe CMC, range is measured

along a great circle and is expressed in revolutions for nouns 50,

63, 684, 66, and 67. (Noun 50, splash error, is discussed in
5.8.10.2; the other nouns are defined in Fig. 7.0-2 .) The DSKY
display of the range components of these nouns uses the PINBALL
scale factor 3441.327214 n.mi. /rad. The conventional scaling is
ATK of Fig. 7.0-3, corresponding to 60 n.mi. = 1 deg of arc,

Since the flowcharts are drawn in terms of nautical miles, the DSKY-
displayed range is larger than the flowchart range value by the

factor 1. 001041507,
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Fig. 7.0-0. Entry Computation
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¥-L'S

VARTABLE

AO
AHOOKDY
Al

ALP
ASKEP
ASP1
ASPUP
ASP3
ASPDWN
ASP
cos6

D

Do
DHOOK
DIFF
DIFFOLD
DLEWD
DR
DREFR( )
DV

€

FL{ )
Fz2( )
F3{ )

DESCRIPTION

INITIAL TARGET

UNIT VECTOR TRUE NORTH IN BASIC

REFERENCE COQORD
VELOCITY VECTOR

POSITION VECTOR
INERTIAL VELOCE
VECTOR EAST AT

NORMAL TO RTE A

TARGET VECTOR

UNIT NORMAL TO TRAJECTORY PLANE

INTEGRATED ACCE

GRAVITY VECTOR

INITIAL DRAG FO
TERM TN GAMMAL

VECTOR

INATE SYSTEM

TY

INITIAL TARGET

-

ND UZ

L. FROM PIPAS

R UPCONTRL

CALC. = AHOOK DVL
DRAG VALUE IN FACTOR CALCULATION

CONST FOR UPCONTRL

KEPLER RANGE

FINAL PHASE RANGE

UP -RANGE

GAMMA CORRECTION

RANGE DOWN TO P
PREDICTED RANGE
COSINE{ GAMMAL)
TOTAL ACCELERAT
CONTROLLED CONS
TERM TN GAMMAL
THETA ATK-ASP
PREVIOUS VALUE
CHANGE IN LEWD
REFERENCE DRAG
REFERENCE DRAG
VS1-vL
ECCENTRICITY

ORANGE/D ORAG (FINAL PHASE TABLE)
DRANGE/D RDOT { FINAL PHASE TABLE}
(FINAL PHASE TABLE)

ORANGE/D (L/D}

UL -up

I1ON
TANT O
COMPUTATION

{RANGE DIFFERENCE}

OF DIFF

FOR DOWNCONTROL

{ FINAL PHASE TABLE)

Figure 7.0-1 Computer Variables

MAX [ MUM VALUE =*

2 (UNIT VECTCR)
1

2 vsaT

2 EXP 29 METERS
128 M/CENTISEC
2

2

2

2

5.85 16384 CM/S

128 M/CENTISEC

805 FPSS

8

805 FPSS

1

21600 NM
21600 NM
21600 NM
21600 NM
21600 NM
21600 NM

2

805 FPSS
805 FPSS
805 FPSS
21600 NM
21600 NM
1

805 FPSS
805 FPSS

2 VSAT

4

27007805
2700/2VS NM/FPS
2700 NM

COMPUTER NAME
= RTINIT

= UNITHW

= VEL

= RN

= VN

= RTEAST

= RTNORM

= RT

= GDT/2
FPSS=FT/SEC/SEL

NM = NAUTICAL MILE

NOT STCRED
= C0sG/2

NOT STORED
NOT SAVED

NOT STORED

FX +5

FX +4 /8

= FXx

* MAXTMUM VALUE DENOTES UNSCALED
VARTABLE VALUE WHEN SCALED
VARTABLE HAS MAXIMUM VALUE OF ONE,



G-1°6

VARIABLE

DESCRIPTION -

FACT1
FACT2
FACTOR
GAMMAL
GAMMALL
HEADSUP
KA

KLAT
K2ROLL
LAD
LADPAD
LATANG
LAT{SPL)
LNG( SPL)
LER
LEWD

LOD
LODPAD
L/D

L/D1
L/DCMINR
PREDANGL
02

07

RDOT
ROOTREF
RDODTREF(
RDTR
ROLLC
RTOGOL )
SL '
T

THETA

v

vl

VL

VMAGI
VREF
YREF({ )
vS1

VBARS

vso
WT

X
Y

)

CONST FOR UPCONTR
CONST FOR UPCONTR
USED IN UPCONTRL
ELIGHT PATH ANGLE
SIMPLE FORM OF Ga
INDICATOR FOR IN]
DRAG TO LIFT UP I
LATERAL SWITCH GA
INDICATOR FOR ROL
MAX L/D (MIN ACTU
NOMINAL VEHICLE L
LATERAL RANGE
GEODETIC LATITUDE

L
L

AT VL

MMAL

TIAL ROLL

F DOWN

IN i

L SWITCH

AL VEHICLE L/D)
/Dy SP PAD LOAD

OF TARGET

LONGITUDE CGF TARGET

EXCESS C.F. OVER

GRAV=(VYSO-1)GS

UPCONTROL REFERENCE L/O

FINAL PHASE L/D
FINAL PHASE L/D»

SP PAD LOGAD

DESIRED LIFT TO DRAG RATIO

{VERTICAL PLANE}
TEMP STORAGE FOR
LAD COS{15DEG)
PREDICTED RANGE
FINAL PHASE RANGE
MINIMUM DRAG FOR
ALTITUDE RATE

L/D IN LATERAL

{ FINAL PHASE)

UPCONTROL

REFERENCE RDOYT FOR UPCONTROL

REFERENCE RDOT (FINAL PHASE TABLE)

REFERENCE RDOT FOR DOWNCONT

ROLL COMMAND
RANGE TO GO

SINE OF LATITUDE

TIME

DESIRED RANGE (RA

{FINAL PHASE TABLE)

DIANS)

VELOCITY MAGNITUDE

INITIAL VELOCITY
EXIT VELCCEITY FOR
INERTIAL VELOCITY

FOR UPCONTROL
UPCONTROL
MAGNITUDE, tVI|

REFERENCE VELOCITY FOR 'UPCONTROL

REFERENCE V

(FINAL PHASE TABLE)

VSAT OR Vi, WHICHEVER IS SMALLER

2 2
VL /VSAT

NORMALTSED VEL. SQUARED = Vv /VSAT

EARTH RATE TIMES

INTERMEDIATE VARIABLE IN G-LIMITER

LATERAL MISS LIMI

2

TIME

T

MAXTMUM VALUE

2 VSAT

1/805 FPSS

1

1 RADIAN

1 RADIAN

1

805 FPSS

1 {NOM

1 .
1 { NOM
4 RANIANS

1 REVOLUTION

1 REVOLUTION

128.8 FPSS

1

{NDM

bt

1

1 (NOM
2700 NM
21600 NM
B05 FPSS

2 VSAT

VSAT

VSAT

VSAT
REVOLUTION
700 NM

28 CENTISEC
P1 RADIANS
VSAT

VSAT

2 VSAT

128 M/CENTISEC
2 VSAT

2 VSAT

2 VSAT

2
2
4
1
2
1
B
2
2
2

4

S

REVOLUTION

2 VSAT
RADIANS

+

Figure 7,0-1a Computer Variables (Continued)

COMPUTER NAME

KAT

.0125)

0.18)

0.2895)

U on

PREDANG

FX +3 /8
NOT SAVED

FX +2

NOT SAVED
PIPTIME-~TIME/RTO
THETAH

NOT STORED

VSQUARE

NOT SAVED

WIE (DTEARQT)
NOT SAVED
NOT SAVED
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EXTRA COMPUTER ERASABLE LOCAYIONS NOT SHOWN ON FLOW CHARTS

VARTABLE

GOTOADDR

XPIPBUF
YPIPBUF
ZPIPBUF
PIPCTR

JJ

MM

GRAD

FX
X
FX
FX
FX
FX +

TEM1B
TIME/RTO
DTEAROT

+ o+ 4+
U N

UNITV

UNITR
-VREL
COMPUTER

GONEPAST
RELVEL SW
EGSW
NOSWITCH
HIND
INRLSW
LATSW
+05GSW

GONEBY

Figure 7.0-1b Computer Variables (Continued)

DESCRIPTION

ADDRESS SELECTED BY SEQUENCER
BUFFER TO STORE X PIPA COUNTS
BUFFER TO STORE Y PIPA COUNTS
BUFFER TO STORE 2 PIPA COUNTS

COUNTS PASSES THRYU PIPA READ ROUTINE

INDEX IN FINAL PHASE TABLE LOOK-UP
INDEX IN FINAL PHASE TABLE LOOK-UP
INTERPOLATION FACTODR [N FINAL PHASE

DRANGE/D L/D = F3

AREF

RTOGO

RDOTREF

DRANGE/D RDOT = F2
ORANGE/D DRAG = F1

TEMPORARY L OCATIGN

TIME OF INITIAL TARGET RTINIT
EST TIME BETWEEN RTINIT AND RT
UNIT VvV VECTOR

UNIT R VECTOR

NEGATIVE VELDCITY REL TO ATMOSP

SWITCHES

INDICATES OVERSHOOT OF TARGET
RELATIVE VELOCITY SWITCH

FINAL PHASE SWITCH

INHIBIT LATERAL SWITCH

INDICATES ITERATION IN HUNTEST
INDICATES INIT ROLL ATTITUDE SET

INHIBIT DOWNLIFT SWITCH IF NOT SET

INDICATES DRAG EXCEEDS .05 GS

INDICATES GONE PAST TARGET (SET)

2700 NM

805 FPSS

2700 NM

VSAT/4

21600/2VS NM/FPS
2700/805 NM/FPSS

8 28 CENTISEC
B 28 CENTISEC

2
2
2 VSAT

INITIAL STATE

BRANCH (1)
NOM~-BRANCH (0)
NON-BRANCH {0}
NON=-BRANCH (0}
NON—BRANCH (0)
NON-BRANCH (0}

BRANCH (1)
NON-BRANCH (0}

SELF-INITIALIZING

CM/FLAGS

95D,
96D,
97D,
980,
990,
1000,
101D,
102D,

112D,

BIT10

BIT
BIT
BIT
BIY
BIY
B

BIT

BIY

wWeHAmod®0

@©

STATE +6

IN STATE + 7



g

L=l

i

80ODY ATTITUDE QUANTITIES {(CM/POSE)

VARIABLE DESCRIPTION

-VREL NEGATIVE VELOCITY REL TD ATMODS.
OLDUYA USED FOR UYA BELOW 1000 FPS
UXA/2 "UNIT VECTOR TRIAD

ura/z BASED ON

Uzarse THE TRAJECTORY,

uBx/2 UNIT VECTOR

UBY /2 BODY TRIAD

usz/s2 FOR CM.

Figure 7.0-1c Computer Variables (Continued)

MAXIMUM VALUE



pappv [

DISPLAY OUANTIT[ESﬂ: (FOR USAGE,SEE SECTION uv: P €1 THROUGH P 67)

THIS TABLE PROVIDES THE READER WITH DISPLAY QUANTITY INFORMATION. THE VARIABLE NAMES REFLECT
SECTION 5 USAGE. EXCEPTING IMBEDOED BLANKS, THE SECTION & NAMES ARE PARENTHESTIZED,IF DIFFERENT.
SIGN CONVENTIONS ARE FOUND IN SECTION &, IF THE DISPLAY VARIABLE NAME DIFFERS FROM SECTION S USAGE,
SAY BECAUSE OF SCALE FACYOR, THE ALTERNATE SECTION 5 NAME IS ENCLOSER TA ANGULAR RRACKETS: < >,
DISPLAY QUANTITY INFORMATION APPEARING ELSEWHERE IN SECTION 5 OTHER THAN IN 5.7 MAY BE FOUND THUS:

N 60 & N 63 (ALLI) FIGURE 6.10-4 IN 5.6.10.3
N 22 (ALL) FIGURE 6.10~11 IN 5.6,10.6

# d08SD
£ SSSOTIOD

9eI1l  #¥9Dd LLG-Y

ajeq Bl "AdY

1L/¢

pastaay [X]

8-L°G

N 67 {LAT, LONG) SECTION 5.6.13.7

VARTABLE DESCRIPTION MAXIMUM VALUE DISPL AY NDUNS
GMAX PREDICTED MAXIMUM ENTRY ACCEL 163.84 GS N 60
VPRED PREDICTED VELOCITY AT ALTITUDE 128 M/CENTISEC N 60
400K FT ABOVE F1SCHER RADIUS.
GAMMAE T PREDICTED GAMMA AT ALTITUDE 1 REVOLUTION N 60
400K FT ABOVE FISCHER RADIUS.
RTGO RANGE ANGLE TO SPLASH {RTOGO) 1 REVOLUTION N 63
FROM EMSALT FT ABOVE FISCHER
RADIUS. (IN NM)
V1o PREDICTED VELOCITY AT ALTITUDE 128 M/CENTISEC N 63 % r
EMSALT FT ABOVE FISCHER RADIUS. . See note on page 5. 7-2.
TTE TIME OF FREE FALL (TFE) T0 B 28 CENTISEC N 63
ALTITUDE_EHSALT FT ABOVE FISCHER
RADIUS.
OGA DUTER GIMBAL ANGLE (0G ROLL)} 1 REVOLUTION N 22
1GA INNER GIMBAL ANGLE (1IG PITCH) 1 REVOLUTION N 22
MGA MIDDLE GIMBAL ANGLE (MG YAW) 1 REVOLUTION N 22
AtL ABOVE ANGLES FOR HYPERSONIC TRIM
D DRAG ACCELERATION (G) 805 FPSS N &4, N 74
YMAGI] INERTIAL VELOCITY MAGNITUDE (V1) 128 M/CENTISEC N 64y N &8, N 74
ROLLC ROLL COMMAND {BETA} 1 REVOLUTION K 66, N 6By N 69, N 74
XRNGERR CROSS—~RANGE ERRQOR <LATANG IN NM> 1 REVOLUTION N 66
DMNRNGERR DOWN RANGE ERROR ** 1 REYOLUTION N 66
<PREDANG - THETAH IN NM>
** (DNRNGERR DISPLAYS 9999.9 [F GONEPAST =1 IN P 67>
HDOT ALTITUDE RATE <RDOT> 128 M/CENTISEC N &8
0F EXIT DRAG LEVEL {DL) 805 FPSS &9
vt EXIT VELOCITY FOR UP-CONTROL 2 VSAT 69
RTCGOD DESIRED RANGE ANGLE <THETAH> 1 REVOLUTION N 6T+ N 64
<-THETAH IF GONEBY =0, THETAH IF GONEBY =1>
LAT GEODETIC LATITUDE Df VEHICLE 1 REVOLUTION N 67
LONG LONGITUDE OF VEHICLE 1 REVOLUTION N 67
THE FOLLDWING IS A DATA INPUT NOUN (REFER TO SECTION 4,P 61 & P 62)
HEADSUP INDICATOR FOR INITIAL ROLL 1 REVOLUTION N 61
LAT(SPL) GEODETIC LATITUDE OF TARGET 1 REVOLUTION N 61
(IMPACT LAT)
LNGLSPL) LONGITUDE OF TARGET (IMPACT [ONG) 1 REVOLUTION N 61

3

Figure 7. 0-2 Display Information



CONSTANTS AND GAINS VALUE

d T
> o c1 FACTOR IN ALP CAMPUTATION 1.25
& g Clé& CONSTD GAIN NN DRAG ' 0,01
(] "a;' cCiv . TCONSTD GAIN DN RDNT 0.002
a9 cia ATAS VEL. FOR FINAL PHASE START 500 Fps
Q. cz0 MAX NRAG FOR DOWN-LIFT 210 FPSS
€21 DRAG FOR NN LATERAL SWITCH 140 FPSS
CHOOK FACTOR IN AHOOK COMPUTATION 0,25
Q M CH1 FACTOR IN GAMMAL COMPUTATION 1.0
‘6 C C0515 Cast 15 NEG) 0.945
g.U r. DLEWDO INITIAL VARIATION IN LEWD -0,0%
O DT COMPUTATION CYCLE TIME INTERVAL 2 SEC.
= % GMAX MAX [MUUM ACCELERATION 257.¢ . FEsSsS {8 =-S5}
d Kal FACTOR IN KA CALC 1.3 GS
€] KAZ FACTOR IN KA CALC 0.2 GS
t o KA3 FACTOR IN DO CALC Q0 FPSS
KAy FACTOR IN DO-CALC 40 FPSS
KR1 OPTIMIZED WPCONTROL GAIN 25
. KR2 OPTIMIZED UPCONTROL GAIN N.0025%
KOMIN INCREMENT ON O7F TO DETECT END OF KEPLER PHASE 0.5 FPSS
KTETA TIME OF FLIGHT CONSTANT 1000
v KLAT1 FACTOR IN KLAT CALC ' 1/24
A K&t GAIN USED IN INITIAL ROLL SECTION 19749550 FPS
w LATRIAS LATERAL SWITCH RIAS TERM 0.41252961 NM
oy o LEWD1 NOMINAL UPCONTROL L/D n.15
. PNINT1 FACTOR TO RFNDUCE UPCONTROL GAIN 0.1
-~ 03 FINAL PHASE DRANGE/D V 0.07 NM/FPS
C|D 05 FINAL PHASE DRANGE/ 1D GAMMA . 7050 NM/RAD
‘ 06 “FINAL PHASE INITIAL FLIGHT PATH ANGLE D.0349 RAD
O7F MIN DRAG FOR UIPCONTROL 6 FPSS
I DTMIN MIN VALIE FOR Q7 IN FACTOR CALCULATION AnS FPSS {DISABLE FACTOR)
019 FACTOR TN GAMMALY CALCULATINN 0.5
VFINALL VELOCITY YO START FINAL PHASE ON INITIAL ENMTRY 27000 FPS
‘ VFINAL FACTOR IN INITIAL UP=POWN CALC 26600  FPS
s VLMIN MINIMUM VL . 18000 FPS
® VHIN VELOCTITY TO SWITCH TO RELATIVE VEL VSAT/2
< VRCONTRL RNOT TH START INTO HUNTEST 700 FPS
VRCONT = COMPUTER NAME :
25NM TOLERANCE TN STOP RANGE ITERATION 25 MM
s VOUIT VELOCTTY T STOP STEERING 1000 FPS
o
?—”- —
()
ATK ANGLE IN RAD TO NM 3437.7468  NM/RAD
w GS NOMINAL G VALUE FOR SCALING 32.2 FPSS
= HS ATMOSPHERE SCALE HEIGKT . 28500 F1
- J GRAVITY HARMONIC COEFFICIENT : 0.00162346
KWE EQUATORIAL EARTH RATE . 1546.70168 FPS
MUE EARTH GRAVITATIONAL CONSTANT 3.986032233 E 14 CUBIC M/ SEC SEC
RE EARTH RADIUS 21202900 FY
REO EARTH EQUATORIAL RADIUS 20925738.2 FT
VSAT SATELLITE VELOCITY AT RE 25766.1973  FPS

W1E EARTH RATE 0.0000729211505 RAD/SEC

g Figure 7.0-3 Constants, Gains and Conversion Factors



INITIALIZATION

Use NB61 input data to obtain the initial target vector:
Call LATITUDE-LONGITUDE SUBRQUTINE (Section 5. 5. 3)
with the parameters as defined there having the following
values:
Lat = LAT(SPL), Long = LNG(SPL), Alt =0, ¥=0, P=10
t = TIME/RTO, where TIME/RTO = current state vector
time

Obtain URTO
TRTO = UNIT(URTO)

URTO = TARGET VECTOR AT TIME OF INITIALIZATION

RTE = UZ2*URTO

UTR = RTE®UZ

URT = INITIAL TARGET VECTOR AT NOMINAL TIME OF ARRIVAL
(FOR THIS CALCULATION)

= URTO + UTR{COS WT - 1} + RTE SIN WT
WHERE WT = W TNOM, TNOM = 500 SEC

UNT = UNIT (V=UNITIR)}

LATANG = URT.UN]

THETA = ARCCOS{URT.UNET(R))

KZROLL = —~SIGNILATANG)

07 = Q7F

SELECTOR = INITROLL

FACTOR = 1

LOD = LODPAD

LAD = LADPAD

KLAT = KLAT1 LAD

L/DCMINR = LAD COS15

L/D = - LAD SGNU{HEADSUPR})

DIFFOLD = 0O Ini+ialized at starf of
DLEWD = DLEWDO HOUNTEST
LEWD = LEWD1

0z = 1992 + 3500 LLAD

INITIALIZE SWITCHES

GONEPAST = 1 RELVELSK = 0

EGSW = O LO5GSH = © NOSWITCH = O
HIND = © . INRLSH = ©

LATSH = 1 -

Figure 7.0-4 Entry Program Initialization

5.7-10
Revised COLOSSUS 3
[J Added GSOP # R-577 PCR # 342 Rev. 14  Date 3/71




READ A CLEAR PIPAS
SAVE VEL INCREMENT
AS DELV

*Bﬁu {REFSMMT) T DELY
. Gleor 8., DELY
tEm = VieOr 2 v gt

R : R+DTTEM

!

R = ABVAL_(EI_
= UNIT{R)-UZ

E . - _MUE REQH® . 1 _ 0 1.
2 ETi [0 280 0- 550 ))UNlrtnhzsU(_g_Q]Uz]
Vio= TEM + DE;V + Dr%—

Note:

This routine is identical
to "Average-G" routine
used elsewhere,

Fig. 7.0-5 "Average-G' Navigation Routine

5,7-11



TARGETING

( IS RELVELSW ZERO ? >

YES ¥ } NO

v V=V1 - KWE T2*UNIT(R)

i

V= ABVAL(V)

VSQ = v2/VSAT?

LEQ = (VSQ-1) GS
RDOT = V. UNIT(R)
UNI = UNIT(V*UNIT(R))
D = ABVAL(DELV)/DT

C I3 RELVELSW ZERO ?

VES § NO
ESC Il
Y "
IS EGSW ZERO ?) J WT = WIE T
NO y y YES
IS V-VMIN POS ?) WT=WIE(KTETA THETA+T)
NO y _ YES

RELVEISW =1

' \

wT- wie | BE TVHETA . ,I)!
) 1 Y

URT = URTO+ UTR(COS WT ~1) + RTESINWT

LATANG = URT* UNI
THETA = cos Y{URT* UNIT(R))

B 2 ——
(IS TRT X UNIT (R) - UNI POS ?)

YES i _‘L NO

GONEBY = 0 GONEBY =1
RTOGO = ~-THETA RTOGO= THETA
C—I:D-.OSG NEG?) ,
See Fig, 7,0-2d
NO * YES
.05GSW =1 .00GSW =0

{ i

GO TO SELECTOR

Figure 7.0-8 Targeting

5, 7-12



-—C 1S INRLSW 0 fe)
Yes i }

(S 05GSW =1 )

Yes i

No

GONEPAST = 0

INRLSW = 1 GO TO 310

+ KAZ2) GS

IS V-VFINALL NEG?

Yes *

CS RDOT + VRCONTRL NEG)

Yes

No

SELECTOR=HUNTEST

CIS D - KA POS?

No Yes

L

|[cO TO HUNTEST]

GO TO CONSTD

SELECTOR =

KEP2 | |DO= KA3 222 + kA4

GO TO 310

(15 V-VFINAL +K44(RDOT V) POS?)

No ¥

L/D = LAD

v

* Yes

‘ GO TO 310

Figure 7,.0-7 Initial Roll

5.7-13




000

( IS RDOT NEG *? )

NO # YES ¢

V1= V + RDOT/LEWD Vi= V  RDOT/LAD
A0 = (V1/ V)2 (D+RDOT?A2C1 HS LEWD)) A0 =(V/V)*(D+RDOT?/ (2C1 HS LAD))
Al=D : Al = %0
( 13 L/D NEG ?)
YES ¢ NO
Vi=V1 - VQUIT
T

ALP = 2 C1 A0 HS/(LEWD V1%)

FACT1 = V1/(1 - ALP)

FACT2 = ALP(ALP-1)/A0

VL= FACTII - SQRT(FACT2 Q7 + ALP))

(IS VL. - VLMIN NEG? >

YES & NO ‘
SELECTOR=PREDICT3 (IS VL-VSAT POS‘?)
EGSW =1
(] YES NO ¢
GO TO PREDICT3| ( 1S V1-VSAT POS D

NO ‘ YES |
SELECTOR=HUNTEST VSl=V1 VS1= VSAT
GO TO CONSTD |

DVL=VS8l-VL

DHOOK=((1-VSl/ FACTL)? -ALP)/ FACT?2
AHOOK=CHOOK(DHOOK/Q7-1}/DVL
GAMMALL= LEWD(V1-VL)/ VL

2
GAMMAL=GAMMAL _CH1 GS DVL™{(1+AHOOK DVL)

DHOOK VL-

CIS GAMMAL NEGD
YES § NO

GAMMAL VI,

VL=VL+
QT=((1-VL/FA

GAMMAL =0

LEWD -(3AHOOK DVL4+2DVL)(CHL GS/(DHOOK VL))
CTl

- ALP) /FACT2

3

GAMMALI=GAMMALI(1-Q19) +Q19 GAMMAL
-

GO TO RANGE PREDICTION

Figure 7.0-8 Huntest
5,7-14



RANGE
PREDICTION

VBARS = VL2/VSAT?
COSG = 1 - GAMMALZ2/2

E = SQRT (1 + (VBARS-2) COSG? VBARS)

'

ASKEP
ASPi

ASPUP =

ASP3
ASPDWN

i

2 ATK sin ! (VBARS COSG GAMMAL/E)

Q2+ Q3 VL

ATK
RE

Q5 (Q6 - GAMMAL)

(HS/GAMMALI) LOG (A0 VL2/(Q7 v1%)),

-RDOT V ATK/(A0 LAD RE)

ASP = ASKEP + ASP1 + ASPUP+ASP3+ASPDWN

DIFF = ATK THETA - ASP

, ballistic range
, final phase range
up-phase range

s gamma correction
, range to pullout

, total range

l

IS ABS (DIFF) - 25NM NEG_?>

YES

SELECTOR = UPCONTRL

v

GO TO UPCONTRL

iNO

IS HIND = ZERO?)

4YES

" IS DIFF NEG? )

DLEWD =

DLEWD DIFF
DIFFOLD -DIFF

v

QS LEWD + DLEWD NEG ?)

YES w

NO

DLEWD = -LEWD/ 2

v

LEWD= LEWD+ DLEWD

v

DIFFOLD = DIFF

HIND= 1

Q7 = QTF

v

GOTO HUNTEST

Figure 7.0-9 Range Prediction

5.7-15

iYES

DIFFOLD = DIFF
Q7 = QTF
GO TO CONSTD




L/D = -LEQ/DO + C16{D-DO) - CI7{RDOT + 2HS DO/ V)

C 5 0-C20 POS? )

Y N

Note: LLATSW is LATSW = O
reset by DAP.

(1S L/D NEG? )

Y N

L/D=0

GO TO 310

Fig. 7.0-10 Constant Drag Control

5,7-16




ISD-C21 POS?
Yes No

| NOSWITCH = 1

NO
YES| (15 D-Q7 POS?
NO | YES
RDTR = LAD (V1-V} S RDOT NEG & V - VL - CIB NEG?)
DR = (VIV1P AQ-RDTR?/ (2 C1 HS LAD) . " VES
UD =LAD + Cl6(D-DR)
-C17 (RDOT-RDTR) SELECTOR = PREDICTS
EGSW = 1
GO TO PREDICT3

SELECTOR = KEPZ

1S AO-D NEG 7
N YES

(/D= LAD, 60T0 310§

GO 10 NEGTESTI

GO TO KEP2

[VREF = FACT] |1 - SQRT{FACT2 D + ALPJ]

ves (SVREF - VST POSD)
JNO

[RDOTREF = LEWD {V1-VREF)| RDOTREF = LEWD (V1-VREF}-CHI GS(VSL-VREFY

[1 + AHOOK (VSl-VREF)]

DHOOK VREF

[FACTOR = D-Q7) [{AL-Q7)}

[TEMIB = - KB2 FACTOR [KB1 FACTOR (RDOT - RDOTREF) + V - VREA]

(IS_TTEMIBI - POINTL NEG?)
YES NO

[TEM1B = [POINTL + POINTI ([TEMLB|- POINTL] SIGN (TEM1B)|

[L/D = LEWD + TEMLB]

GO TO NEGTEST

Fig. 7.0-11. Upcontrol
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MOCM”OO”...M“W.".

IS . 06GSW 0 7

NO

YES
ROLLC = 0 For R 1 S€e
Ry = 0 ENTRYDAP,

v

J Section 3. 4

@S D - (Q7F+ KDMIN) POS 9

YES

EGSW =1
SELECTOR = PREDICTS3
GO TO PREDICTS3

NO

Compute desired gimbal
angles for display pur-
poses corresponding fo
zero sideslip,trim angle
of attack,and ROLLC.
(See Section 5.7.10. 8)

“During ballistic mode, DAP maintains
attitude control to zero sideslip, trim
angle of attack, and ROLLC (Section
3.4),

Figure 7.0-12 Ballistic Phase

5.7~18



00080000000 000000000000000000000000

\

* No
C IS V - VQUIT POS? ]
J Yes :
Y

PREDANGL = RTOGO(V) + F2(V)(RDOT - RDOTREF (V)) [SELECTOR - N67DISP
+ FL(VID - DREFR(V))

‘ No
(IS GONEPAST ZERO&— .

| Yes

NEBY = 9 ? ' ) Compute N67 display
C;S GO ‘ {(See Section 5. 8.10).

Yes + No
Note: MAXRNG GONEPAST =1 Go to 380

9989, 49585 n.mi. DNRNGERR = MAXRNG
This is displayed as
9999.9 n.mi. on
DSKY,.

L/D = -LAD
GO TO GLIMITER

.

DNRNGERR = PREDANGL - THETA ATK J
-

L/D = LOD + 4(ATK THETA - PREDANGL}/ F3(V)

'

GO TO GLIMITER

Figure 7,0-13 Final Phase

5.7-19
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06-L'S

VREF RDOTREF DREFR DR/DRDOT DR/DA RTOGO DR/DL/D

F2 Fl F3
FPS FPS FPSS NM/EPS NM/FPSS NM NM
994 ~-690.9 41.15 +002507 -.0348 3. 7% 6,10 X2
2103 -719 60. 003582 -.05551 10, 4% 10.91 X2
3922 —-694 81.5 «007039 -.09034% 23.6% 21.64 X2
6295 -609 93.9 01446 -.1410 4643 48.35 X2
8531 -493 98.5 «02479 -.1978 754 93.72 X2
10101 -416 102.3 .03391 —.2372 99.9 141.1 X2
14014 -352 118.7 +06139 —«3305 170.9 329.4
15951 -416 125.2 L07683 -. 7500x 210.3 46545
18357 -566 1204 «093982 -1. 000x 266.8 68247
20829 ~-781 95 .4 «1335 -1.000x 34443 980,5
23090 -927 28.1 L2175 -2.021 504.8 1385
23500 ~820 &.4 « 3046 —3.354 643.0 1508
35000 -820 6.4 « 3046 —3.354 794.3 1508

*Changed by PCR #803
xChanged by PCR #288

Figure 7,0-14a Final Phase Reference



Interpolation Procedure

Start with table entries, See Fig. 7,0-14a.

VREF(i) , i=1, 13
RDOTREF({i), i=1, 13
ete

Vary the index i until velocity magnitude lies between two

values in the table, That is:

VREF(i) £ V< VREF(i+1).

Save the value i and form the linear interpolation factor

V - VREF(i)

GRAD = GRER(H1) - VEEF(Q)

Then form interpolated values. For example

RDOTREF(V) = RDOTREF(i) + GRAD [RDOTREF(it+l) - RDOTREF(1)]

Figure 7,0-14b Final Phage Reference

5,7-21
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1S GMAX - D POS?

ves‘_ uo‘

GO 10 310 I IS GMAK-0 POS?)
NO YES

L/D = LAD
GO 10 310 l

L

L

X= SQRT [2HS(GMAX-DH LEQ/GMAX+LAD}+({2HS GMAX/V)I]

IS RDOT+X POS?

GO 10 210

r L/D=LAD
GO TO 310 I

Fig. 7.0-15 G-Limiter

5,7-22



[L/Di=L/D |

1S GONEPAST ZERO ?

YEes No
[Y = KLAT VS@ + LATBIAS ]

v

(IS ABS(L/D)-L/ DCMINR NE@

Yes

GS K2ROLL LATANG POS‘a

No

Yes

v

L/D1 = L/DCMINR SGN (L./D)

v

CI-S K2ZROLL LATANG-Y POS '7>

Yes

No

@ NOSWITCH =17 )

Nol

Yes

K2ROLL = -K2ROLL

.

v

IS

ABS (L/D1/LAD) - 1 POS?

No-

Ye
(L/D1/LAD) = SGN (L/D)
ROLLC = K2ROLL COS8™! (L/D1/LAD), NOSWITCH = o

OUT TO AUTOPILOT WITH ROLL COMMAND

Fig, 7.0-16 Lateral Logic
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5.8 ERASABLE MEMORY PARAMETER LIST

This section presents a list of selected parametiers re-
guired for various program operations, It should be noted that this
is a very limited CMC erasable parameter list. The objective of this
selected list is to identify those parameters that would be stored in
erasable memory and are required primarily to initialize the opera-
tion of programs and routines, In most cases these parameters can-

~not be originated within the CMC and must be stored prior to the

mission, Thus, zll of the listed parameters can be initialized be-

fore launch, and those that are not applicable will be changed during

the mission prior to their usage. Some parameters will vary continually
throughout the mission (e, g. vehicle state vectors ), others are constant
for any one mission phase, but may vary between different mission
phases, and finally some may be constant for one mission, but be
required to change for subsequent missions that use the same CMC

program,

Page - Parameter
5.2-17 Jgg
€31
5.2-26 Tcot ILo
Ycor Ino

Ir T
~Ccon’ —Lcon

v v
~Ccon’ —I.con
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Page Parameter
5, 2-51 KNOWN

L

Lat

Long

Alt

5, 2-562 OFF

5. 2-57 r

5.2-69 sC

>80

¢ TyAx

6 VyIAX

5,2-78 Varinr

5.2-79 varp

Rmin

var

WRDTIME

5,2-80 MAXBLKTM
TBEFCOMP
BRNBLKTM
MAXWTIME
FINCMTM

5,2-81 W
W
rv

-82
5,2 VarALT

5,2-85
5.2-90

N

5.2-96

mm.—

mr

E O F‘Hr::r'

mv
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5,3-31

5.3-32

5,3-34

5.3-55

5.3-62

Revised COLOSSUS 3
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8-3

320,

Parameter

Ll

H

Av(At)

AV v

Ya

JFLG

Fie

Fo1

Ky
/_\.vp (SPS)

Atyoi1-ops (SPS)
K

m (SPS) |
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Page Parameter

5.4'24 673

T 200000008
o
3
-1

5.4-28 AH [y
5. 4-49 £
v (ty)p
Av
5.4-71 P37 RANGE
5.4-7T7 D,
5,5-13 -
by
ty
5.5-16 L
5.5-23 110
Co thru Co
5.5-24 L ESO
YESso
b 0TS
5.6-44 TRUNSF
SHATFTSF
N
5.6-54 EMS Altitude
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5, 6-75

5,6-82

5,7-10

. 8-5

Parameter

@y (See Section 3, 4)
SFE , SFEz, SFE3

1

BIAS B]'_AS2 » BIAS,

1°
ADIAX, ADIAY, ADIAZ
ADSRAX, ADSRAY, ADSRAZ
NBDX, NBDY, NBDZ
LADPAD

LODPAD



5.9 FIXED MEMORY CONSTANTS

Section 5. 9.1 confains a list and the numerical values of those
fixed memory constants in Section 5,2 through 5. 6 which have not been
specified previously. Those constants which are considered to be
control type data are indicated by source references which are listed
in Section 5. 9.2, Explanatory comments are noted in Section 5.9, 1
where applicable and listed in Section 5.9.3. It should be noted that
only one page number is given for a constant in the list of Section 5.9.1

even though the constant may appear in other parts of Section 5. In

these cases, the same value is used for the constant as reported in

Section 5. 9.1,

5.8.1 FIXED CONSTANTS

Reference Comments

Page Constant Units Value (Sec.5.9.2) (Sec.5.9.3)
5.2-13 b mi/sd 0.3986032 x 1010 2,3, 4
Ply w3/l 0. 4902778 x 1013 2,3,4
5.2-16  Jyp - 0.10823 X 1072 2,3,4
-5
Tom - -0.23 x 10 2,3,4
-5
Teg - -0.18 x 10 2,3,4
ry m 6,378, 165 2,3,4
5.2-17  Joy - 0.207108 x 1075 2,3,4
J - -2.1(10)7° 2,3, 4
3M * Ed L
Tam - 0 2,3,4
ry m 1,738, 090 2,3, 4
5.2-18 3/g2 21
2 g m®/s 0.132715445 x 10 2,3,4
5.2-27 €, csec 3.0 1
@ 1 rad/sec 2. 66169948 x 10”°
5.2-29  ry o m 7,178, 165 2
* VM m 2, 538, 090 2
5.2-30  rep m 64, 373, 760 14 3
5.2-31  r o m 80, 467,200 4
. m 16, 093, 440 4
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0900000000 00000085000000000000800000¢

Page

5.2-54

5.3-21

5.4-64

Constant

varSCT

V&PIMU

Atc

MAXRATE

kRL

varSXT

Units

(mr)2

(mr)2
sec

deg/sec

nm/ bit

(mr‘)2

ft/sec

(mr')2

(nm)2
pounds

pounds

pounds

m/sec

Value

1.0

20

0.01

0.04

9.835712 x 10°

0.0025

1

1. 62346 X 10”9
20,500

196,568 or 393.136
187
3151,0396

100.0
0.001

1000
0.002

Reference Comments
{Sec.5.9.2) (Sec.5.9.3)
4
5
6
4
2,3,4
4
11
14
9
9 10
20
7
7
7
7



Page

5.4-73

5.4-T74
5,4-T5

5.4-77

5.4~-80

5.4-81
5.4-82

5.4-85

Constant

v, {(SPS)
VC(RCS)
m(RCS)

Units

s/m

2, 2
s /m

s3/m3

m/s

m/s
m/s

kg/s

Value

. 99966

1.81000432 x 10°

1.5078514

-6.49993054 x 109

9.769389245 x 10”18

7.0 x10°

0.00001

0.000007

7.0 x 10°

6.495 x 10°

.06105

. 10453

121920
-4.8760771 x 10”4
4.5419476 x 10”8

-1.4317675 x 10°12

6. 986643 X 10°

2-20

0.01

3151.0396
27086, 64
0.16375

Reference
(Sec. 5.9.2)

Comments

(Sec.

5.8.3)

19
19
19

20
10
10



5,5-11

I 5.5-13

5.5-16

Revised
[JAdded

Reference Comments
Constant Units Value (Sec.5,9,2) (Sec.5.9.3)
C, - 0.5 12
(Kepler) e, - 222 12
(Lambert) €; 2_19 12
€ {moon) ml/2 913 12
¢, (earth) ml/2 5-12 12
-23
€. - 2 12
-2
ky - 2 12
Agg rad 4.85898502016 15
W rad/ 7.29211514667 15
u-sgec x10'5
B, rad 4,09157363336 15,5
x10° 1
B rad/ ~7.19758599677 5
u-sec x10—14
Q rad 5.52185714700 15,5
10
Q rad/ -1. 07047013100 15,5
u-sec x10-8
¥, rad 4. 11720655558 15, 5
F rad/ 2. 67240425480 15,5
u-sec X10—6
C, 9.996417320(10)"% 5
8| 2. 676579050(10)"2 5
m 6,378, 166 2,3,4
m 8,356, 784 2,3,4
rp m 6,373,338 11
Ca arc-sec 20, 456 8,15
4
TSS gec 240 6
1.9
ot 5l te
Star Table See Fig, 9.1-1 13
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REFERENCES FOR FIXED CONSTANTS

Project Apollo Coordinate System Standards, SE008-001-1, Office

of Manned Space Flight - Apollo Program, National Aeronautics
and Space Administration, Washington, D, C,, June 1965,

Natural Environment and Physical Standards for the Apollo Program,
NASA M-DE-8020-008B, April, 1965,

Directory of Standard Geodetic and Geophysical Constants for
Gemini and Apollo, NASA General Working Paper No. 10,0208,
April 6, 1966,

Apollo Missions and Navigation Systems Characteristics, Apollo

Navigation Working Group Technical Report No. AN-1.3, December 15,
1967,

Airborne Guidance and Navigation Equipment - Block II For Apollo
Command Module, Part I, MEI No, 2015000, MIT, June 21, 1965,
(C).

Command Module Guidance Computer Electrical Interfaces - Block II
NAA-MIT, MHO1-01380-216, North American Aviation, Inc.

Inertial Orientation of the Moon, R, C. Hutchinson, MIT Instrumentation
Laboratory, Report No, R-385, October, 1962,

Explanatory Supplement to the Astronomical Ephemeris and the

American Ephemeris and Nautical Almanac, 1961,

GFE Guidance, Navigation, and Control Performance and Interface
Specification Block II, SID 65-299A, North American Aviation, Inc,,
June 7, 1967,




10,

11,

12,

13,

14,

13,

16,

19,

20.

Performance Data Supplement to Mission Modular Data Book-

Block II Earth Orbital Mission, SID 66-1501 A, North American
Aviation, Inc,, Revised March 15, 1967,

NASA letter of direction to MIT 67-F855-91-329,

The Fixed Memory Constants in the Conic Subroutines, W, M, Robertson,
MIT SGA Memo No, 8-68, March 26, 1968,

NAR-MIT Interface Document, MHO1-01301-116 (Rev, B) BlockI1 G& N
Navigation Base and Optics Assembly to Command Module Structure.

Astronautical Guidance, Richard H, Battin, McGraw Hill Book Co, , 1964,

The American Ephemeris and Nautical Almanac, Nautical Almanac
Office, U.S, Naval Observatory, 1971.

Apollo Spacecraft Weight and Mission Performance Definition,
Manned Spacecraft Center, NASA, December 12, 1967,

NASA Letter of Direction to M. I, T, 68-FS855-19-172.

CSM/LM Spacecraft Operational Data Book, Volume I, CSM Data
Book, NASA, SNA-8D-027, May, 1968,
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COMMENTS ON FIXED CONSTANTS

The quantity €4 is the 1limit used for the minimum time step in
the Coasting Integration Routine, When the time step drops

below €4 the routine is terminated.

The quantities TME and Ty 2Te the radii used by the Coasting
Integration Routine to define a cislunar midcourse orbit ingide
of which the only gravitational force considered is that of the
primary body., Qutside these radii the gravitational attraction
of the Earth, Moon, and Sun are all taken into account,

The quantity r is the radius of a sphere that approximates the

SPH
surface of influence of the Moon as given in Fig, 1,3 of Reference

14,

The guantities TR and Tan 2re the radii outside of which only
the central force term of the gravitational attraction of the

primary body is used,

The values given for the fixed constants used in the Planetary
Inertial Orientaticn Subroutine ( Section 5,5,2) are obtained by
using Chapter 4 of Reference 7 and Sections 4C and 11D of
Reference 8.

The quantity T is a rough estimate of the time between the

S8
initiation of the Star Selection Routine in the IMU Realignment
Program (P-52) or the Back~-up IMU Realignment Program
(P-54) and the midpoint of the optical sightings on the two

celestial bodies.



The following comments are made with respect to the indicated

gquantities:

criterion used to determine whether the pre-return position

and velocity vectors are nearly collinear ( €, = cos 1, 50),

criterion used to determine whether the conic portion of

Return to Earth has converged upon a suitable reentry radius,

criterion used to determine whether the conic portion of
Return to Earth has converged upon a suitable reentry angle
(although the test is made on the cotangent of the angle it

is equivalent to , 0580).

criterion used to determine whether the precision portion
of Return to Earth final state vector computation has
reached the desired reentry angle (although the test is
made on the cotangent of the angle it is equivalent to
.00058%),

€ criterion used to determine whether the final state vector
computation has already reached the best possible reentry
angie,

€y criterion used to determine whether the precision portion
of Return to Earth has converged upon the reentry radius
selected in the conic portion,

a criterion used to make a final check on the reentry angle
reached by the precision portion of Return to Earth (aithough
the test is made on the cotangent of the angle it is equivalent

o}
to ,1187),

3.9-9



€ eriterion used to determine whether the x (tl) - Avl

iterator has reached a minimum value,

10 criterion used to determine whether the x (tl) - Av

iterator has reached the desired Av,

CO, Cl. polynomial coefficients used to determine the maximum
C2, C3 allowable major axis of return trajectories with a positive
’ radial component based on the radiug magnitude,
MA1 Maximum allowable major axis of return trajectories
with a negative radial component
kl radius used to determine which estimate of reentry angle
should be used,
kz initial estimate of reentry radius, .
ka initial estimate of the cotangent of the reentry angle used
when the initial radius is less than kl (equivalent to -3¢
20. 5").
k4 initial estimate of the cotangent of the reentry angle used
when the initial radius is greater than k1 { equivalent to -5°
58",
k5 radius below which -Av option not available
D2, D3, polynomial coefficients used to determine the cotangent of
D4 the reentry angle based on reentry velocity magnitude
E3 entry altitude above the Fischer Ellipsoid (equivalent to
400, 000 ft).

The RCS exhaust velocity was computed by using the nominal
gpecific impulse of the reference document and an acceleration
of gravity of 32, 174048 ft/secz.

5,9-10



10. The quantity FL is ullage thrust using two RCS jets where consid-

eration has been made for the 107 offset of these jets.

11, The guantity var, is a rough estimate of the landmark or horizon

L
error variance during cislunar midcourse navigation.

12, The constant Ct when multiplied with the estimated length of the
burn gives the adjustment made to compute the actual ignition
time from the impulsive maneuver time. The presently adopted

value is 0. 5.

13. The direction of each of the 37 navigation stars in Fig, 9-1 is
expressed as the components of a unit vector in the Basic Reference
Coordinate System, These star directions are the mean places
of the stars at the beginning of the Besselian year 1971. The
term ''mean place' is defined in Reference 8. The star directions
are computed by MIT using essentially the same technique employed
by the Nautical Almanac Office. Although there are slight difféerences
between the directions of some of the stars in Fig, 9-1 and those
given in the American Ephemeris and Nautical Almanac for 1971
(Reference 15), they are considered negligible in comparison to

the other errors associated with a star sighting,

14, The precise value of thrust is not avajlable. This value ig a good

working number,

15. Calculated using AT (1.0 July 1971)= 41.5 sec,
AT (1972.0) = 42.0 sec.

16. 8t is 1.9 seconds for P-24, 2.4 seconds otherwise,

9.9-11
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