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1. INTRODUCTION

1.1 Purpose

This plan governs the operation of the Guidance and Navigation System
and defines its functional interface with the spacecraft and ground support
systems on Mission 501.

1.2 Authority

This plan constitutes a control document to govern the implementation

of:
(1)
(2)
(3)
(4)
(5)
(6)
(7)

Detailed G& N flight test objectives

G&N interfaces with the spacecraft and launch vehicle
Digital UPLINK to the Apollo Guidance Computer (AGC)
AGC logic and timeline for spacecraft control*
Guidance and navigation equations*

Digital DOWNLINK from the AGC

G&N System configuration

Revisions to this plan which reflect changes in control items (1) through
(7) require approval of the NASA Configuration Control Board.

This plan also constitutes an information document to define:

(a)

()

(c)

(d)

Trajectory uncertainties due to G& N component errors (Error
Analysis)

Trajectory deviations due to spacecraft performance variations
and launch vehicle cut-off disperions {Performance Analysis)
G&N instrumentation (PCM telemetry and on-board recording)
exclusive of AGC DOWNLINK

External tracking data

Revisions to this plan which reflect changes in information items (a)
through (d) will not require approval of the NASA CCB.

*To support these functions this document contains a Control Data section which

defines the reference trajectory, AGC memory data, and applicable mission data

(mass, propulsion, aerodynamic, and SCS data)




2. G&N FLIGHT OPERATIONS SUMMARY
This section defines the mission plan as origianted by NASA and summarizes the
manner in which the G&N system will operate to implement this plan as developed by
MIT in cooperation with NASA and NAA/S&ID. This section is divided into three parts;
Par 2,1 Test Objectives
Par 2.2 Spacecraft and Mission Control

Par 2,3 Mission Description

2.1 Detailed G&N Test Objectives

(1) Evaluate performance of the following integrated G&N/Spacecraft
modes of operation:
a. C-V Boost Monitor
b Thrust Vector Control of CSM over full dynamic range
c. Orbit Attitude Control of CSM over full dynamic range
d

Lift Vector Control at lunar return conditions

(2) Determine accuracy of G&N system in computation of spacecraft po-

sition and velocity during all mission phases.

(3)  Determine G&N environment during C-V Boost and full CSM thrust.

2.2 Spacecraft & Mission Control

2.2.1Spacecraft Control

Spacecraft Control is implemented by the Apollo Guidance Computer
(AGC) provided by MIT and the Mission Control Programmer (MCP) pro-
vided by NAA/S&ID. Basically, the MCP performs those non-guidance
functions that would otherwise be performed by the crew, while the AGC
initiates major modes which are dependent upon trajectory or guidance

functions.

The functional interface between the AGC and the MCP is complex and
its description is deferred until Secticn 4. The electrical interface is sim-
ple, being relay contacts in the AGC DSKY wired to the MCP, and is des-
cribed in ICD MHO01-01200-216. The following AGC output discrete signals
are provided:

1) G&N ATT. CONTR. MODE SELECT
2) G&N ENTRY MODE SELECT

3) G&N AV MODE SELECT

4) +X TRANSLATION ON/OFF

5) CM/SM SEPARATION COMMAND

6) FDAI ALIGN

7) T/C ANTENNA SWITCH

8) G&N FAIL INDICATION




9) 0.05 g INDICATION
10) GIMBAL MOTOR POWER ON/OFF
11)  SPARE

2.2.2 Mission Control

Mission Control is provided by the Houston Mission Control Center
(MCC) via the Digital Command System (DCS), which has many discrete in-
puts to the spacecraft and an UPLINK to the AGC. The discrete commands
to the spacecraft and the AGC UPLINK are described in Section 3.

The AGC UPLINK provides the MCC with the capability to enter the
AGC with any instruction or data which can be entered manually via the
DSKY keyboard. It is not planned to utilize this full capability for mission
501 however. It is specifically planned to use this link only as described

in Section 3.

2. 2.3 Guidance Errors
The performance of the G&N system for mission 501 has been esti-

mated with and without navigation data inserted via the AGC UPLINK,

The most significant G&N error is that error in the critical path

angle at entry, The next most significant error is manifested in the CEP

at splash.

A complete breakdown of G&N errors is given Section 7.

2.3 Mission Description
The purpose of this section is to describe G&N functions during each mis-
sion phase. Note that these functions are described in greater detail, sufficient

to specify the AGC program, in Section 4.

The reference trajectory is defined in Section 6 in sufficient detail to sa-
tisfy MIT's requirements for development of guidance equations, spacecraft

control logic and determination of flight environment.

Section 8 presents those path and attitude characteristics resulting from
guidance control which are believed to have significant effects on other space-

craft equipment and ground support systems.

2.3.1 Pre-Launch

During this phase the IMU stable member is held at a fixed orienta-
tion with respect to the earth. The X PIPA input axis is held to the local
vertical (up) by torquing the stable member aboutZ and Y in response
to Y and Z PIPA outputs. ' Azimuth orientation about the X axis is held by




a gyro-compassing loop such that the Z PIPA axis points down-range at an
azimuth of 71, 9901 degrees East of True North. Initial azimuth is deter-
mined by tracking a ground target with the G&N Sextant at T,-8.5 hours,
Upon receipt of the GUIDANCE RELEASE signal from the Saturn I, U. the
stable member is released to maintain a fixed orientation in inertial
space for the remainder of the mission. In this manner the Saturn and
Apollo IMU stable members retain a fixed relative orientation. Also, at
the time of GUIDANCE RELEASE, the G&N system starts its computation
of position and velocity, which continues until SPS first cut-off. No in-

flight alignment of the IMU will be performed.

2. 3.2 Saturn Boost - Pre LET Jettison

The boost trajectory is described in Fig., 6-3. Upon receipt of the
LIFT-OFF signal from the Saturn I, U.,, 6 seconds after GUIDANCE RE-
LEASE, the AGC will command the CDU's to the time history of gimbal
angles associated with the nominal ST attitude polynomials. The GUI-
DANCE RELEASE signal is backed up by the LIFT-OFF signal. The
CDU outputs after resolution will then represent vehicle attitude errors
in spacecraft axes and will be displayed on the FDAI and telemetered to

the ground.

This Saturn attitude monitor isa required element
of the launch vehicle malfunction detection scheme, and, in association
with computed position and velocity, constitutes the Boost Monitor data

provided by the G&N system during this period.

3

2.3.3 Post - LET Jettison Boost

The G&N system will not have the capability to control the SIVB.
The CDU's will be switched to the Fine Align Mode and the system will
monitor IMU gimbal angles to detect tumbling and will compute the free-
fall time to entry interface altitude (280, 000 ft.) from present position
and velocity., These quantities are used in the Abort Logic and, in as-
sociation with computed position and velocity, constitute the Boost Mon-
itor data provided by the G&N system during this period.

2.3.4 Earth Orbit Coast

During the entire earth coast phase those programs active in the

" AGC during Post - LET jettison boost are continued. The errors in the
AGC's knowledge of position and velocity will be accumulative., A state-
vector update from the ground is required prior to the second SIVB
ignition (TLI). The AGC position and velocity errors are minimized by

providing an update as late in earth orbit coast as possible.

2-3



2.3.5 CSM/SIVB Separation

There are three CSM/SIVB separation sequences, a normal sequence,
an abort sequence, and a tumble sequence. In the normal sequence after the
first 30 minutes of cold-soak coast, the Saturn system initiates the separation
sequence and the MESC sends a separation signal to the AGC. The AGC then
commands +X translation for six seconds to assure safe physical separation,
Ninety seconds later, or 96 secs after separation, the AGC initiates the first
SPS burn.

In the abort sequence, the AGC detects the separation signal and in
addition a ground-commanded abort signal. Six seconds after the separation

signal the AGC initiates an abort burn to an Atlantic recovery area.

If tumbling is detected by the AGC when the separation signal is received,
a tumble-arrest burn is started three seconds after separation. When tumbling
is arrested the AGC tests for abort and proceeds either to the abort burn or to

the first SPS burn of the nominal mission.
2.3.8 CSM Aborts

The only abort program provided in Mission 501 controls a posigrade

burn to an Atlantic recovery area,.
2.3.7 First SPS Burn

This is normally a short (40-second) burn that raises the apogee
acheived by the SIVB from approximately 9000 n mi to 9400 n mi, No ullage

is providedprior to this burn in accordance with Mission 501 test objectives.
2.3.8 Coast Phase

Upon completion of the first SPS burn the AGC computes Tff (400, 000 ft)
and tests the calculated value against a criterion to determine if the first SPS
burn was nominal or an alternate burn. Upon satisfactory completion of the
Tff test, the AGC will command the CSM to the cold-soak attitude. This
attitude is held until the AGC calls up the manuever required for the second
SPS burn.

The cold-soak attitude requirements and the AGC implementation to

achieve this attitude are described more fully in Section 6.

In general, the requirement is to orient the CSM such that the vector
from the earth center to the sun lies nearly in the X - Z plane of the S/C, and
the angle between +X C and the solar vector (measured from +XS c toward
—ZS/C) is between 30° and 120°, The orientation of the CSM about the solar
vector will be defined in light of gimbal lock and communications constraints.




At a computed time from entry interface altitude the AGC will establish
the Average G routine and begin calculation of free-fall time to 400, 000 ft.
Prior to this time a state-vector update is required. An update of T

ff(min)
(described in Section 2. 3.9) is also allowed.

2. 3.9 Second SPS Burn

The second SPS burn is initiated by a free-fall time interrupt. When the
AGC calculated free-fall time falls below Tff(min)’ the AGC sets the second
SPS burn ignition time as T + 10 minutes. The ground can control the second

SPS burn ignition time by updating Tff(min) in the time interval allowed,

Nominally, Tff(min) will be twenty minutes so that the second SPS burn
is commenced when the free-fall time to 400, 000 ft is ten minutes. The ten-
minute interval from Tff(min) to SPS second-burn ignition is used by the AGC
to orient the CSM and for the downlink second SPS burn data. Second SPS

burn cut off occurs approximately four minutes before 400, 000 ft entry inter-
face altitude is reached.

2.3.10
When Tff equals 200 seconds (about 40 seconds after second SPS cutoff
in the nominal mission), the CSM is oriented to the separation attitude

(+XS/C axis up in the trajectory plane and tipped forward in the direction of
motion 60 degrees above the velocity vector).

The separation attitude is held until the Tff interrupt routine causes the
AGC to issue the CM/SM SEPARATION COMMAND, After a time delay to
allow for separation and stabilization, the G&N system will orient the CM to
the computed entry attitude. The entry guidance equations, which are given
in Section 5, are designed to provide a trajectory which will satisfy heat

shield test objectives while achieving the designated. Pacific splash point.
2. 3.11 Navigation Update
The ground may update the AGC state vector during the earth parking

orbit and earth-intersecting coast phases, with certain AGC logic restrictions
as defined in Section 4. Tff(min) may be updated during the earth-intersecting
coast phase. The update procedure is defined in Section.3.
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3. G&N SYSTEM DESCRIPTION

This section defines the specific provisions incorporated in the G&N System to
mechanize the required system operations,

3.1 G&N Hardware Configuration

System 122 will be the G&N system for Mission 501. It is a Block I Series 100
system with one modification; the wiring of 11 spare relays and a special failure mod-
ule in the main DSKY to the MCP to provide the AGC/MCP signal interface, A Block I
Series 100 system is comprised of the following assemblies:

(a) Inertial Subsystem Block I Series 100
Inertial Measurement Unit (IMU)
Inertial System CDU's (electro-mechanical) (ICDU's)
Power Servo Assembly (PSA)
IMU Control Panel
(b) G&N Harness Block I Series 100
(c) Computer Subsystem Block I Series 100
Apollo Guidance Computer (AGC)
Display and Keyboard (DSKY - Main Display Console)
Display and Keyboard (DSKY - Lower Equip. Bay)
Computer Harness
(d) Optics Subsystem Block I Series 100
Scanning Telescope (SCT)
Sextant (SXT)
Optical System CDU's (OCDU's)
Power Servo Assembly (PSA)

Without giving a detailed analysis of each G&N Block configuration, a brief des-
cription of each and the reason for its evolution is useful in understanding G&N capabi-
lities for Mission 501,

Block I is the original G&N design, It is composed of IMU, AGC, PSA, CDU's
(mechanical), Harnesses, and OPTICS (sextant and telescope.) As the G&N flight re-
quirements became more clearly defined it was apparent that Block I would need modi-
fication to qualify for flight,

Block I, Series 100 therefore evolved. It is the Block I system modified generally
as follows:

(a) IMU - Vibration dampers added; moisture insulation added,

(b) AGC - Cooling interface modified; humidity proofing added.

(c) PSA - Cooling interface modified; humidity proofing added.

(d) CDU's - Minor electrical and mechanical changes,

(e) Harnesses - All wiring changed to teflon; connectors humidity proofed.
(f) OPTICS - Minor servo modifications.

3-1




When the full design and production schedule impact of the Series 100 modifica-

tions became clear the Block I Series 50 configuration was originated, being a limited

100 Series modification qualified for flight and available on an early schedule.

3.2 G&N/Spacecraft Signal Interfaces

3.2.1 Interface Controlling Documents (ICD's)

Below are listed the ICD's which are pertinent to an understanding and

definition of the operational interfaces between the G&N system and the SC/

BOOSTER. The majority of these are electrical ICD's (including in some cases

function definitions). All of the additional existing ICS's pertaining to mechani-

cal interfaces, thermal interfaces, material compatibility et cetera have not

been listed as they are considered not to be within the scope of this document.

General Inter-

facing Area ICD Title ICD No.

Description

G&N/VEHICLE Launch Vehicle MHO01-01278-216
to G&N Interface

" ! Vehicle Separa- MHO01-01280-216
tion Signals to
AGC
G&N/MCP Outputs - AGC MHO01-01200-216

to Mission Control

Programmer

G&N/SCS Attitude Error MH01-01224-216
Signal (see Fig.
3-1 also)

“Note: Not required for Mission 501.

3-2

Signal interface and
description:

a) GUIDANCE REFER-
ENCE RELEASE

b) LIFTOFF

¢) SIVB ULLAGE™

Signal interface and
description:

a) CSM/SIVB SEPA-
RATION (ABORT)
b) CM/SM SEPARA-
TION*

For detailed descrip-
tion refer to Section
3.2.2

Signal interface for:
a) PITCH ERROR
(BODY and BODY
OFFSET)

b) YAW ERROR
(BODY)

¢) YAW ERROR
(BODY OFFSET)
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General Inter-

facing Area

G&N/UP and

DOWN TELE-
METRY SYS-
TEMS

G&N/S/C/
POWER

ICD Title

Total Attitude
Signals

Engine ON-OFF
Signal to SCS

Data Transmis-
sion to Opera-
tional PCM T/M

equipment

ACE Uplink, S/C
Digital Up Data
Link, Apollo Gui-

dance Computer

Guidance and Navi-
gation Electrical
Input Power

3-4

ICD No.

Description

MHO01-01225-216

MHO01-01238-216

MH01-01228-216

MHO01-01236-200

MHO01-01227-216

d) ROLL ERROR
(BODY)

e) ROLL ERROR
(BODY OFFSET)
f) ERROR SIGNAL
REFERENCE

Signal interface for:

a) SINE AIG

b) COS AIG

c) SINE AMG

d) COS AMG

e) SIN AOG

f) COS AOG

g) ATTITUDE SIGNAL
REFERENCE

Electrical interface
for the AGC command
to the SPS engine.

Electrical interface
for all G&N PCM mea-
surements, Should ag-
ree with information

in Section 3. 5. 3.

Electrical interface
between AGC and S/C
Updata Link Receiving
equipment, Used both
for receipt of ACE
UPLINK transmissions
during ground checkout
and AGC UPLINK
transmissions from

ground during flight.

Total AC and DC power
specification from S/C
for G&N




General Inter-

facing Area ICD Title ICD No. Description
MISCELLAN- Central Timing MHO01-01226-216 Electrical interface
EOUS Equipment for G&N "SYNCH"
Synchronizing pulse to S/C Central
Pulse Timing System,
3.2.2 AGC Outputs to MCP

This interface is documented in ICD No. MHO01-01200-216 and provides 11

relay closures in the main DSKY and 1 relay closure in the G&N Failure Detec-
tion Module. These relays provide functions as described below:

(1) G&N ATTITUDE CONTROL MODE SELECT
(2) G&N ENTRY MODE SELECT

(3) G&N AV MODE SELECT

(4) +X TRANSLATION ON/OFF

(5) CM/SM SEPARATION COMMAND
(6) FDAI ALIGN

This signal brings the backup attitude reference system (BMAG's
caged to AGCU) to a zero reference determined by the current vehicle

attitude, When initiated, the signal will be continued for 10 seconds.
(7) T/C ANTENNA SWITCH

The requirement for AGC control of T/C antenna switching has been
deleted. This AGC output relay is now a spare; however its arming is
under the control of the MCP, subject to the original logic designed for
the T/C ANTENNA SWITCH function. (Refer Figure 3-2.)

(8) .05G INDICATION

G&N will sense ,05G with the PIPA's, give this indication to the SCS
(via the MCP) and the SCS system will inhibit pitch and yaw attitude con-
trol on the assumption that these axes will be stabilized by aerodynamic
forces. Should the G&N .05G indication not be received by the MCP/SCS
this attitude control would not be inhibited, and if sufficient pitch and yaw

attitude errors are generated, RCS fuel would be wasted throughout entry.
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Fig. 3-2 Arming logic for G&N/MCP interface




The G&N entry program will attempt to null the pitch and yaw error signals

. during entry based on its estimation of the pitch and yaw trim angles of at-
tack. MIT estimates that the resulting pitch and yaw attitude errors will
not exceed the deadbands in the SCS. Should this be incorrect RCS fuel loss
will occur. The G&N . 05G indication is not used within the re-entry pro-
gram, however, so should this function be backed up by a redundant CM sen-
sor no AGC confusion should result.

(9) GIMBAL MOTOR POWER ON/OFF

The AGC must terminate SPS GIMBAL MOTOR POWER in order to key
the MCP to select the appropriate SPS motor gimbal trim inputs.

(10) SPARE
There is one spare relay with no assigned function.

(11) G&N FAIL INDICATION

This signal is generated by the G& N Failure Detection Module, This
module is mounted at the rear of the main DSKY and is electrically inter-
posed between the NAA harness to the DSKY and the DSKY itself. The mo-
dule operation is described in detail in Section 3. 6. Its operation with

respect to the total G& N Failure Monitor System is shown in Fig. 3-3.

. 3. 2. 3 Detailed Interface Operation

Certain additional facts are pertinent to the use and comprehension of the
AGC/MCP interface:

(1) The AGC must not command more than one SCS mode simultaneously.
This requires termination of each mode before commanding the next; 250 ms
has been established as sufficient time interval between termination and se-

lection,

(2) The response of the SCS system to the commands and/or indication
signals of the AGC via the MCP are subject to the arming of these command/
indications by the MCP, The arming logic for the G&N/MCP interface is as

shown in Figure 3-2.

(3) In all cases the MCP initiates the SIVB/CSM Separation Sequence. For
normal cases its action is keyed upon notification from the Saturn. . U. For
boost aborts the ground must command the MCP to start the sequence.

3-7
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3.

3

Ground Commands
3.3.1 Digital UPLINK to AGC
By means of the AGC UPLINK, the ground can insert data or instruct
the AGC in the same manner normally performed by the crew using the DSKY
Keyboard. The AGC will be programmed to accept the following UPLINK inputs:

(1) SPS Gimbal Motor Power On/Off

(2) Liftoff (backup to discrete input)

(3) SIVB/CSM Separation (backup to discrete input)

(4) FDAI Align

(5) Abort Indication (required for abort logic as described earlier)

(6) State Vector Update (provides ground capability to update navigation
data in the AGC)

(7) TFF MIN Update (provides ground capability to update Tff criteria)

(8) L/O Time Update (provides ground capability to update AGC version
of GET by updating the AGC Clock and DTEPOCH)

(9) AGC Clock Alignment

Operational procedures governing the use of these Uplink inputs must be

developed to ensure proper operation within program constraints.

All information received by the AGC from the Uplink is in the form of
keyboard characters. Each character transmitted to the AGC is triply redundant.
Thus, if C is the 5-bit character code, then the 16-bit message has the form:

1CCC

where C denotes the bit-by-bit complement of C. To these 16 bits of information
the ground adds a 3-bit code specifying which system aboard the spacecraft is to
be the final recipient of the data and a 3-bit code indicating which spacecraft
should receive the information. The 22 total bits are sub-bit encoded (replacing
each bit with a 5-bit code for transmission). If the message is received and
successfully decoded, the receiver onboard will send back an 8-bit 'message
accepted pulse" to the ground and shift the original 16 bits to the AGC (1CCC).

All uplink words given in this section are in the form transmitted from
the uplink receiver to the AGC., Therefore they do not contain the vehicle or
subsystem addresses added on by the ground facilities. For the purpose of this
section, the following definitions hold.

(1) 1 uplink word = 1 character

(2) 5 characters or uplink words = contents of one AGC register
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3.3.2 SPS Gimbal Motor Power On/Off

To turn the SPS Gimbal Motors on or off the following message must be
sent

Verb 75 Enter Refer to Table 3-1

X Enter for codes

where the X above is a 1 if the motors are to be turned on or a 2 if they are to
be turned off.

3. 3.3 Liftoff

To provide a backup to the liftoff discrete the following message must
be sent

Verb 75 Enter Refer to Table 3-1

3 Enter for codes
3.3.4 SIVB/CSM Separation
To provide a backup to the SIVB/CSM separation discrete the following

message should be sent

Verb 75 Enter Refer to Table 3-1
4 Enter for codes
3.3.5 FDAI Align
To start an FDAI ALIGN sequence (terminated by program after 10 sec)

the following message must be sent

V 75 Enter Refer to Table 3-1
5 Enter for codes

3. 3.6 Abort Indication
To send an abort message to the AGC, the following special binary code
should be sent via the uplink

1 10011 01100 10011 Abort

3.3.7 State Vector Update
To begin a state vector update on flight 501 the AGC must be in either P14
or P24 and the following 4 words must be sent via the uplink

Verb 76 Enter Refer to Table 3-1 for codes

The AGC will then switch to P27 withthe resultant change in downlink
list (see sec. 3.4).

In P27 the AGC will accept a complete ground navigation update in the
format to be described.




The data itself will take the form of three (3) double-precision components
of position, three (3) double-precision components of velocity, and double-pre-
cision time. The position and velocity components should be given in navigation
ECI coordinates(see sec. 2. 3.1) and the time should be in the time of the 'fix"
referenced to AGC CLOCK ZERO. The data must be sent in the following
sequence:

Octal
Identifier
XXXXX (most sig. part of X position)... ENTER
2 XXXXX (least sig. part of X position).. ENTER
3 XXXXX (most sig. part of Y position)... ENTER
4 XXXXX (least sig. part of Y position).. ENTER
5 XXXXX (most sig. part of Z position)... ENTER
6 XXXXX (least sig. part of Z position)... ENTER
7 XXXXX (most sig. part of X velocity)... ENTER
10g XXXXX (least sig. part of X velocity)... ENTER
114 XXXXX (most sig. part of Y velocity)... ENTER
124 XXXXX (least sig. part of Y velocity)... ENTER
134 XXXXX (most sig. part of Z velocity)... ENTER
148 XXXXX (least sig. part of Z velocity)... ENTER
154 XXXXX (most sig. part of time from
AGC clock zero)..vovvnenn... ENTER
164 XXXXX (least sig. part of time from
AGC clock zero)..vvvunn.. ces ENTER

where each "X'" and "ENTER" above represents an uplink word. If, for some
reason, the ground wishes to resend any 5-uplink word group before the ENTER
associated with that group has been transmitted, the "CLEAR'" word should be
sent and the 5-word group retransmitted.

After the Enter associated with the least sig. part of time, the AGC will
wait for the ground to verify the parameters received by the AGC. This verifi-
cation can make use of the special update downlist (see Sec. 3.4). The AGC
indicates that it is waiting for this verification by flashing 21 02 in the Verb and
Noun lights of the DSKY (21 01 was flashed when the data were being entered).

The ground station now has the following three options.

(1) If the update has a lot of components in error, the ground may
terminate the load with a verb 34 Enter ( a V34E will terminate the
load at any time during P27) and the AGC will go back to P14 or P24,
depending upon which had been on at beginning of P27,
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(2) If the update is correct in all components, the ground will com-
mand the AGC to accept the update with a Verb 33 Enter (a V33E
sent before V21 NO02 is displayed will be ignored by the AGC) and
the AGC will go back to P14 or P24 after setting the UPDATFLG

(this flag is reset by either the average-G or orbital integration

program when the data are used or by the initiation of another V76
update).

(3) If only a few components are in error, the ground may change
one component at a time by sending the octal identifier of the com-
ponent to be changed followed by an Enter, ie, 16 Enter, for the
least sig. part of time (the DSKY will display V21 NO1 after the
octal identifier is entered; an octal identifier not between 1 and
168 will be ignored). The ground should then send the correct con-
tents of that register followed by an Enter at which time the DSKY
will again display V21 N0O2, This procedure may be repeated any
number of times.

If a V76 update is attempted in any program other than P14 or P24, a

"Check Fail' indication will be given and P27 will not be entered.

If the AGC receives an improperly coded word from the uplink receiver
during the load (not CGC), it will turn on bit 4 of OUT 1 which is transmitted

via Downlink (see Sec. 3.4). When this occurs the ground station should send

the following 3 uplink words:

Binary Uplink Word Equivalent Character
(1cCc) (C)

1 00000 00000 00000 (to clear uplink buffer)

1 10010 01101 10010 ERROR RESET

111110 00001 11110 CLEAR

The ground station should then begin loading with the first word of the

5-word group it was sending when the alarm condition occurred,

If insufficient time remains,the AGC will change its program (out of P27)

and proceed with the internally computed data.

The scale factors for AGC navigation updating are:

position meters/ 924
velocity (meters/C. S. )/27
"fix'" time c.s. /228

(one C.S. =0.01 sec)




The AGC is a fixed-point machine with the point just to the left of the
most significant bit,

The scaling indicated above will be sufficient to force the 3 components

of position and the 3 components of velocity and time to numbers less than one,

To form the double-precision quantities ready for coding and trans-
mission the scaled magnitudes of time and each component of position and

velocity should be expressed as two binary words as follows:

Istword O X X X X X X X X X X X X X X
2

2-1 2-2 2-3 2-4 2-5 2-6 2—7 2-8 2-9 2~102-112-122-13 -14
2ndword O X X X X X X X X X X X X X X
, 2-152-162-172—182-192-202-212-222—232-242~252-262-272—28

Each X above represents a binary bit of the appropriate magnitude, the
place value of which is indicated below the corresponding X, Once the magni-
tude of the component is accounted for in the above 28 X! s, the sign must be
considered.

If the component is positive, the words remain as formed; if the com-
ponent is negative, the '"1's complement" of the 2 words is used (all 1's are
replaced by 0's and all 0's by 1's).

The first word is then transformed into a 5-character octal word, The
first character is the octal equivalent of the first three bits, the second character
is the octal equivalent of the next three bits, et cetera. This word is referred
to as the ""most significant part" of data in the text above. Similarly the second
word is transformed into a 5-character octdl word which is the "least significant
part" of data,

Each character must now be coded into a 16-bit uplink word for trans-

mission. A table of the characters and their uplink-word is given in Table 3-1.

3.3.8 TFF MIN Update

To begin a TFF MIN update on flight 501 the AGC must be in either P14
or P24 and the UPDATFLG must be reset. The following 4 words must be sent
via the uplink Verb 71 Enter (refer to Table 3-1 for codes). The AGC will then
switch to P27 with the resultant change in downlink lists (see Sec. 3. 4).

The data must be sent in the following order

Octal
Identifier
1 XXXXX (most sig. part of TFF MIN) ENTER
2 XXXXX (least sig. part of TFF MIN) ENTER




where each "X" and "ENTER'" above represents an uplink word, If, for some
reason, the ground wishes to resend any 5-uplink word group before the ENTER
associated with that group has been transmitted, the "CLEAR" word should be
sent and the 5-word group retransmitted.

The procedure for verifying, terminating, or making single line changes
is the same as the procedure described in detail in Sec, 3. 3.7 for the V76 update
except that only octal identifiers 1 and 2 are not ignored and the UPDATFLG is
not set after Verb 33 Enter,

A "Check Fail" indication will be given and P27 will not be entered if a
V71 update is attempted when the AGC is not in P14 or P24 or when the UPDATFLG
is set. The scale factors and coding for TFF MIN are the same as for the
state vector time given in Sec, 3.3.7.

3.3.9 L/O Time Update

To begin a L/O time update on flight 501, the AGC must be in either P14
or P24 and the UPDATFLG must be reset. The following 4 words must be sent
via the uplink Verb 77 Enter (refer to Table 3-1 for codes). The AGC will then

switch to P27 with the resultant change in downlink lists (see Sec. 3-4).

The data must be sent in the following manner XXXXX Enter where the
5X's represent 5 octal characters which give centiseconds with a scale factor of
2-14 The DSKY will display V21 NO2 after the "Enter" is received and the
procedure for verifying, terminating, or making single line changes is the same
as the procedure described in Sec. 3. 3.8 for the V71 update except that only an
octal identifier of 1 is not ignored. The conditions producing a ''Check Fail"

indication are the same.

3.3.10 AGC Clock Align
To align the AGC clock two procedures are required. To set the AGC

clock to a specific value, the following uplink words must be sent.
Verb 21 Noun 16 Enter (refer to Table 3-1 for codes)

This must be followed by + XXXXX ENTER where each X represents one
decimal digit, properly coded, and the total number represents the time in C.S.
that will be set into the AGC clock. If it is required to zero the clock, all the

X's should be zeros.

Since there are uncertainties in time of transmission, etc., it is antici-
pated that a time increment may be needed. To increment the AGC clock, the

following uplink words must be sent

Verb 55 Enter (refer to Table 3-1 for codes)




This must be followed by + XXXXX ENTER where the total number repre-

sents the time increment in C. S.

The AGC must have had the latitude, azimuth, and time DTEPOCH
(described below) loaded as three double-precision quantities during erasable
memory initialization. The AGC uses these quantities to generate the matrix
which relates the reference inertial-coordinate system to the stable member
coordinate system, To do this the reference system must be rotated thru the

following angles in the order given below.

(1) About reference Y-axis thru latitude angle of local vertical.

(2) About reference Z-axis thru the angle equal to the earth's angular
rate times (DTEPOCH + AGC clock reading at G. R. R.); the Z axis of
the reference coordinate must be parallel to the earth's spin axis and
TEPOCH must be the time that the local vertical vector passed thru the
+X +Z plane of the reference inertial system.

(3) About the local vertical vector (the SM desired X-axis) thru the
azimuth angle (positive rotation is clockwise looking towards center of
the earth).

te———— DTEPOCH—>
(/AGC clock zero time (0 hrs, 0 min, 0 sec, G.M.T.)

C/-TEPOCH

The following restraints must be observed on the magnitudes of the times

shown above.

(1) |DTEPOCH + AGC clock| at guidance reference release must be less
28

than 2

platform coordinates at guidance reference release.

C.S. Since the AGC must use this time to determine the inertial

The AGC clock will be zeroed when it senses L/O and DTEPOCH will be

changed accordingly.
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Character

© O a OO L s w N~ O

VERB

NOUN

ENTER

ERROR RESET

CLEAR

KEY RELEASE
+

ABORT

NOTE: It is good operation procedure to end every uplink message with a

KEY RELEASE,

TABLE 3-1

T g T T R i e e o el

Uplink Word

10000
00001
00010
00011
00100
00101
00110
00111
01000
01001
10001
11111
11100
10010
11110
11001
11010
11011
10011

01111 10000
11110 00001
11101 00010
11100 00011
11011 00100
11010 00101
11001 00110
11000 00111
10111 01000
10110 01001
01110 10001
00000 11111
00011 11100
01101 10010
00001 11110
00110 11001
00101 11010
00100 11011
01100 10011




3.4 AGC Digital Downlink
The AGC digital downlink consists of 50 words/sec on the high rate and 10 words/
sec on the low rate. Each "'word'" contains 40 bits (a 16-bit register transmitted twice

and an 8-bit "word order code"). Since the high rate will be used exclusively for flight
501, all further discussion will use the 50 words/sec rate,

The 40 bits of the word are shown below.

X X X X X X X X X X X X X X
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 P
X X X X X X X X X X X X X
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 P

X X X X X X X X
W.0.C,

where each X above represents a binary bit. The first 15 bits above carry the downlink
information and the 16th bit provides odd parity for the first 16 bits. The second 16 bits
are an exact reproduction of the first 16, The last eight bits are known as the Word
Order Code and are used to distinguish between data words and ID or marker words. All

eight-word order code bits are the same (0 for data words, 1 for ID and marker words.)

The digital downlink format is controlled by an AGC program which loads the
next word to be transmitted into register OUT4. This program is entered on an interrupt

caused by an "endpulse'' from the telemetry system.
Y p Yy sY

Before giving details of the AGC downlink a few important points on the downlink
should be reviewed. Most of the downlink words are actually the contents of erasable
memory registers which are used during the normal computations in the AGC. There is
no special buffer set aside for telemetry words because of erasable memory size
restrictions. The programs that use these erasable registers have no set phase rela-
tionship with the downlink program and, therefore, data which take more than one down-
link word to transmit (i. e. double precision words, vectors, etc.) may have words
from two different computation cycles. Some of these data arrays are associated with

"markers' as explained in the following paragraphs.

Most telemetered parameters have negative numbers represented in ones comple-
ment form (exéeptions will noted in detailed parameter description to follow). The sign
information is carried in bit 15 (1 for minus, 0 for plus) and, in general, the signs of
the most and least significant portions will not agree. The procedure for obtaining the

sign and magnitude of a double-precision word with sign disagreement is as follows.




The first bit of each word indicates the sign of that word (1 for minus, 0 for plus)
and the next 14 bits give the magnitude (in ones complement for minus signs). With
double-precision words, the most significant word and the least significant word may
have lifferent signs. If either of the words has a magnitude of 0, the complement of
that word should be used to force sign agreement. If neither word has a 0 magnitude,
the following procedure should be followed. Examples are given for each case using

words of 6 bits, 1 sign bit and 5 magnitude bits,

Case 1 Most Significant word sign bit equals 1
Least Significant word sign bit equals 0

Complement magnitude bits of most significant word and
subtract magnitude bits of least significant word as in
example below. The sign of the total quantity is minus

Most significant word equals 110011
Least significant word equals 001010

01100 00000
01010
Minus (01011 10110)

Case 2 Most significant word sign bit equals 0
Least significant word sign bit equals 1

Complement magnitude bits of least significant word and
subtract from most significant word as shown in example
below. The sign of the total quantity is plus.

Most significant word equals 010011
Least significant word equals 101010

10011 00000
10101
Plus (10010 01011)

The AGC is a fixed-point machine with the binary point assumed between hit 15 and
bit 14. The scale factors included later in this section give the units divided by the proper
number to cause the value of the parameter to be less than one. The bit weights for a

double-precision word are:

Most Sig:

Sign 2-1 2—2 2~3 2-4 2-5 2—6 2-7 2-8 2-9 2-10 2-11 2-12 2—13 2-14
Bit Number:

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

Least Sig:

—152-16

Sign 2 -17 18 ,-19 2—20 -21

9 9 9 -22 2—23 2~24 2—25 2-26 2*27 2—28

2 2

The bit weights for a single-precision word are the same as those given for most

sig. above.




The actual downlink formats are organized into 100-word lists. Each list, therefore,
requires 2 sec to complete on the high bit rate. The general format for AGC downlink lists
is given in Fig. 3.3. The seven phases referred to correspond to phases of the downlink
program for Mission 501, For Flight 501 there are only two lists, the nonupdate list, which
is transmitted throughout the flight except for the period of time the AGC is ih P27 because
of a V71, V76, or V77 update (see sec. 3.3), and the update list, which is transmitted during
the period mentioned above. A computer restart while transmitting the update list may
cause a premature return to the non-update list. With the exception of restarts, the list
switches are only made in phase 1 and, therefore, the switchover occurs only after the list

has been completely cycled through. If no update is attempted, the update list will never
be transmitted during Flight 501.

Marker words are used to identify when updating of certain data words has been
accomplished, When a marker word is sent, bit 9 of OUT 1 = 1, causing the word order

code bits to be 1's, Marker words will not be transmitted during phases 1, 2, or 5.

There is a cell in the AGC's erasable memory called "TMMARKER'., In phases 3
and 6, this cell is checked before a word is telemetered. If it is zero, then the normal
word is sent. If it is non-zero, the contents of TMMARKER are added to 740008,
{making bits 15 through 12 1's), bit 9 of OUT 1=1, and the quantity is placed in the tele-
metry output register of the computer (register OUT 4). The marker counter is
decreased by 1. The setting of bit 9 of OUT 1-1 causes the word order code to be a 1:
if data words are transmitted, this bit is set to'0. "TMMARKER' is set to zero after
being sampled.

In phases 4 and 7, the process in the previous paragraph is performed uncondi-
tionally (i.e., regardless of whether the contents of TMMARKER are zero or not).
Whenever a marker word is sent, the "marker count' is reduced by 1; since it is preset
to 3 at the start of phase 3 and phase 6, the proper synchronism of output words is
maintained. When the counter reaches zero, phase 4 (or 7) is terminated, If the con-
tents of TMMARKER are zero, the terminology "dummy marker' is employed: note
that it is not necessarily true that only dummy markers are sent in phase 4 and phase 7.

In phase 3 and 6, the counter is not less than 0,

Only the least significant three bits of TMMARKER are set in the program. Bit 1
(called "Marker 1") is set to 1 after the PIP registers have been sampled and a new
value for PIPTIME loaded. This action affects words 29-31 and words 78-79 of the non-
update list. Marker 1 will be generated each 0.5 second before GRR is sensed, each
2.0 seconds between GRR and about 10, 5 seconds after SPS1 cutoff, each 2.0 seconds
between SPS2-30 seconds and splash, and each 2.5 seconds if an abort is encountered
(reverting to 2.0 seconds when entry computations are started).




Phase No.

(S L B

Word No. Contents

1 ID WORD

2...15 DSPTAB

16 .. 27 COMMON GROUP

28 .. (48 + K) PART A & K MARKERS

(49 +K)... 51 DUMMY MARKERS OR ACTUAL MARKERS
52 ... 65 DSPTAB

66 ... (97 +J) PART B & J MARKERS

(98 +J) ... 100 DUMMY MARKERS OR ACTUAL MARKERS

Fig. 3. 3 General AGC Downlink Format




Bit 2 (called "Marker 2") is set after position and velocity have been updated in
the navigation computations. This action affects words 66-77 of the non-update list,
Marker 2 will be generated each 2,0 seconds between GRR and the end of the local
vertical phase, and each 2,0 seconds between SPS2-28 seconds and splash. It will be
generuted each 2.5 seconds if an abort is encountered (reverting to 2.0 seconds when
entry computations are started). Interrupts are inhibited by the program from affecting
words 66-77 while they are being updated and Marker 2 generated (a similar statement
applies to the other two markers). The events flagged by Marker 1 and Marker 2 occur
fairly close together in the program. The Navigation computations are employed to
assist in maintaining local vertical (hence Marker 2 lasts longer than Marker 1 after
SPS1 cutoff).

Bit 3 (called "Marker 3") is set after the desired value(s) of the CDU angles have
been determined. This action affects words 32-34 of the non-update list. It is set at
the normial computation cycle rate of once per 2 seconds for entry and once per
2.5 seconds for abort. During entry, it is related to word 32 of the non-update list
(words 33 and 34 are also changing, but are not flagged by Marker 3).

The contents of TMMARKER are modified independently by these three bits;
consequently, more than one of the three might be 1 for the same downlink word. It is
reset only when being sampled for downlink transmission. So, if a Marker takes place
during a telemetry phase when no markers are being sent, it will be sent at the next
marker opportunity.

A list of the non-update format is given below, Word numbers which are followed
by asterigks indicate the word may shift position due to marker words as explained in
the preceeding paragraph.
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.5 Analog Data Telemetry and Recording

3.5.1 Types

The inflight information from G&N is of three types: PCM telemetry of the
AGC DIGITAL DOWNLINK (PCMD'), PCM telemetry of low bandwidth G&N mea-
surement (PCM +, PCM, PCME "), and on-board recording of high bandwidth G&N
measurements FQ-TR . The first type, AGC DIGITAL DOWNLINK, is described
in section 3.4, The last two types, although including information in discrete form,
are considered to be analog data.

3.5.2 Authorization

The PCM telemetry of the low bandwidth measurements and the on-board
recording of the high bandwidth measurements have been defined by NASA in (1)
APOLLO CM/SM BLOCK I, OPERATIONAL BASELINE MASTER MEASUREMENT
LIST No. 8 of 15 September 1965 and (2) APOLLO CM/SM BLOCKI R AND D
BASELINE MASTER MEASUREMENT LIST No. 8 of 15 September 1965 and are as
listed below.

3.5.3 PCM Telemetry
The G&N PCM telemetry measurements are all classified OPERATIONAL.

Identification Function Type Sample Rate/Sec,

CG 0001 V Computer Digital Data PCMD 50 (refer Sec, 3.4)
(DIGITAL DOWNLINK)

CG 1101 V -28 VDC Supply PCM+ 1

CG 1110 Vv 2,5 VDC TM Bias PCM+ 1

CG 1503 X +28 VDC IMU Operate PCME 10

CG 1513 X +28 VDC IMU Standby PCME 10

CG 1523 X +28 VDC AGC Operate PCME 10

CG 1533 X +28 VDC OPTICS Operate PCME 10

CG 2110V IGA Torque Motor Input PCM 10

CG 2112V IGA 1X Res Output, sine, PCM 10
in phase

CG 2113V IGA 1X Res Output, cos, PCM 10
in phase

CG 2117V IGA Servo Error, in phase PCM 100

CG 2140 V MGA Torque Motor Input PCM 10

CG 2142 V MGA 1X Resolver Output, PCM 10
sine, in phase

CG 2143 V MGA 1X Resolver Output, PCM 10
cos, in phase

CG 2147 V MGA Servo Error in phase PCM 100

See definitions - Section 3.5.5




Identification

CG 2170V
CG 2172 V

CG 2173 V

CG 21771V
CG 2206 V

CG 2236 V

CG 2266 V

CG 2300 T
CG 2301 T
CG 2302 C
CG 2303 C
CG 3104 V

CG 3105 V

CG 3114 V

CG 3115V

CG 3141V

CG 3211 Vv

CG 4300 T
CG 5000 X
CG 5001 X
CG 5002 X
CG 5003 X
CG 5005 X
CG 5006 X
CG 5007 X
CG 5008 X
CG 5020 X
CG 5021 X

Function Type Sample Rate/Sec.
OGA Torque Motor Input PCM 10
OGA 1X Resolver Output PCM 10
sine, in phase

OGA 1X Resolver Output, PCM 10
cos, in phase

OGA Servo Error, in phase PCM 100
IGA CDU 1X Res. Error, PCM 10
in phase

MGA CDU 1X Res. Error, PCM 10
in phase

OGA CDU 1X Res. Error, PCM 10
in phase

PIPA Temp. PCM+ 1
IRIG Temp. PCM+ 1
IMU Heater Current PCM+ 1
IMU Blower Current PCM+ 1
SXT Trun MDA Input PCM 10
in phase

SXT Trun Tach Feedback, PCM 10
in phase

SXT Shaft MDA Input, PCM 10
in phase

SXT Shaft Tach Feedback, PCM 10
in phase

Trun CDU 16X Res. Error, PCM 10
in phase

Shaft CDU 16X Res. Error, PCM 10
in phase

AGC Temp. PCM 1
PIPA FAIL PCME 10
IMU FAIL PCME 10
CDU FAIL PCME 10
Gimbal Lock Light PCME 10
G&N Error Light(Err Detect) PCME 10
IMU Temp. Light PCME 10
Zero Encoder Light PCME 10
IMU Delay Light PCME 10
AGC Alarm #1 (Program) PCME 10
AGC Alarm #2 (AGC Activity)PCME 10
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Identification Function Type Sample Rate/Sec.

CG 5022 X AGC Alarm #3 PCME 10
(G&N ERROR)

CG 5023 X AGC Alarm #4 PCME 10
(PROG CHK FAIL)

CG 5024 X AGC Alarm #5 (Scaler FAIL) PCME 10

CG 5025 X AGC Alarm #6 (Parity FAIL) PCME 10

CG 5026 X AGC Alarm #7 (Counter PCME 10
FAIL)

CG 5027 X AGC Alarm #8 PCME 10
(Key Release)

CG 5028 X AGC Alarm #9 (RUPT Lock) PCME 10

CG 5029 X AGC Alarm #10 (TC Trap) PCME 10

CG 5030 X AGC Power Fail Light PCME 10

CG 6000 P IMU Pressure PCM 1

CG 6020 T PSA Temp, 1 Tray 3 PCM 1

CG 6021 T PSA Temp, 2 Tray 2 PCM 1

CG 6022 T PSA Temp, 3 Tray 4 PCM 1

3.5.4 Flight Qualification Tape Recorder (FQ-TR)

There are no G&N Flight Qualification Tape Recorder Measurements on

Mission 501,
3.5.5 Definitions

OPERATIONAL

FLIGHT QUALIFICATION

PCM

NAA defined as those measurements which will
remain fixed for a block of vehicles fulfilling
similar type missions. In the case of G&N how-
ever there are some differences between OPER-
ATIONAL PCM on Mission 204 and other Block I

G&N missions,

NAA defined as those measurements required
early in the flight program to qualify the vehi-
cle for flight, after which they may no longer
be needed.

Pulse code modulated analog measurements di-
gitally coded into 8 bit words for operational te-

lemetry.




PCM + Flight critical PCM measurements, which
would continue to be monitored if PCM sys-
tem is operated in '"slow format" mode (not

anticipated on Mission 501.)

PCME Special PCM measurements to monitor dis-
crete events (i. e. on/off, open/close) using
only 1 bit words,

FQ-TR Measurements recorded on flight qualifica-
tion tape recorder.

G&N Failure Detection Module
The module is composed of two sections:

(1) ELECTRONICS SECTION - Monitors the T/M ALARM signal from the
AGC to the NAV DSKY. This signal is under the control of the AGC UP-
LINK and DOWNLINK programs and is used to control the TELEMETRY
ALARM light in the NAV DSKY. Superimposed on the AGC UPLINK and
DOWNLINK program's control of the signal is control by the NIGHT
WATCHMAN program. This program briefly complements the existing
state of the signal and then restores its initial condition.

24-28 u sec
logic 1 ‘__] l
Logic 0 )

4'50 msec

or

logic 1
logic 0 l ‘
The ELECTRONICS SECTION of the G&N Failure Detection Module
monitors only the brief complement of the signal. If the complement is
lacking for more than 1. 6 sec (;(1) g) the ELECTRONICS SECTION gen-
erates the NIGHT WATCHMAN's alarm, which is a contact closure to
the MCP (the G&N FAIL INDICATION), G&N ERROR LIGHT, and the
S/C TELEMETRY SYSTEM, ('""G&N ERROR, "' a TM discrete as distin-

guished from AGC Digital Downlink.) Should the complement pulse be
restored the NIGHT WATCHMAN's alarm is removed.

(2) WIRING JUNCTION BOX
(a) Routes the NIGHT WATCHMAN's alarm to the NAA harness for the
MCP, S/C TELEMETRY SYSTEM and the G&N ERROR LIGHT in
the CAUTION and WARNING PANEL,
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(b) Routes all remaining wires of the DSKY interface directly through the
module.
The logic of the generation of the G&N FAIL INDICATION is thus under the con-
trol of the NIGHT WATCHMAN'S ALARM program, This program monitors G&N acti-

vity in two phases completing a monitor cycle in 480 ms.

The first phase involves the examination of an error register (OLDERR). Should
this register indicate an error present, the complement pulse would not be generated
and a G&N FAIL INDICATION would result. The error register will include the follow-
ing error indications;

(1) The failure of an AGC RESTART sequence. This sequence is automatically
done when the AGC's normal sequences have been momentarily interrupted
by failures such as TC TRAP, PARITY FAIL or a momentary loss of PRI-
MARY POWER. The RESTART sequence will normally perform a limited
recycle of the interrupted sequences restoring the initial conditions within
milliseconds,

(2) The receipt by the AGC of an indication from the Inertial Subsystem error
detection circuitry of an IMU FAIL or ACCEL FAIL. Each of these fail in-
dications is a summation of several relevant analog parameters, any one of
which will cause a fail indication if exceeding the following criteria.

(a) IMU FAIL
IG Servo Error - greater than 4. 6 mr for 2.5 1 sec.
MG Servo Error - greater than 4,6 mr for 2.5 +1 sec.
OG Servo Error - greater than 4.6 mr for 2.5 1 sec.
3200 ~J supply - decrease to 50% of normal level
800 ~s wheel supply - decrease to 50% of normal level
The receipt of this fail indication is ignored by the AGC program
when the G&N system is in the Coarse Align Mode and during the 5
second interval following Coarse Align. In this mode (used only during
pre-launch alignment for Mission 501) the servo errors normally ex-
ceed the criteria above.
(b) ACCEL FAIL
X PIPA Error - greater than .32 mr for 5 +2 sec.
Y PIPA Error - greater than. 32 mr for 5 +2 sec.
Z PIPA Error - greater than .32 mr for 5 +2 sec.
The receipt of this fail indication is ignored by the NIGHT WATCH-
MAN during the coasting phase.
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The second phase exercises the AGC executive programs by a request for a new
job (NEWJOB) via a periodic programmed interrupt (T4ARUPT) with a high job priority
(36 - the highest available with the exception of an alarm priority.) This new job exam-
ines bit 4 of register OUT 1 and complements it as described above, Should the execu-
tive routines or the interrupt processes be disabled (as, for instance, if an AGC pro-
gram had become trapped in a loop) the NEWJOB request would not be honored, the com-
plement pulse would not be generated, and a G&N FAIL INDICATION would result,

The G&N FAIL INDICATION can also be sent to the MCP via the Up Data Link
(UDL) based upon ground assessment of tracking or telemetry data. Upon receipt of
G&N FAIL INDICATION the MCP immediately disables all mode commands from the
AGC and commands the SCS system to SCS AV MODE. The attitude reference becomes
the BMAGS/AGCU, The SCS system is now no longer responsive to any G&N-originated

attitude signals, attitude error signals, engine on-off commands (disabled by removal of
AV mode), or AGC commands via the MCP.

The MCP can be reset to retransfer S/C control to G&N; however, this command
must come from the ground.
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4, MISSION LOGIC AND TIMELINE
4.1 Operational Constraints

The G&N system, the MCP, and the ground command systems to the G&N and
the MCP must be operated within certain constraints both in normal and backup
modes.

4.1.1 MCP Ground Commands

The following list details the MCP real-time commands (RTC's)
planned for support of Mission 501. This list is restricted to commands to
the Mission Control Programmer and is exclusive of commands to the SIVB
and AGC Uplink commands:

RTC # 02,..04 Fuel Cell Purge (cell#l - cell #3)
etc, 05 Reset RTC 02-04

10 Lifting Entry - Necessary for no-roll entry in the
SCS entry mode

11 Direct Thrust On - Turns on SPS engine; backup
to onboard command in case of malfunction.

12 Direct Thrust Off - Turns off SPS engine; backup
to onboard command in case of malfunction,

13 Reset RTC 10-12

14 Direct rotation + pitch

15 Direct rotation - pitch

16 Direct rotation + yaw

17 Direct rotation - yaw

20 Direct rotation + roll

21 Direct rotation - roll

22 Direct Ullage

23 Reset RTC 14-22

24/32 SM Quad A Propellant Off/On

25/33 SM Quad B Propellant Off/On

26/34 SM Quad C Propellant Off/On

27/35 SM Quad D Propellant Off/On

30/36 CM System A Propellant Off/On

31/37 CM System B Propellant Off/On

40 Let Jettison Start-Backup to onboard command
from SIVB




41
42
43
44

46

47
50
51
52
53

54

55

56

57

60
61

62
63
64
65
66
67
70
71

72

G&N Failure - Backup to G&N function

G&N Failure Inhibit - Reset G&N failure

Reset RTC 41-42

Roll Rate Gyro Backup-Switches roll BMAG to
rate mode and uses this gyro for roll rate data
Pitch Rate Gyro Backup - Switches pitch BMAG

to rate mode and uses this gyro for pitch rate data

Yaw Rate Gyro Backup - Switches yaw BMAG to
rate mode and uses this gyro for yaw data

FDAI align

Reset RTC 44-47

-Z Antenna ON

+Z Antenna ON

G&N Antenna Switching - Enable of G&N command
capability for Antenna switching

Roll A and C Channel Disable -~ Disables the auto-
matic A and C RCS channels

Roll B and D Channel Disable - Disables the auto-
matic B and D RCS roll channels

Pitch Channel Disable - Disables the automatic
pitch RCS channels

Yaw Channel Disable - Disables the automatic yaw
RCS channels

Reset RTC 54-57

CM/SM Separation - Backup to onbaord command
from the G&N

UDL S Band RCVR ON

UDL UHF RCVR ON

Hy #2 Htr Fan

Oy #2 Htr Fan

Hgy #1 Htr Fan

Oy #1 Htr Fan

Reset RTC 64-67

Abort (Also Backup for SIVB/CSM Separation
Start)

Reset RTC 73-77




Commands 14-17, 20-21, and 54-57 will be used to control S/C
attitude in cases where the G&N is not operable.

Of these commands only six are intimately concerned with G&N oper-
ation; RTC 11, 12, 22, 41, 42 and 71.

RTC 11- Direct
Thrust
On:

RTC 12 - Direct
Thrust
Off

RTC 22 - Direct
Ullage:

RTC 41 - G&N

Failure:

AGC Engine On logic presently includes a monitor
of AV to ensure engine ignition. This monitor
continues for20 sec after sensing no thrust during
which time the ground might start the SPS engine.
If suitable AV has not been sensed after 10 seconds
the AGC would exit from thrust vector control and
hold attitude until the free-fall interrupt occurs.
Should the ground successfully start the engine
within 10 sec the AGC will guide the burn normally.
It must be assumed however that as the AGC Engine
On command did not work correctly, AGC Engine
Off will not either. The ground must therefore
command a timely "Thrust Off'" compatible with

the AGC TVC calculation.

The ground may thus inhibit starting of or may

stop the SPS thrust. Should AGC-controlled firing
be inhibited or shutdown the AV monitor logic

would after 20 seconds exit from thrust vector
control and hold attitude until the free-fall interrupt
occurs,

A backup command for ground use during a ground
controlled burn in the SCS AV mode. Its use
during G&N controlled flight would inhibit G&N
attitude control with the possibility of the G&N
being unaware of the loss.

This command is a ground backup for the G&N .
originated command. All control of the vehicle
by the G&N is thereby inhibited.



RTC 42 - G&N This command overrides the G&N FAIL signal.

Failure Use of this command does not guarantee that the
Inhibit: AGC will correctly resume control of the S/C.
RTC 71- Abort This command initiates SIVB/CSM Separation in

a boost abort. For appropriate AGC action, it
must be accompanied by an abort command to the
AGC via AGC Uplink.

The G&N BACKUP ABORT command, previously
a backup to RTC 71, has been deleted from the
AGC/MCP interface (see para. 3.2,2 section 10).

4,1.,2 Backup Attitude Reference System

The backup attitude reference system is the SCS BMAGs in conjunction
with AGCU. G&N control of the CSM orientation is always done with
consideration for the maintenance and accuracy of this system. As the SCS
system is presently designed, the BMAGs operate as free gyros in the G&N
AV MODE; in other modes they are caged through the AGCU.

As the mechanical stops of the BMAG's are at + 17° it is apparent that,
during boost (Monitor MODE) and attitude maneuvers (G&N ATTITUDE CONTROL
OR ENTRY MODES) both involving angular changes of over 17,O the BMAG's
must be caged. In the G&N AV mode however, should attitude changes over
17° occur, integrity of the backup attitude system will be lost. Such changes
are not anticipated in the nominal mission,

The rate limits of the backup attitude reference system in the caged
mode are 5°/sec in Pitch and Yaw and 20°/sec in Roll. To preclude controlling
the S/C rates beyond which the backup attitude reference system can maintain
its reference, the G&N will limit its command rate to the CSM and CM.
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4.1.3

External Data Requirements

G&N requirements for external data fall into three categories:

a) Navigation Data via the Uplink

State Vector updates are required for successful G&N control.
b) Radar Tracking Data for Post Flight Analysis

Tracking data requirements, to a degree of accuracy and
completeness which would permit the most comprehensive determination
of G&N flight performance, are given in Table 4-1. Subsequent

revisions of this plan will reflect more realistic requirements.
¢) Radar Tracking Data for Real-Time Monitor of G&N

This requirement is given by Table 4-2, which is derived from
the total indication error expected in the position and velocity data
telemetered to the ground via the AGC DOWNLINK,



4.2 501 AGC

NAME

Initialization
P01

Gyro Compassing
P02

Optical Verification
P03

Inertial Reference
P04

Pre LET-JET
Boost Monitor
P11

*Post LET-JET
Boost Monitor
P14

ACTIVITY

Manual—+»START PO1

AGE or

—+START P02
UPLINK

MANUAL~>START p03

GRR —

L/O—

(does not interfere with P02)
START P04
TERM11+\IATE GYRO COMPASSING
START+READING PIPAS
COMPJTE REFSMAT

v
TRANSFORM STATE VECTOR
TO IMU CO-ORDINATES

\
START AVE G

y
CALCULATE Ty (280,000 ft.)

START P11

If GRR not received Perform
P04 Function

COMIVLXND INU ATT. CONT. MODE

UPDAT*E TARGET VECTORS TO
L/O TIME

v
Call P14 at T0 +183 sec.

TORQU%-] CDU's to BOOST
POLYNOMINALS

v
START P14 (called)

COMMAND IMU to
FINE ALIGN MODE

START COMPUTATION OF
GIMBAL ANGLE RATES (TUMBLE MONITOR)

*MIT/IL will provide update capability (P27) during post LET-JET boost monitor
(P14) at specified time intervals,
required for Mission success.

The allowed update will be R, V, T which are




NAME ACTIVITY

Uplink Abort UPLINK—>SET ABORT
COMMAND FLAG
SIVB/CSM SEP SIVB/CSM

—»CMD + X TRANS

LOGIC SEP. DISC

CMD S5CS to G&N
ATT. CONT, MODE

CMD +GMP ON
Y is TUMBLE* FLAG SET? —N
1.7 SEC
SET BURN SW to Is ABORT SIGNAL SET? N
ARRST Y 1
2. 5 TO HDII
TERM SCS G&N Set BURN SW TO
ATT. CONT. MODE ABORT Pg. 4-9
0.25 sec. CMD IMU to
CMD SCS to G&N ATT. CONT., MODE
AV MODE
0. 25 sec. 3.8 sec.
CMS ENG. ON TERM SCS G&N

ATT. CONT. MODE

TUMB. FLAG SET ? l 0. 25 sec
| D
1 sec|Y N CMD SCS to
G&N AV MODE
FROM PG. 4-12 >
CMD IMU to ATT 0. 25 sec
CONT MODE

CMD ENG. OFF

N is ABORT SIGNAL SET?
| B

Set BURN SW to Set BURN SW to
SPS 1 ABORT

I
CALC MAN U, to
ABORT BURN ATT

A B c'



NAME ACTIVITY

A B c
SIVB/CSM SEP TERM. +X TRANS

LOGIC (Coat.)

SET TigN = T + 94. 3 sec

y
MANEUVER to
—_— >

ABORT BURN ATT
Y
CMD Eng ON

v
CALC. MANU. to

SPS 1 ATT.
v
Do ABORT BURN
MANEUVER to STEERING
SPS 1 ATT. (Posigrade to
89.5 sec (allowed) Alt. Recovery)

\J
TERM SCS G&N

ATT. CONT. MODE STEERING OR
0.25 sec Tpp INTRPT
EXITS TO
cMp. '5Cs to GeN ENGINE OFF
AV MODE ROUTINE
0. 25 sec

ENGINE OFF

ROUTINE EXITS

Y
CMD. ENG, ON TO ATT. HOLD
(P23)




SPS1 PRE-THRUST
P31

NOTE: SPS1 IS A NO
ULLAGE BURN

SPS1 BURN

4-9

from D Page 4-7

N
Set BURN SW TO SPS1

Set TIGN = T + 94, 3 Sec.

CMD IMU TO ATT, CONT. MODE
l 4,3 Sec.

TERM. +X TRANS

CALC. MANU, to SPS 1 ATT.
MANEUVER TO SPS1 ATT.
89.5 (allowed)
TERM SCS G&N ATT. CONT, MODE
0. 25 Sec,
CMD SCS TO G&N AV MODE
0. 25 Sec,

CMD ENGINE ON

Called by ENGINE ON Routine
TVC STEERING

STEERING EXITS TO ENGINE OFF
ROUTINE

ENGINE OFF ROUTINE EXITS TO
COLD SOAK (P21)



CSM COLD SOAK MANEUVER

P21

HOLD ATTITUDE (ACCEPT
STATE VECTOR AND TFF (MIN)
UPDATE)

P24

SPS2 IGNITION TIME DETER-
MINATION P25

CALLED BY ENGINE OFF ROUTINE
TERM. READING PIPAS

TERM. AVE G

CALC. MANU. TO COLD SOAK

CALL MANEUVER TO COLD SOAK
ATTITUDE

300 SEC
CMD FDAI ALIGN ON
l 10 SEC

CMD FDAI ALIGN OFF

GO TO P24

CALLED BY P21

CALL P25 AT T + X sec

|

ENABLE TFF MIN UPDATE

v

ENABLE R, V, T UPDATE

CALLED BY P24

v

START AVE G

|

NOTE: R,V,T UPDATE REQUIRED FOR MISSION SUCCESS
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‘ SPS2 IGNITION TIME DETER- CAL TFF (400, 000 FT)
MINATION P25 (Cont. )

BLOCK UPLINK

—_

\J
WAIT FOR TFF INTERRUPT LOGIC TO
DETECT Tgpp . Tff(min)N

Y

SET T = T + 10 MIN

IGN
CMD FDAI ALIGN ON
10 SEC

CMD FDAI ALIGN OFF
CALC MANU TO SPS2 ATT
DO MANEUVER TO SPS2 ATTITUDE

WAIT UNTIL T - 30 Sec

IGN
CMD + X TRANS

‘ 18 Sec
CMD GMP ON

11.5 Sec

TERM SCS G&N ATT CONT MODE
l 0.25 Sec

CMD SCS TO G&N AV MODE
0. 25 Sec

CMD ENGINE ON

SPS2 CALLED BY ENG ON ROUTINE

P42
TVC STEERING

STEERING EXITS TO ENGINE OFF
ROUTINE

ENGINE OFF ROUTINE EXITS TO
ATT HOLD

(P23)
|




ENGINE OFF ROUTINE

CMD ENGINE OFF

SET INIT FLAG

l

SET INTP FLAG

|

TO PAGE 4-7

Y

GO TO ATT HOLD (P23)

ARREST FLAG SET

Y
SET BURN SW TO SPS2
l 7 Sec,

SPS1

CMD GMP OFF
l 3.5 Sec.

TERM SCS G&N AV MODE

l 0.25

CMD SCS G&N ATT, CONT.
MODE

0.25

IST < K

FF
N

FLAG SET

N

TERM + X TRANS,

l7Sec

CMD GMP OFF
l 3.5 Sec.

TERM SCS G&N AV MODE

lo.zs

CMD SCS G&N ATT. CONT,

MODE
l 0.25

GO TO ATT HOLD P23

SETX=TFF-Y

TFF GOES ON DOWNLINK

GO TO COLD SOAK (P21)




‘ P61 START BY INTERRUPT (TFF< 200 Sec.)

MANEUVER
u TO CALC MAN FOR CM/SM

C/MSC Sep. SEP. ATT

Call Att., Man. to Sep. Att

*ﬂL

Wait until TFF <95 sec
1Y | N
Kill Att Man.

lSsec

TERM PRESENT SCS G&N MODE

Call CDU X Scaling Job

lSsec

CMD ISS to ENTRY MODE

v

. CMD SCS to G&N
RE-ENTRY MODE

CMD CM/SM SEP
Call P62 at T + 5 sec

P62 Start P 62 (called)

Re-Entry Calculate Maneuver to

Maneuver attain Trim Attitude

Call Att Man. to Entry
Att,
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TFF IN TERRUPT LOGIC

Y
SET ENTRY 18W

EXIT

SET ENTRY 2 SW

l

GO TO P 61

Is ENTRY 1
SW SET?
Y
EXIT *
N
v
R
TFF <95 sec!. Y
) |
v
Is ENTRY 2
SW SET?
Y
EXIT =
N
v
TFF <200 se(I:? Y
N
v
SPS 2 SW SET?
EXIT - Y‘ N
Ter < TrF (MIN) ?
EXIT ﬂ Y l

SET SPS 2 SW
v
SET TIGN (SPS2)

T + 10 min,
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5. GUIDANCE EQUATIONS FOR CSM

9.1 Powered Flight Guidance Scheme

The guidance scheme for Mission 501 is the same as that planned for all
Apollo CSM powered flights. It is based on the possibility of an analytical des-
cription of a required velocity (Xr) which is defined as the velocity required at the

present position r, in order to achieve the stated objective of a particular pow-
ered flight maneuver.

If v is the present velocity, then the velocity to be gained (Xg) is given
by

= Vv - v (5_1)

Vo=V - ¥ (5-2)
=v.-g-a (5-3)
- -2 (5-4)
where
b=v, -g (5-5)

and g is the gravitational acceleration.

The steering command is developed by formulating a desired thrust ac-

celeration (aT_ ) as that which satisfies the equation
D

a X v_=cb X vg (5-6)

where ¢ is a constant scalar.

Hence a measure of the error between ar and the actual acceleration am
=Tp a

is given by

- =g (5-7)




where ‘
m =cb -a (5-8)

T

It can be verified that @, is also the axis about which the thrust vector should be

rotated to null the error. Hence w, is used in forming the steering command.

Once a required velocity Vo is defined satisfactorily, the procedure for the
generation of the error vector @ is the same for all phases of powered flight. The
equations for the required velocity for the various phases are described in the
succeeding pages. Descriptions of the initial alignment procedure, ignition and
cutoff logic and implementation in AGC are also included.

5.2 Nominal Mission
5.2.1 Required Velocity

The required velocity for the first and second burns of the nominal
mission is defined as that velocity which will put the vehicle in an elliptical
trajectory of predefined parameters (semi latus rectum p and eccentricity e).

The values used are
First Burn Second Burn

p = 3.2849 X 10 ft p = 4.1969 X 107 ft

il

e = 0,59588 e = 0.99913

These numbers correspond to the trajectory described in Section 6. The

value of ¢ in Eq (5-6) is 1. 0.
The required velocity can be written as

Yr7lr VI‘add"iH Yu (5-9)
where /
1/2
R TR Y -
e £ B e E@-D) (5-10)
u 1/2
vy =t _,5.’ (5-11)
r
_ 2
p=a(l-e) (5-12)
r
ir=T (5-13)




and

ig = UNIT(G xi) (5-14)

The positive sign is used in Eq (5-10) for the radial velocity during first

burn and the negative sign is used during second burn.

5.2.2 Yaw Steering

Plane control during the nominal mission is achieved by specifying
the normal (iN) to the required plane appearing in Eq (5-14). The required
trajectory plane is defined to be the plane containing the present vector (r)
and the landing site vector taken as point of drogue chute deployment at

24, 000 ft (g‘_LS; 31.03N, 198, 02E) at the nominal time (31, 140-sec) of landing
and is given by

iN = UNIT (r x ELS) Sign (r x ELS) tig (5-15)

where —iw is the earth's polar unit vector. At cutoff the vehicle velocity will
be equal to Vo thereby ensuring the trajectory plane to be —i—N according to
Eqgs (5-9) and (5-14).

During the third and fourth burns, no computations are made for Vo
The desired thrust direction is held fixed at the direction computed at the

end of the second burn.
5.2.3 Engine Ignition

In the nominal mission, the engine is always ignited after a fixed
interval of time from a previous event. The first burn is initiated 96. 0
seconds after receipt of SIV-B/CSM separation signal, and the second burn

600 seconds after Tff falls below the criterion (Tff (min))'

5.2.4 Engine Cutoff

During all the burns a time to cutoff (Tg) is continuously being
estimated from the equation

Tg=kzg-m/ | m | (5-16)

where k is a factor that is a first approximation to the thrust acceleration

increase over 4 sec for SPS1 and SPS2. The value(s) of k have not yet been

determined. The accuracy of Tg increases as Tg —0, because as Kg -0,
b —-0.

When Tg falls below the critical value of 4.0 seconds, the clock is
set to turn off the engine Tg seconds later.

5-3




5.3 Aborts During Boost

The guidance equations for aborts during boost have been designed to meet

the following constraints that have been imposed on the spacecraft attitude.

The visual horizon is to be kept on a hairline on the forward window during
the entire powered flight and this line should be independent of the time at which
abort is initiated.

The window geomeiry indicates that this requires the thrust direction to be
between 4° and 36° to the line of sight to the visual horizon. Within this limitation,
the larger tha angle the greater is the interval of time before nominal SIV-B cutoff
during which the capability exists to reach a particular recovery area in the event
of an abort. Hence a thrust angle of 35° to the line of sight to the horizon is used
(see Fig. 5.1).

5.3.1 Required Velocity

The definition of a required velocity, in the usual sense, cousistent
with the direction of thrust pre-specified as above, is not possible. Hence,
a pseudo required velocity is defined for aborts which, when incorporated
into the general steering scheme, will satisfy not only the constraint on the

thrust direction but also permit recovery from a specified landing area.

Let r  be the entry position (400, 000 ft) corresponding to a free fall

from the present position. Then we can write

9f
x = tan -5 (5-17)
r,-r
= (5-18)
re coty + rcot')(e
and
sin 6, = —% (5-19)
xT+1
1 -x2
cos Gf = 5 (5-20)
1+x
where .
vein
coty = ﬁ—'T (5—21)
- —H
9 211/2
cot v, = r/p [e - }P_ - 1) : (5-22)
e
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oy . _
iy ipx_l_r (5-23)

i, = UNIT (rx v) (5-24)

Gf is the free-fall central angle to the entry point,

r, is the radius at 400,000 ft altitude,

Te is the flight path angle w. r.t the local vertical at entry
v is the present flight path angle (w.r.t. vertical)

The entry-point is given by

ro=r, (i cosf,+in sinfy) (5-25)

If perigee is higher than re, g does not exist.

Now let rr be the desired landing site (target vector) at the nominal
time. The target vector for aborts is the inertial position of 28. 3°N and
340.5°E longitude at 1350 seconds from lift-off. This choice corresponds to
minimum plance change for aborts at 681.075 seconds from the nominal boost

trajectory. The normal (lN) to the desired plane is defined in section 5. 3. 2,

The desired entry point (Eed) is a function of the entry velocity and
flight path angle. This vector is computed during each computational repeti-
tion as a function of the expected entry velocity and the inertial location of

the nominal landing site.

If the engine were to be cut-off at the present time, the velocity at

entry (ve) will be (from the vis-viva integral)

1/2
Ve = [VZ +2u &r—le- - %) :\ (5-25a)

Based on this velocity v, an anticipated entry range (¢e) is computed from

an empirical formula

_ 6076.15 2 e
d)e = T (-15064 +0.64286Ve+0ve ) (5-25b)
if v > 24600 ft/sec, and
6076.15
¢ = 2222 (750) (5-25¢)
e Re

if v, < 24600 ft/sec.

*It should be noted that Eq. (5-25b) does not take into account the entry flight
path angle. The coefficients are precomputed on the basis of the nominal
trajectory and hence the flight path angle is implied in Eq. (5-25b).
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The desired entry vector (Eed) is computed as

Leq™To (lrLS cos ¢, ~ UNIT (_lNX _lrLS) sin¢e) (5-254d)

At cut-off, Teq™Te and the actual entry velocity is Ves satisfying the entry
range equation.

The error d can be written as

d = Led " Ze (-26)

The rate of change of this error is computed by differencing r.as

© _ Ad -
a=-2d (5-27)
=lr. -r, /At (5-28)
n n-1

where the subscript n denotes the nth computational repetition.

Observing that d/ci is a measure of the time to cutoff (Tg), let the
magnitude of Xg be defined as

_d _
or
v =3 av (5-30)
—-g Ad

where Av is the velocity increment measured with the accelerometers in the
interval At. This formulation of |lg| enables the cutoff Eq (5-16) to be used
in terminating an abort burn.

Now consider Eq (6). Set ¢ = 0; then

a X v =0 . (5-31)

If the direction of y_g is chosen as the desired and known direction of ams the

specified constraint on the spacecraft attitude will be satisfied.

Figure 5-1 shows the geometry of the spacecraft window. The angle
¢ between the thrust and r is given by

5-7



é =6 +sin

R
1 l—-l‘;’ll‘ (5-32)

where 6 is the specified an gle (35°) to the horizon and th is the radius to

the visual horizon.
From Eq (5-32) and Eq (5-30) we can define Kg as

Av

_d
v =

Ve © Ad (-cos ¢ i+ sing i) (5-33)

5.3.2 Yaw and Roll Steering

The development of Eq (5-33) is based onir and -i-H' which are both
in the present trajectory plane according to Eq (5-23). However, normally
a plane change will be required to reach the same landing site from different

points of aborts on the boost trajectory.
Let the plane containing the present position r and the target vector
(see Section 5.3.1) r be defined by

iy = UNIT (xx r.p) Sign (exrq)- iy (5-34)

The velocity increment along i _ (normal to v) to null the error
betweenip and i is given by (see Fig. 5-2)

Bvyg = |v] Gy xig) " iy (5-35)

which is equivalent to
AVN = |V| (-lH') ° lN

The acceleration along _i_p required to accomplish the plane change
is given by

. =i AVN
EN "2p T_*t8
P g

(5-36)

where & is a small scalar (5 seconds). In order to prevent large yaw rate

commands, a limit of 8 ft/sec2 is imposed on the magnitude of a .
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Equation (5-33) can be now modified to include yaw steering, as

g oir & |AVI (5-37)

where

i

ip = UNIT [ i.cos ¢ +UNIT

H'@T cos 20°+an) sin qS]

(5-38)

and ag is the magnitude of the thrust acceleration, and the cos 20° term
compensates in part for the approximation of projecting the thrust vector onto
the horizontal plane.

The required velocity is given by

= + 5_39
vty, ( )

Ir
where Xg is given by Eq (5-37). With the required velocity so computed
and with ¢ = 0, the same steering (Eq 5-6) as for the nominal mission is
used.

The rate command resulting from the required velocity Ve has only
pitch and yaw components. However, the vehicle must be rolled such that
the pitch axis is in the horizontal plane (see Fig. 5-2). This is achieved by
generating a roll command (w_R) proportional to the cross product of the

desired pitch-axis vector, unit (r x1i

—roll)’ with the actual pitch axis unit

vector, lpitch'

- . e 5 . . _
YR Kroll [iroll (ipitch UNIT [EX&I‘OH]) iI‘Oll:l(s 39a)

where K = 0.05 for 501,
roll

The roll rate command is added to the rate command generated from
Eq (5-7).



f HORIZONTAL
PLANE

=l

Fig. 5-2 Computation of 2, and_i_t
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5.3.3 Engine Cutoff .

When T  falls below 4.0 secs, the clock is set to turn off the
engine T seconds later under normal area control. However, the engine
will be turned off if any one of the following violations has occurred before
Tg < 4,0 secs.

a) Free-fall time to 400, 000 ft is below 200 seconds
b) r, is beyond T That is,

r-r,<r-.rq (5-40)

c) If term in square brackets in Eq. (5-22) is negative,
(i.e. if cot? ¥ is negative),

d) If the free-fall angle 6, exceeds 53.13° (i.e. if x in Eq.(5-17)
exceeds 1/2).

5,4 AGC Computations

Since the information about the thrust acceleration comes from the ac-
celerometers in the form of velocity increments (Av), the computations in
the AGC are in terms of increments of velocity rather than instantaneous
acceleration. The repetetive guidance computations are shown in the form
of a block diagram in Fig. 5-3. The computational blocks are common to all
powered flight maneuvers except the computation of Ve described in the pre-

ceeding sections.
5.4,1 Average g Equations

The vector position and velocity are updated in each computa-
tional cycle with a set of equations based on the average gravitational

acceleration written as

At | Av 3
r = £n_1+z>.t(y_n_1+gn_1 2 +T) (5-46)
M (T e\’
- M _e - 5 gin® i o+ |-8] 27si i 5-47
g, .:2 L1+(rn) J(1 - 5 sin ¢)]3rn (rn) sing i |( )
: ,

*280, 000 ft. in case of aborts during boost phase.
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and

+
VoS Vg * Lg%l—&—“)— ot + Ay (5-48)

where the subscript n denotes the nth computational repetition,

J =1,62346 x10-3, the first gravitation harmonic coefficient,
sing = sin (Geocentric Latitude)
- i-r - Ly
n

5.4.2 Steering Command

The vector b was defined in Eq. (5.5) as
b = v, & | (5-5)

In the AGC (as shown in Fig. 5 -3), the increment (b At) is
computed as

bat ¥ Av - gAt (5-49)

Then the steering command in Eq.(5-7) can be written as

Kg X Am

_A_Qc E e At (5-50)
lv Hlam]
-—.g ——

where

A9 = At (5-51)

—c —-C

Am = cb At - Av (5-52)

Before being output to the attitude control system, the steer law
command is modified as follows:
-é‘-gout =Ky Agc Ky Z ﬁc
For 501 Kl =1/8, K2 = 1/100, and the second term is limited in magni-
tude to 1°.

5.4.3 Orbital Integration Equations

Position and veloéity during the free-fall phases of the mission
are calculated by a direct numerical integration of the equations of
motion. Since the disturbingaccelerations are small the technique of
differential acceleration due to Encke is mechanized in the AGC, as
described in MIT Report R~467, The Compleat Sunrise.

5.5 Initial Thrust Alignment

Before the engine is ignited for any particular maneuver, the vehicle

should be oriented so that on ignition the thrust is in the desired direction at
5-13



that point. Since the time of iznition is known beforchand, the position and
velocity at ignition can be computed prior to the arrival of the vehicle at that
point. By integrating over At seconds from that point, the vectors Xg and bAt can
be computed as shown in Fig. 5-3.

The desired thrust direction can be now calculated (prior to arrival at the

ignition point) as

ip = UNIT {gua?r - 'S‘z)l/z_ig] (5-53)
where
i = UNIT (v ) (5-54)
£ -g
and
q = cb - (lg ’ C‘B)lg (5-55)

and arp is an estimate of the magnitude of the thrust acceleration.

Once iT

at the ignition point such that the thrust axis is along iT’ and the pitch axis is along

is computed from Eq.(553), the vehicle is oriented prior to arrival

the desired pitch axis vector, UNIT (r X iroll) i.e. a wings-level, z(yaw) - axis un

roll attitude, using the general attitude maneuver program described in 5. 6.
5.6 Attitude Maneuvers

5.6.1 Technique
The technique of computing large attitude maneuver sequences with
the Block I G&N System depends on the geometry of Fig. 5-4 and 5-5,

Briefly:
1. A pure spacecraft roll (rotation about ESC) will force Xy
to describe a cone of half angle 33° about Xsc (See Fig. 5-4).

2. Gimbal lock is arbitrarily defined to occur when the outer

gimbal axis (OGA, )_(NB) cuts into a cone of half angle 30° about

the inner gimbal axis (IGA, XSM)’ This condition results in a

middle gimbal angle exceeding 60° (See Fig. 5-5).

Because the 33° cone can enclose the 30° cone, it is possible to
attain any attitude of the S/C X-axis by specifying the appropriate vehicle
roll attitude that avoids gimbal lock.

Maneuvers are performed as combinations of pure S/C roll sequences
and S/C pitch/yaw sequences. An attempt is always made to achieve the
desired orientation of the S/C X-axis with a planar pitch/yaw rotation from
the present orientation. If &VB were to cut into the lock area during this
maneuver, the sequence is recomputed to include a roll to reposition Xy p

before the pitch/yaw maneuver,

A final roll is always made to attain the desired final roll attitude.




Figure 5-4

Figure 5-5

Figure 5-6
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Under some oxtreme conditions it is not possible to avoid gimbid
lock with a roll, pitch/yaw, roll sequence. In these cascs it becomes
necessary to perform more than one pitch/yaw sequence, with attendant
additional roll sequences.

5,6.2 Method of Analysis
S/C attitudes are specified with unit vectors. Maneuvers are defined

by vector cross-products, and therefore normally follow the shortest route.
Let

present S/C roll axis

Xsc

Xsep desired S/C roll axis

Plane of pitch/yaw maneuver is defined by

We = unit (XgoX Xgop) (5-56)

This plane is closest to Yq,, at "max point" Mp (Fig. 5-6) defined by
vector

D
t
on
ag]
=

M, = UNIT (W Yo X W) (¢

If angle o 2 63° (i.e. 33° + 30°), then gimbal lock is impossible, and
the planned pitch/yaw can be done without an initial roll. Ifa < 63° the
33° cone will cut or enclose the 300, and certain roll attitudes will
become illegal, depending on the direction of motion, as de monstrated
by the heavy arcs of Figs. 5-7 through 5-11. The circles are the inter-

sections of the 30° and 33° cones with the unit sphere.

It is now necessary to examine the conditions at each end of the

trajectory to determine the correct roll attitude to be used.

If )_(SC were to pass through a max point on the way to the desired
attitude, the condition of Fig. 5-7 pertains. That portion of the arc on
the 33° circle which allows acceptable positions of )_(NB is marked by

a "normal" begin limit NB, and a "normal" end limit NE. These are
referenced from the positive trajectory direction by positive rotations
NBL and NEL about 1\_/Ip. The trajectory of Fig. 5-8 demonstrates the
existence of two acceptable arcs NB1 NE1 and NB2NE2, defined by four

normal limit angles NBLl, NELl, NBL2 and NEI"Z'







Figure 5-10

33° CIRCLE

NB

30° CIRCLE

33° CIRCLE

Figure 5-11

INITIAL

DESIRED

ANB

Figure 5-12




The general expression for a normal limit angle is: 1 i'{jﬂii

N(B,E)L = + 180° + 90° + OKA (5-58)
where

OKA = cos™! (tan (30° - c)/tan 33°) (5-59)

and c is the angle between Mp and Y . (See Fig. 5-7).

The signs in Eq.(5-58are determined by the geometry of the
maneuver,

For motion of }—(SC through a max point the normal limits clearly
define regions on the 33° circle where )—(NB is acceptable,

For the condition where the trajectory does not pass through
a given max point, but either end of the trajectory lies close to the max
point, other limit points can be used to define the acceptable portions of
the arc. Figure 5-9 depicts a final desired position }—§SCD for which the
30° and 33° circles intersect. The heavy portions of the arc are un-

acceptable regions for ANB

To define the arc, two "end" limits are specified as the inter-

sections of the 30° and 33° circles. Using the direction of motior: as

a reference line and the convention of positive rotation about }_{S cD the
two ""end" limit angles in Fig. 5-9 are given by:
BL = AR - SA (5-60)
EL = AR + SA (5-61)
where AR is measured to a line from >—(SCD pointing away from ¥SM’

SA is always positive, and angles may exceed 27,

For the condition of Fig. 5-9,Bis acceptable as a limit. E is
not acceptable because during the maneuver it will cross the forbidden
area inside the 30° circle. E is said to be a "'shaded' limit, and this
end of the arc must be defined by the normal limit NE, whose locus is

the tangent to the 30° circle.

Other end conditions can result in both limits being ""shaded"”, so
that the "normal' limits must be used to define the acceptable arc (See
Fig. 5-10), or in neither limit being shaded (See Fig. 5-11), so that both

can be used to define the arc.
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Figures 5-9, 5-10, and 5-11 can be used to describe conditions at

the beginning of the trajectory by replacing >—<SCD with )_(SC and reversing

the direction of motion.

To determine the roll attitude necessary for a given maneuver the

following steps are taken:

1) Determine if trajectory includes a max point, If it does,

compute and save the normal limit angles.

2) Determine if either end of the trajectory is within 63° of

+Yaom (i.e. do 30° and 33° cones intersect the beginning or the

end of the trajectory?)

If the results of steps (1) and (2) are both ''no', the planned pitch/yaw
maneuver can be made without an initial roll, and steps (3) through (10) can

be skipped.

3) If step (2) yields a "'yes', determine if the beginning of the
trajectory is within 63° of + Y It is not, skip to step (5).

If it is, determine whether }—(SC will move toward or away from

the max point, If towards, the max point has already been determined
in step (1) and its ncrmal limits saved. If away from, cbmpute the
end limits for the beginning of the trajectory.. (If the result of

step (1) was "no’, motion of Xq towards a max point is a special

case, Since Z(SCD is closer to gimbal lock than z-(SC’ its limits
will include those associated with X, and steps (3) and (4) may

be omitted).

4) Determine if either of the end limits computed in step (3) is
"shaded" or not. If shading exists, replace either or both end limits
with the corresponding normal limits, and save the results.

5) If step (2) yielded a "yes", determine if the end of the trajectory
is near a max point. If it is, determine whether this max point is

on the trajectory (i.e. if it has already been covered in step (1)).

If not, compute the end limits for the end of the trajectory.

6) Repeat step (4) for the end limits of step (5).

7) Combine the limit angles computed in steps (1) through (6) and
determine those portions of the 33° circle that are acceptable through-

out the trajectory.

At this point the 33° circle can be mapped out for acceptable and non-
acceptable arcs. This has been done for a random example in Fig., 5-12.
Acceptable portions of the circle as determined by steps (1) through (6) are
the arcs B1 E1 and B2E2. Only those portions where acceptable arcs overlapare

allowed for )ENB’ i.e, arcs B1E2 and B2 El‘




8) Determine if the initial roll attitude is such that the position
of Z-(NB on the 33° circle is acceptable. If it is, no initial roll is
needed. If it is not, specify a desired )—(NB position midway on an
overlapping region.

9) Define a roll maneuver ¢ so that XnB Will move around the
33° cone the shorter way to its desired position. (See Fig. 5-11),
10) Check if the roll maneuver of step (9) forces XNB to move into
the 30° cone around YSM' If it does, reverse the direction of the
roll and cause Z(NB to move the longer way around the 33° cone,
11) Following the completion of the roll maneuver, perform the
pitch/yaw maneuver defined in direction by Eq. (5-56) and in
magnitude by

sin” X

7
HXge Xscp))

(5-62)

L cos™l  {

Xs¢ - Zsco))

If the results of step (7) indicate that there are no overlapping
acceptable arcs, the planned single pitch/yaw maneuver cannot be done.

In this case the maneuver is "

split" into two equal co-planar pitch/yaw
maneuvers. )_(NB is rolled mid-way into the acceptable region associated
with the start of the trajectory and half the pitch/yaw is performed. At
the start of the second half of the trajectory, the required roll attitudes
are re-evaluated from scratch as if the remainder of the pitch/yaw were

a fresh maneuver,

For the case where the required pitch/yaw maneuver is greater
than 179° Eqgs.(5-56) & (5-62)are not used to define the trajectory, since
\fc becomes indeterminate in direction. A more convenient choice is
made:
) , (5-63)

W = UNIT (Xgo X (Xgq X

c Ysm

This ensures the greatest angle between XSM and the trajectory plane,

minimizing the need for initial roll maneuvers.
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5.6.3 Mechanization

The attitude maneuver computations in the AGC are performed hy
two distinct routines, The first, CAILLCMANU, analyses the maneuver and
generates the sequences of submancuvers as described in Section 5. 6. 2.
It requires as input the desired orientation of the spacccraft in the form of
three unit vectors, X, Y, Z’SCD (along the roll, pitch, yaw axes) expressced
in stable member coordinates. The output is a unit vector determining the
axis of rotation, WC (Eq.(5-56)), the magnitude of the rotation about this
axis, 0 (Eq.(5-62), and a switch setting indicating a roll or a pitch/yaw
maneuver,

The second routine, DOMANU, processes these outputs and
generates CDU commands to drive the vehicle in the specified manner,
For AS-501 spacecraft angular ratesare limited in command to 40/sec in
pitch/yaw and 7. 2°/sec in roll for CSM maneuvers, and 4°/sec and
15O/sec, respectively, for CM maneuvers. The general expression for a
vehicle rate is:

du

-4 1.2, 15) W (5-64)

C

Maneuver commands are computed at fixed intervals, Rate equations

are therefore expressed in incremental form:

A9 = At (4, 7.2, 15) W (5-65)

:k\yc

The quantity k is the magnitude of the output command at each iteration.

The command stays at this level until:
8- =k <k (5-66)

i. e. until the maneuver rotation is less than k degrees from completion.
The final increment is then 8 - = k degrees. The vector A8 expressed
in s!ble member coordinates, is resolved into gimbal (CDU) coordinates,

as follows:

AA = A8 -cos A tan A A8 + sin A  tan A AB
og X og mg~y og mg Z
AAig = cos Aog sec Amg Aey - sin Aog sec Amg s8, (5-67)
— 3 +
AAmg sin Aog AGy cos Aog AQZ
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cos 33

s 33

where a positive gimbal angle increment represents a clockwise rotation
of a gimbal about the positive direction of its axis., (See Fig, 5-5 for

definition of gimbal axes. )

From the above it can be seen that a maneuver is treated as a con-
stant rate for a fixed time. No attempt is made to modify commands with
the inverse responses of either the CDU's or the spacecraft. In order to
accomodate the resulting lag in the response of the system, a five-second
"setfling' period is inserted after each maneuver to allow the spacecraft
to settle into the desired orientation. D{lring this 5-second period the pro-
gram returns to the routine CALCMANU to check that the maneuver was
satisfactorily performed, and to provide DOMANU with initial conditions
for the next maneuver in sequence,

Due to the noncommutativity of finite angles, the expressions in
Eqs.(567)may, for large maneuvers at the higher rates, result in a devia-
tion of the commanded spacecraft axes from the desired trajectory plane.
CALCMANU always checks whether }—(SC and }—(SCD are greater than 3 degrees
apart. If they are, a '"corrective' pitch/yaw maneuver is demanded to bring
them into coincidence, DOMANU performs this correction, and eventually
returns to CALCMANU, If, finally, the test shows the separation to be less
than 3 degrees, CALCMANU computes the exact desired set of gimbal
angles and "snaps' the CDU's to these values. The final values are a set
of euler angles, 8,y , ¢ extracted from the matrix identity:

Xscpx Xscpy Xscpz
Yscpx Yscpy Yscpz =
Zscpx ZscpyY Zscpz
0 sin 33 cos ¢ cos ¥ . sin g -sin 0 cos ¥
[
1 0 -cos 0 sin ¢ cos ¢ cos ¥ cos ¢ sin 8 sin ¥ cos ¢
+gin 0 sin ¢ +cos 0 sin
0 cos 33 cos @sinysing -cosy sin g -sin 8 sin ¢ sin ¢
+sin 0 cos ¢ +cos B cos ¢
where 6 = Aig (CDUY) (5-68)

v = Amg (Cbuz)
$ = Aog (CDUX)



5.7 Time of Free-Fall to Entry

The time of free-fall from any position r to the entry interface altitude is

given by
[AE - asg] 6-69)
where
AS
AE=2tan} [ B (5-170)
r r
2 -— -8
a a
r_ re> 1/2 v'r
asp = -|=2 (2--%)- p/a| - (5-71)
E a ( a JB#
(rxv) " (£ Xy
= 5-72
p m ( )
2 vov -1
. =(- - (5-73)
r 7

v is the velocity at r and r, is the entry interface radius.
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5.8 Entry Guidance
Included in this section is a set of flow charts that describe the logic and
equations that control the entry vehicle. The value and definition of constants

is given in Section 6. A thorough description is provided in MIT Report
R-532 (Vol 1) Reentry Guidance for Apollo.

| NAVIGATION
INITIALIZATION
TARGETING l
MODE
SELECTOR
op
waise 0‘&4 urcc;mu :"""s
&
CHECK FOR
INITIAL BALLISTIC . FINAL
START OF UP UPCONTROL P
ROLL CONTROL PHASE HASE
DRAG

LATERAL LOGIC

'

OUT WITH
ROLL COMMAND

Fig. 5-13. Computer Logic
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READ & CLEAR PIPAS
SAVE VEL INCREMENT

AS DELV
g 3
Ep o2 T & . DELV
TEM = VI+DT > +_2..

R = R+DTTEM

ABVAL (R) _
UNIT (R)- UZ

Fig. 5-14 "Average-g' Navigation
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IS RELVELSW ZERO?

YES NO

AR V : VI- KWE GztUNn(i)I
V = ABVAL{V)

vsQ = vi/vsar?

LEQ = (VSQ-1) GS

ROOT = V- UNIT(R)

ONI = UNIT [V e UNIT(R)]

D = ABVAL({DELV)/OT

GS RELVELSW ZERO?
YES NO

IS EGSW ZERO?) WT: WIE rj

NO YES

(i1s v-vmiN POS?) wr:wne(xreumemg
NO YES

RELVELSW =1

WT= WIE |

RETHETA,

URT = URTO +UTR (COS WT-1) + RTE SIN WT
LATANG = URT- UNI

-3 - -
THETA = COS  [URT - UNIT(R))

‘ GO TO SELECTOR I

Fig. 5-15 Targeting
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{ IS INRLSW 0 ?

J

YE

C IS D-05g POS?

]

I INRLSW =} I

NO
GO 10 310 '

o
C IS D-KA POS? )
YES NO
L/D = LAD

C IS V-VFINAL NEG? )

SELECTOR=KEP2
L/0 = LAD

GOTO 310

NO

y

( IS RDOT + VRCONTRL NEG?)

s | vl

NO
L/D = LAD

IS V-VFINAL + K44 (ROOT/VPPOS?

L/D = -LAD

l GO TO 310 '

GO 10 310 SELECTOR = HUNTEST

l GO TO HUNTEST I

Fig. 5=16 Initial Roll
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[ LEwD - LEwpl ] [LEwD - Lewp2 |

IS RDOT NEG?
NO YES

V1 =V + RDOT/LEWD V1 =V + RDCT/LAD
AO = (VI/V)2(D + RDOTZ/(2 C1 HS LEWD)) AO = (VI/VI2(D + RDOT?/(2 C1 HS LAD))
Al-D Al = AO

(IS HUNTIND ZERO?)

NO Trss
HUNTIND =1
DIFFOLD = 0
VIOLD = V1 + C18
Q7 = QIF

HUNTEST!

ALP =2 C1 AQ HS / (LEWD V1?3)

FACTI = V1/(1- ALP)

FACTZ = ALP (ALP- 1¥AQ
VL = FACTI[1- SQRT (FACT2 Q7 + ALP)]

(IS VL-VLMIN NEG?)

YES‘ {NO
SELECTOR = PREDICT3 (IS VL-VSATPOS? )
EGSW = 1 " YES NO
[ GO TO PREDICT3 ] (IS V1-VSAT POS?
NO YES
SELECTOR * HUNTEST [vsi-vi] lvs1 - vsaTl
GO_TO _CONSTD
DVL = VS1-VL

DHOOK = [(1-VSI/FACT1)I2 - ALP] /FACT2

AHOOK = CHOOK (DHOOK/Q7-1)/DVL

GAMMALL = LEWD (V1- VLIVL

CH1 GS DVL2(1 + AHOOK DVL)

GAMMAL = GAMMALI - DHOOK V2
(IS GAMMAL NEG? )
YES& NO

VL=VL+

GAMMAL

GAMMAL VL

LEWD - (3AHOOK DVL2 +2DVL) [CH1 GS/(DHOOK VLY
Q7 = [(1-VL/FACT1)2- ALP] /FACT2

=0

'

[GAMMALY = GAMMALL (1-Q19) + Q19 GAMMAL, GO TO RANGE PREDICTION]

Fig. 5-18 Huntest
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RANGE
PREDICTION

VBARS s vi?/ vsar?

COSG = 1- GAMMAL?/?

E = SQRT 1+ (VBARS-2) COSG? vBARS]
ASKEP : 2ATK SIN'(VBARSCOSG GAMMAL/E) , BALLISTIC RANGE
ASPl = Q2+ Q3VL . FINAL PHASE RANGE
ASPUP = “;—:(ns/amm LOG [40VIY (Q7 V1%)), UPPHASE RANGE
ASP3 & QS(Q6-GAMMAL) . GAMMA CORRECTION
ASPDWN: -RDOT V ATK/{AO LAD RE) . RANGE TO PULLOUT
ASP = ASKEP+ ASPI+ ASPUP + ASP3+ ASPDWN, TOTAL RANGE
DIFF = THETNM-ASP

YES

SELECTOR= UPCONTRiJ

¥

GO TO UPCONTROL

[ ]
IS ABS (DIFF) - 25 NM NEG?
NOY
1S HIND=ZERO? )
NO YES §
(15 oiIFF NEG? )
NOY pves
uconnzw-wom] DIFFOLD=DIFF
T VIOLD: V1
VCORR = YCORR DIFF GO TO CONSTD

(DIFFOLD-DIFF)

(LS VCORR - vCORLIM POS?)

YES ¥ NO
| VCORR = vcoruIM]

i N
C's VSAT -VL- VCORR NEG? )
NO
| vcorr = vcorr, 2 '

V1= V1 + VCORR
HIND =1
DIFFOLD = DIFF

| GO TO HUNTESTI |

Fig. 5~19 Range Prediction
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UPCONTRL

Y

1S vV-VI1 POS ?
YES NO

[ROTR = LAD (VI-V) S D-Q7 POS? )
OR = {w/V1)*A0-ROTRY(2CIHS LADI \OT™7Es

L/D = LAD + C16 (D-DR) | ves| SELECTOR=PREDICT3
-C17 (RDOT -ROTR) ( & 3.588118?{';%8'7 EGSW:=1
NGO GO TO PREDICT3

|GO 10 N!GTESYI

1
| (is ao-oneG?)

SELECTOR = KEP2

GO TO KEP2

NO

L/D = LAD
GO TO 310

1 ]
lvner +  FACT) [l-SQRT(FACT? De ALP)] I
T
Gs VREF - VSI POS?
O

YES § _ N

RDOTREF = LEWD(VI-VREF) RDOTREF = LEWD {V1-VREF)
-CH1 GS(VS1-VREF) [mmoox( vswaer)]

OHOOK VREF

FACTOR= (D-Q7)/(AO-Q7) I

'

l L/D= LEWD-KB2 FACTOR [KBI FACTOR(RDOT-RDOTREF)0V°VREF]I

‘ GO TO NEGTEST I

Fig, 5-2C Upcontrol
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e

L/D = -LEQ/DO + (16 (D-DO)} - C17(RDOT+ 2HS DO/V)

IS L/D NEG,
& D-C20 POS?

l GO 10 310 '

Fig. 5-21 Constant Drag Control
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( IS D-(Q7+KDMIN} POS? )

ves l Nol

EGSW = |
SELECTOR = PREDICT3

MAINTAIN ATTITUDE CONTROL

GO TO PREDICT3 (ZERO SIDESLIP & ANGLE OF

ATTACK NEAR ITS TRIM VALUE)

QuUT TO AUTOPILOT WITH
ROLL, PITCH, & YAW COMMANDS

Fig. 5-22 Ballistic Phase
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ATTITUDE CONTROL PHASE

NAVBASE

Calculates commanded gimbal angles (OGC, MGC, IGC)
by computing desired orientation of Nav Base with respect

to relative velocity vector.

UNIT (V-KWE UZ * UNIT (R))

UOvA =

UYA = UNIT (UVA * R)

UNA = UNIT (UYA * TGVA)

UBY =UYA COS (ROLLC) + UNA SIN(ROLLC)
UBX = -UNIT (UBY * UVA) SIN (13) - UVA COS (13)
UBz = UBX * UBY

Call CALGTA with (IBX, UBY, UBZ)
Return with (OGC, IGC, MGC).

STAGNATION
POINT

UNA

13° ASSUMED

UYA -
AT '~ oGe, 16, MGC

Above Situation is
for ROLLLC = 0

Fig. 5-23
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UBX, UBY, UBZ =

Unit Triad
with Relative
Velocity Vec-
tor

Unit Triad at
Nav Base

Gimbal Angle

Commands

(Outer, Inner,
Middle)



IS V-VQUIT POS?

ves NO
(1S GONEPAST zeeo_?) GO TO 380 I
YES NO
@(uiroi)-ﬁm POS?)
ves NO
GONEPAST=)

L/D = -LAD
GO TO GLIMITER

PREDANGL = RTOGO(V) + F2 (V) [RDOT-RDOT REF (V)]
+ F1(V) [D-DREFR(V) ]

L/D = LOD + 4 (THETNM-PREDANGL)/F3 (V)

GO TO GLIMITER I

Fig. 5-24 Final Phase
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)
vts‘ NO‘

| GO 1O 310 I IS GMAX-D POS?
NO YES

L/D = LAD
GO T0 310

Xz SQRT [2HS,(GMAX-D)( LEQ/GMAX+LAD)+(2HS GMAX/V)z] I

1S RDOT+X POS?

GO 1O 310

L/D:=LAD I
——
GO 10 310 I

Fig. 5-25 G-limiter
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Cl S GONEPAST ZERO?

V[S‘ NO

Y = KLAT VS5Q + LATBIAS I

(ns ABS(L/D) - L/DCMINR NEG?
NO ‘ Yes
YzY/2 |

Qs K2ROLL LATANG POS>
No; YES
Wo + L/DCMINR SGN (L/D) ]

Qs K2ROLL LATANG-Y POS ?

vzs{ NO

K2ROLL® - K2ROLL
T
[ LIGHT SWITCH uc.HLI

IS L/D NEG?
YES

KIROLL= KIROLL
-K2ROLL

T

( IS ABS(L/D/LAD) -1 POS? )

YES

NO

D L/D/ LAD) = SGN(LD)

¥
r ROLLC = K2ROLL COS™' (L/D/LAD)+ 2m KIROLL

OUT TO AUTOPILOT WITH ROLL COMMAND

Fig. 5-26 l.ateral Logic
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(6)
(7"

(9)
(10)

(11

EXTRA COMPUTER ERASABLE LOCATIONS NOT SHOWN ON FLOW CHARTS

VARIABLE

c/D0
GOTOADDR
XP1PBUF
YP1PBUF
ZPIPBUF
PIPCTR
JJ

M1

GRAD

FX
FX
FX
FX
FX
FX +
UNITV
UNITR
TEM1B

+ + + +
VS WA -

SWITCHES

- o

GONEPASTY
RELVELSW
EGSW
HUNTIND
HIND
INRLSW

DESCRIPTION MAXIMUM VALUE

SCALED RECIPROCAL OF DO

ADDRESS SELECTED BY SEQUENCER
BUFFER TO STORE X PIPA COUNTS
BUFFER TO STORE Y PIPA COUNTS

"BUFFER TO STORE Z PIPA COUNTS

COUNTS PASSES THRU PIPA READ ROUTINE
INDEX IN FINAL PHASE TABLE LOOK-UP
INDEX IN FINAL PHASE TABLE LOOK-UP
INTERPOLATION FACTOR IN FINAL PHASE

DRANGE/D L/D = F3 2700 NM

AREF 805 FPSS

RTOGO 2700 NM

RDOTREF VSAT/4 .
DRANGE/D RDOT = F2 21600/2VS NM/FPS
DRANGE/D DRAG = F1l 2700/805 NM/FPSS
UNIT Vv VECTOR 2

UNIT R VECTOR 2

TEMPORARY LOCATION

INDICATES OVERSHOOY OF TARGET
RELATIVE VELOCITY SWITCH

FINAL PHASE SWITCH

INITIAL PASS THRU HUNTEST
INDICATES ITERATION IN HUNTESTY
INDICATES INIT ROLL ATTITUDE SET

Fig. 5-28p Computer Variables (cont'd)
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6. MISSION AND VEHICLE DATA

6.1 Scope

Section 6 is a summary of all Flight 501 mission and vehicle data that have an

impact on AGC programming. Data have been collected under the following headings:

Section 6.2 Mission Data. Establishes the outlines of the mission in terms of
trajectories, profiles, etc. Includes performance figures for Saturn boost phase

inasmuch as they affect conditions pertaining at take-over of control by G&N system.

Section 6.3 Memory Data. Contains all mission~ and vehicle-dependent data
that are, in one form or another, written directly into the memory of the AGC. In
a wired-memory computer, such as the AGC, the very limited erasable section is
intended primarily for storage of computational variables. An attempt has been
made to consign those mission parameters that do not change during flight to the
fixed section of the memory.

Section 6.4 Vehicle Data. Contains information that will mainly affect simula-
tions and rope verification and will not, with only one or two exceptions, appear

directly in the AGC program.

Section 6.5 Physical Constants. These definitions will be used in AGC pro-
grams and verification work.

Numerical data are presented in the most convenient and widely accepted units.
The AGC is, however, programmed in the metric set of kilogram, meter, and centi~

2

second (10 “ sec). Conversion to other sets of units is done by use of the factors

defined in Section 6.5. 2.

Points on the surface of the earth are defined in terms of geodetic latitude and

longitude, referred to the Fischer ellipsoid of 1960, and of geocentric radius.

It is pointed out that not all items of numerical data included in this section
are to be found in the memory explicitly as defined. They are often rescaled,
changed in units, or combined with other data for storage in the most convenient

and/or economical fashion.




6.2 Mission Data

6.2.1 Mission Trajectories

"AS-501 Spacecraft Reference Trajectory'

TRW Systems 3902-H002-RCO000 1 November 1965
Nominal Mission Profile See Fig. 6.1 and Fig. 6.2
Major Events During Mission See Table 6.1

Nominal Saturn Boost Profile See Figs. 6.3 and 6.4

6.2.2 Nominal SIVB Separation Attitude Conditions

Roll rate 0°/sec
Pitch rate 0°/sec
Yaw rate 0%/ sec

6.2.3 30 Dispersions from Nominal Attitude at SIVB Separation

x-axis attitude dispersion 2°

y-axis attitude dispersion 2°

z-axis attitude dispersion 2°

Roll rate residual 0.2% sec
Pitch rate residual 0.2°%/ sec
Yaw rate residual 0.2°%/ sec

6.2.4 SIVB Engine-Off Transient

Vacuum Thrust Decay not available
Tail-Off Impulse not available
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‘ 6.3 Memory Data

6.3.1 Prelaunch

Memory
Type Value
Launch Pad #39A: Latitude F 28938'50. 92" N
Longitude F 80°38'8. 07" W
Altitude of G&N F Not available
above ellipsoid
Inertial reference plane (IMU) F Not available
azimuth
Optical target 1
Azimuth F Not available
Elevation F Not available
Optical target 2
Azimuth F Not available
Elevation F Not available
Latitude of local vertical at F Not available
launch pad
. 6.3.2 Saturn Boost
Memory
Type Value
(Interval: Lift-off-LET jettison 183.0 sec )
- assumed complete
Interval: Lift-off to start of E 12.0 sec
roll maneuver
Interval: Duration of roll E Not available
maneuver
(Interval: Lift-off to start of Not available)
Pitch maneuver
Interval: Duration of Pitch E Not available
Maneuver
Roll maneuver: Rotation about E Not available
inertial vertical
Roll maneuver rate (constant) E Not available




Memory
Type Value

Pitch polynomial1 coefficient A Not available

o

Not available
Not available
Not available
Not available

Not available

> B e P

(<2 I - SN GV R VI
H 0o H

Not available

Note 1. Form of pitch polynomial is:
6
o = 2, A
n=0

where 6 = angle between inertial horizontal at launch
and vehicle X-axis, in degrees

t = Time in secs (t = 0 at 10 secs after Lift-off)

6.3.3 Attitude Maneuvers

Memory
Type Value

Limit: commanded S/C

angular rate:

Roll (CSM) F 7.2% sec

Roll (CM only) F 15°%/ sec

Pitch, Yaw (CSM,CM) F 4°/sec
Interval between attitude updates F 0.5 sec
Interval for stabilization after F 5.0 sec

maneuver
6.3.3.1 Cold-Soak Attitude

The desired cold soak attitude of the CSM is defined for the
AGC via four angles in erasable memory. The angles are (1) RA,
apparent right ascension of the sun; (2) D, declination of the sun;
(3) Az, Azimuth about the solar vector; (4) ¥, orientation of the solar
vector in the CSM X - Z plane.

6-8




ates and

Nautical

The defining rotations are shown in Figures 6-5 through 6-7,

The angles RA and D define the solar vector in ECI co-ordin-

are extracted for any day from the American Ephemeris and
Almanac.

The angles AZ and ¢ define the orientation of the CSM with

respect to the solar vector and will be selected in accordance with gim-

bal lock and communications constraints.

The four angles are a function of the launch time.

Right Ascension--available for particular date from American
Ephemeris and Nautical Almanac. This angle is measured
as positive rotation about polar axis.

Declination--also available from Almanac. This angle is

measured as a negative rotation about the Y=~-axis,

Azimuth--selected to satisfy gimbal lock and communication
constraints, This angle is measured as a negative rotation

about the sun vector.

Psi-~ also to satisfy mission constraints. This angle is

measured as a negative rotation about the YS/caxis.

Memory
Type Value
Right Aseension E not yet determined
Declination E not yet determined
Azimuth BE not yet determined
Psi E not yet determined



Zo. 2y

Z;
5
i% N
SOLAR \
VECTOR 2 \

Y. Y2

. (Xo.Yo. Zo) DEFINE ECI COORDINATES
(Xy.Y,,Z;) RESULTS FROM ROTATION OF RA ABOUT zo
(X2 .Y, Z7) RESULTS FROM ROTATION OF D ABOUT -V,




(X3,Y3,Z3) RESULTS FROM ROTATING OF Az ABOUT -X;

Fig. 6-6
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EPA

i
Z;
Z,
SOLAR 3
VECTOR
K
<
Y3, Yy

(Xq.Y4.Z4) RESULTS FROM ROTATION OF ¥ ABOUT -Y;

Fig. 6-7




6.3.4 TVC (nominal mission)

CSM c.g. displacement in X-Y planex
CSM c.g. displacement in X-2 planek
Minimum AV criterion for thrust monitor
Interval for thrust monitor

Interval between steering updates

Steer law gain (Kl)

Steer law integrator loop gain (K2)
Integrator saturation limit

Steer law coefficient (c)

Maximum interval: freeze CDU's
to engine off command:

Interval: between SCS mode change
commands

Interval: Gimbal motor power on to
’ Engine start

Interval: Engine off to Gimbal motor
power off

Interval: Engine off to AV mode off

Maximum interval: Receipt of SIVB/CSM
Separation signal to receipt of
uplink abort

Interval: mean effective SPS tailoff
duration

SPS Burn aim point criteria:

First SPS Burn
semilatus rectum(p)
eccentricity (e)

Second SPS Burn
semilatus rectum (p)
eccentricity (e)

* Separate values needed for each SPS burn

6-13

Memory

Type

IS WS IS B L B

o

et

o

Value

Not determined
Not determined
1ft/s/s

20gec

2 sec

0.125

0.010

1.0°

1.0

Not determined
0. 25 sec

12,0 sec

7.0 sec
10.5 sec

1.7 sec

0.39 sec

3.28465 X 10" ft

0.59473

4.19693% 10" ft.

0.99913



6.3.5 Entry (Normal Mission)

Memory
Symbol Type Value
CSM attitude for CM/SM separation
X-axis above the velocity vector by: F 60°
(Y-axis along momentum vector
(RXV), Z-axis above velocity
vector)
CM Pacific pre-entry attitude:
X-avis above velocity vector by: F 157. 24°
(Y-axis opposite momentum vector
(RXV), Z-axis above velocity
vector. A lift vector up
attitude)
Trim angle of attack F 22.76°
Interval: CM/SM separation to start
of maneuver F 20 sec
Pacific recovery point:
Latitude: E 30.232° N
Longitude: E 158.359° w
Entry Constants and Gains
Factor in ALP computation C1 F 1.25
Constd gain on drag C16 r .01
Constd gain on RDOT cC17 F . 001
Bias vel. for final phase
start C18 F 500 fps
Minimum const drag C19 F 130 fpss
Max drag for down-lift C20 F 175 fpss
Factor in AHOOK computation CHOOK F .25
Factor in GAMMAL computation CH1 F .75
Max const drag - DOMAX F 175 fpss
Computation cycle time
interval DT F 2 sec
Maximum acceleration GMAX F 322 fpss (10 g-s)
Drag to roll up if down
initially (=KAT) KAFIX F 64.4 fpss
Optimized upcontrol gain KB1 F 3.4
Optimized upcontrol gain KB2 F . 0034
Increment on Q7 to detect end
of Kepler phase KDMIN F 0.5 fpss
Lateral switch gain KLAT F . 0125
Time of flight constant KTETA F 1000
Max L/D (Min actual vehicle
L/D) LAD F .3
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Memory
‘ Symbol Type Value

LAD cos (15 deg) L/DCMINR F . 2895
Upcontrol L/D LEWD .2
Final Phase L/D LOD F .18
Final phase range - 23500 Q3 Q2 F -1002 nm
Final phase DRange/D V Q3 F 0.07 nm/ fps
Final phase DRange/D GAMMA Q5 F 7050 nm/rad
Final phase initial flight path

angle Q6 F 0.0349 rad
Min drag for upcontrol QTF F 6 fpss
Minimum VL VLMIN F 18000 fps
Velocity to swiich io relative

vel VMIN F VSAT/2
RDOT to start into HUNTEST VRCONTRL F 700 fps
Max value of VCORR VCORLIM r 1000 fps
Tolerance to stop range

iteration 25NM F 25 nm
Lateral switch bias term LATBIAS F 0.4 nm
Velocity to stop steering VQUIT F 1000 fps
Initial Attitude gain K44 F 236
Velocity to start final phase

. on INITENTRY VFINAL F 25, 000 fps
Entry Conversion Factors and Scaling Constants
Angle in RAD to NM ATK o 3437.7468 nm/rad
Nominal G value for scaling GS F 32.2 fpss
Atmospheric Scale height HS F 28,500 ft
Earth radius RE F 21,202,900 ft
Satellite velocity at RE VSAT F 25,766, 1973 fps
Earth Rate A F 72.9211504 X 10-6
rac/sec

Earth Equatorial Rate KWE F 1546.70168 fps




6.4 Vehicle Data
6.4.1 CSM Data

Spacecraft Launch Configuration See Figure 6.8
Mass Properties Data at Launch See Table 6.2
Mass Properties Data of Expendable Items Not available
Center of Gravity X-location vs. usable propellant weight See Figure 6.9
Center of Gravity Y~location vs. usable propellant weight See Figure 6,10
Center of Gravity Z-location vs, usable propellant weight See Figure 6.11
Roll Moment of Inertia I vs. usable propellant weight See Figure 6,12
Pitch Moment of Inertia Iyy vs., usable propellant weight See Figure 6.13
Yaw Moment of Inertia IZZ vs. usable propellant weight See Figure 6, 14
Product of Inertia Ixy vs. usable propellant weight See Figure 6,15
Product of Inertia IXZ vs. usable propellant weight See Figure 6. 16
Product of Inertia Iyz vs. usable propellant weight See Figure 6. 17
RCS Thruster Moment Arm 7.1 feet

Fuel Equivalent Slosh Mass Not available
Oxidizer Equivalent Slosh Mass Not available
Fuel Mass C.G. X~location Not available
Oxidizer Mass C,G. X-location Not available
Fuel Mass Natural Frequency Not available
Oxidizer Mass Natural Frequency Not available
Fuel Mass Damping Ratio Not available
Oxidizer Mass Damping Ratio Not available

6.4.2 SPS Engine Data
Mass*
Inertia (IY =1Z = IR)*
Hinge to c.g. radius*

Maximum start and shutdown Transients See Figure 6,18
Mean thrust-off impulse 8,400 lb~sec
Displacement', thrust vector from engine

gimbal axes intersection <0.125 inch
Misalignment, thrust vector from engine

mount plane normal <0.5 degrees
SPS Engine Performance See Table 6.3

* Mod II actuator model not available
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Table 6.3 Apollo CSM Propulsion Performance Summary

Vacuum Vacuum Vacuum
Specific Thrust Propellant Nozzle
Impulse Per Engine Flow Rate Expansion
Isp F Per Engine Ratio
(sec) (Ib) @ (Ib/sec) €=Ae/At
SPS (steady state) 311, 2 £ 2,1(30) 21,400 + 400 (30) 68, 766 62.5/1

NOTE: The SPS propellant loading presented in Table 6. 2 is available as usable
propellant plus retained propellant and performance reserves. Three
hundred and fifty pounds of propellant will be retained in the propellant
retention devices as unusable propellant. Performance reserves should
be based on 3¢ tolerances presented above. Loading tolerances, M/R
tolerances, residuals and trapped propellant are accounted for in the SM

inert weight.
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6.4.3 TVC Autopilot Data
TVC Autopilot Data

Configuration
Attitude error gain
Attitude rate gain
Rate command limit
Att. rate filter lead time constant
Att. rate filter lag time constant
Forward filter gain

Commanded position breakpoint
Commanded position limit

Clutch scrvo amplifier gain%

Clutch servo amp. lead time const.

Clutch servo amp. lag time const.
Clutch servo current limits#
Clutch gain

Actuator moment arms*

Clutch lead time constant

Clutch lag time constant

Total actuator load inertias*
Actuator load time constants
Actuator load natural frequency*
Actuator load damping ratio*
Engine rate limit

Engine position limit (pitch)
Engine position limit (yaw)
Position feedback gain

Position pickoff frequency

Rate feedback gain
Rate pickoff frequency

Symbol

Pitch (Y)

Defined in Fig. 6.19

KA
KR
L

T 1 ,

T2

KE
LMP(1)
LMP(2)
KS

73

T4

LMI
KC

RA

75

76

JT

WA

WB

¢

LMR
LMY

LMZ

KD
WD
KG
wC

* Mod II actuator model not available

6-~30

63.

48.

+0. 105

1

1.00
0.500
0. 140

Yaw (Z)

Units

rad/rad
rad/rad/sec

rad

(effectively 16°/sec)

0.125
0.042
1.50

0. 105
0.227

0.025
0.029

3,530

0.022
0.029

0.300

+0.192
-0.052

46. 2

40.0

secC

sec

rad(GO)
rad(13°)

secC

sec
Ib/amp

sec

sec

rad/sec
rad(:tfio)

o
rad(flé‘ 80 )

rad/sec
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6.4.5 RCS Reaction Jet Data

Item Units Value

SM CM
Configuration
Nominal vacuum thrust 1b See Table 6.5 See Table 6.4
Specific impulse (steady) sec See Table 6.5 See Table 6,4
Minimum impulse lIb-sec See Table 6.5 See Table 6.4
Thrust rise lag millisec <12.5 <13.0
Thrust rise time constant millisec 2.0 (exp) 2.0 (linear)
Duration, minimum impulse millisec 18.0+£ 4.0 18.0+4.0

electrical signal

Engine cant angle deg 10.0

Table 6.4. Command Module Reaction Control System Performance

Summary
Vacuum Vacuum Vacuum
Specific Thrust Propellant Nozzle
Impulse Per Engine Flow Rate Expansion
Isp F Per Engine Ratio
(sec) (Ib) w(lb/sec) € =Ac/A;
CM/RCS 274 £ 9.9 (30)  93.3 +3.45 (30) 0.341 9.0/1

(steady state)

NOTE: The CM/RCS minimum impulse is 1.5 £ .5 (30) Ib-sec per engine.
CM/RCS propellant capacity is 270 pounds of which 225 pounds are
available for maneuvering and performance reserves.

M/ R tolerances, loading tolerances, residual and trapped fuel are
accounted for in the unusable propellant.
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Table 6.5 Apollo CSM Reaction Control System Performance Summary

Vacuum Vacuum
Specific Thrust
Impulse Per Engine
Isp F
(sec) (Ib)
SM/RCS (steady
state) ¥ 280 +_}LO (30) 100 + 2.5 (30)
SM/RCS (steady 275 + 7 (3¢) 100 & 2.5 (30)

state) s

* Data applicable for burns =5 sec.
*% Data applicable for burns > 5 sec.

Vacuum
Propellant
Flow Rate
Per Engine
& (b/sec)

0,357

0, 364

Nozzle
Expansion
Ratio
€=A, /At

40, 0/1

40, 0/1

The minimum impulse provided by the SM/RCS is 0. 75 + 0,15 (3¢) lb-sec per engine,

The SM/RCS propellant capacity is 838 pounds of which 790 pounds are availavle for

maneuvering and performance reserves., M/R tolerances, loading tolerances, re -

sidual and trapped fuel are accounted for in the unusable propellant.




6.4.6 CM Data

Control Weight 11,000 Ib h
Principal inertia (I_) 4949, 9 slug-ft®
Principal inertia (I ) 4364. 8 slug-ft
Principal inertia (IZZ) 4057.6 slug-ft2
Product of inertias (IXy) 15.2 slug-ft2 L From Table 6. 2
Product of inertias (I,) 30.5 slug-ft°
Product of inertias (IXZ) 278. 7 slug-ft2
CG X-location 1043. 3 inch
CG Y-location -0.2 inch
CG Z-location 6. 3 inches D,
Aerodynamic reference area 12935 square feet

' Aerodynamic reference diameter 154.0 inches
Aerodynamic coefficients see: Table 6.6
Variation of coefficients with see: Fig. 6.2land 6.22

Mach number

6-36

CONFIDENTIAL




Table 6.6. Apollo Command Module Aerodynamic Coefficients
at Trim Angle of Attack Versus Mach Number for

the Command Module with Protuberances

CL Cph L/D
Mach a*Trim Trim Trim Trim
Number (deg) (deg) (deg) (deg)
0.4 168. 14 0. 2435 0.8642 0.2817
0.7 165.78 0.2149 0.9501 0.2262
0.9 161.45 0.3076 1.0485 0.2933
1.1 156. 47 0.4530 1.1885 0.3812
1.2 155. 05 0.4924 1.2156 0.4051
1.35 154. 27 0.5395 1.2820 0.4208
1.65 153.66 0.5410 1.2791 0.4230
2.0 153.38 0.5248 1.2748 0.4117
2.4 153.97 0.4993 1.2355 0.4041
3.0 155. 04 0.4871 1.2117 0.4020
5.0 157. 24 0.4269 1.2280 0.3477
25.0 157. 24 0.4269 1.2280 0.3477
*Measured from + X-~axis
NOTES: (1) Coefficients are for a moment center located at:
X =1,043.3in.; Y =-0.21in.; Z__=6.3 in.
cg cg cg
(2) Heat shield cant = 0.465 degree
(3) Coefficient accuracies are:
L/D. . =%0.03;C =4 0.025; C =+ 0.04
Trim LTrim DTrim

where: CL is normal to the air velocity vector, positive in the upward direction

and CD is tangent to and directed opposite to the air velocity vector.
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Physical constants

6.5.1 Geophysical constants

Symbol Value
Earth's gravitation constant MUE 3.986 032 233 x 104
me’cerss/sec2
Gravity potential harmonic coeff.  J 1.62345 X 107°
H -0.575 x 1072
D 0.7875 X 107°
Earth's mean equatorial radius RE 6.378 165X 106 meters
Earth's sidereal rate WIE 7.292 115 05X 107 °
radians/sec
Reference ellipsoid Fischer, 1960
6.5.2 Conversion Factors
Multiply by
International feet to meters 0.304 8
Pounds to newtons 4.448 221 530
Slugs to kilograms 14.593 902 680
Nautical miles to kilometers 1.852
Statute miles to kilometers 1.609 344 000
Slugs to pounds (g) 32.174 048 000 ft/s/s
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7. G & N ERROR ANALYSIS

7.1 Introduction

The results of a revised G & N error study for the 501 mission are presented
herein. Primarily, this study considered the effects of IMU component uncertainties

on actual trajectory uncertainties for three cases. These are:

a) Navigational update 20 minutes before injection burn ignition (2nd S IV B
burn). Referred to as update 1A in tables.

b) Navigational update 5 minutes before injection burn ignition. Referred to
as update 1B in tables.

¢) Navigational update 20 minutes before 2nd SPS burn ignition (30 minutes
before spacecraft reaches 400,000 - ft altitude on the coast ellipse).

Referred to as update 2 in tables.

Simulation of the state vector or navigational R, V updates included the effects
of tracking uncertainties. Updating does not apply to the IMU Stable Member align-
ment, since the SM is not realigned during the 501 flight.

The no-updating case was not considered in this error study, although it had
been covered in the preliminary report issued in January 1966. Further, the cond-
itions attending the first two cases above differ somewhat from those for the pre-

liminary report. These conditions are described in some detail in section 7. 3.

This study did not consider the effects of Saturn guidance errors or of boost

trajectory perturbations on errors at SIVB cutoff.

The error studies assumed a prelaunch Stable Member orientation as shown
in Fig. 7.1. That is, XSM is up along the local vertical at launch instant, while
ZSM is horizontal down-range at the nominal azimuth. This orientation is different
from that assumed for the preliminary error study, where XSM was horizontal down-

range and ZSM was vertical down at launch instant.

Block 1 IMU uncertainties were assumed for these studies. These were the
same as those assumed for the preliminary study with two important exceptions, an
accelerometer bias uncertainty of 0.4 cm/sec2 and an accelerometer scale factor
uncertainty of 150 PPM were used for the present report, whereas the smaller un-
certainties of 0.2 cm/sec2 and 100 PPM, respectively, had been used in the earlier
report,

7.2 Significant Results of Error Study

The most important data required from the studies were the effects of IMU
uncertainties for the three update cases on:
1) Computed free-fall time of flight to 400, 000-foot altitude,
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Note: NOMINAL AZIMUTH IS 72°

Fig. 7.1 Coordinate Axes for 501 Launch Configuration




Flight Path Angle

2)  Flight path angle uncertainty at reentry start (400, 000-foot altitude),
3) CEP at reentry end.

Table 7.1 gives these data in summary form. All uncertainties are due to the

combined effect of 16 Block I IMU uncertainties and 10 tracking update uncertainties.

TABLE 7.1
SUMMARY
Update Timing
20 mins 5 mins 20 mins
Uncertainty before before before
Variable Event Injection Injection 2nd SPS
Ignition Ignition Ignition
(Upd. 1A) (Upd. 1B) (Upd. 2)
Injection burn cutoff 131 sec 98 sec = -----
Uncertainty in
computed 1st SPS burn cutoff 178 sec 168 sec =~ -----
Free-fall
Time of Flight 20 mins before 2nd SPS
to 400, 000-ft  burn ignition 183 sec 172 sec 0.15 sec
altitude
10 mins before 2nd 5PS 188 sec 177 sec 0.17 sec

burn ignition

Reentry Start

Uncertainty, (400, 000 £, alt.) (32. 6 mr) 49.8 mr 2,1 mr
(U) YAA
CEP Reentry End 444 nm 405nm 7.7 nm

(25, 000 ft. alt.)

The reader should see Section 7.7 (and Fig. 7.2) on the definition used for flight

path angle uncertainty. Data given here are for (U) YAA The uncertainty figure

for Update 1A case is parenthesized, since it represents an incomplete rss because
the perturbed trajectory due to ACBZ has a perigee higher than the 400, 000-ft
altitude, making it impossible to compute (U)‘yAA for this particular IMU uncertainty.

7.3 Navigational Update Conditions and Uncertainties

For the preliminary error studies it had been assumed that the AGC would not
receive acceleration information from the accelerometers during free-fall periods.
Accelerometer bias would then have no effect on AGC inputs. However, since then
the decision has been made to use AGC programming similar to that for the 202
mission. For the 202 mission the AGC was left sensitive to accelerometer outputs
from SIVB cutoff to 1st SPS burn ignition. Correspondingly, for the 501 mission the
AGC will now receive acc.eleration data from the accelerometers from 1st SIVB cut-
off through the entire parking orbit and from 2nd SIVB burn (iru‘ection burn) cutoff
for 30 minutes free fallto 1st SPS burn ignition. The AGC will have the accelerometer

biases as inputs during those two free-fall periods.
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g,

Leaving the AGC sensitive to accelerometer bias during the extended parking
orbit results in large uncertainties in position and velocity by the time of injection
burn ignition. Because of this, a navigational update before injection burn ignition

is now provided for.

Two updating times before injection burn ignition, one 20 minutes before and
the other 5 minutes before, were used in the error studies. At update times the
uncertainties in position and velocity were reduced to those represented by the tracking
update uncertainties.

There will also be provision for a 2nd navigational update. This will take
place 20 minutes before the 2nd SPS burn ignition (or approximately 30 minutes free-
fall away from 400,000-ft altitude). This is also the important time for AGC com-
putation of the free-fall time of flight to this altitude. Another time that free-fall
time is computed is 10 minutes before 2nd SPS burn ignition. For both times, if the
2nd navigational update has been made, the computed free-fall time of flight will be

affected only by tracking update uncertainties.

The navigational updates would be performed on the basis of orbit computations
made using observations by the MSFN (Manned Space Flight Network). The tracking-
station-computed position and velocity vectors would be subject to uncertainties be-

cause of noise and bias in tracking measurements.

In this IMU error study, simulation of tracking update uncertainties was based
on data available in MSC Internal Note No. 66-FM-46, '"Error Analysis of MSFN
Tracking Data for AS-501" by P.T. Pixley and M. L. Alexander. Tracking uncertainty
covariance matrices for times just before injection burn ignition and the 2nd SPS
burn ignition were available in this report. The one-sigma position and velocity

uncertainties for the three update times relative to local vertical axes were as follows:

Position Uncertainty Velocity Uncertainty
(in nautical miles) (in ft/sec)
Alt. Track Range Alt. Track  Range
20 min before Inject. Burn Ignit 0.12 0.05 0.39 2.1 0.6 0.5
5 min before Inject. Burn Ignit. 0.10 0.04 0.41 2.6 0.6 0.4
20 min before 2nd SPS Ignit. 0.02 0.07 0.08 0.3 0.6 0.1

In the error tables, after updating time, the uncertainties include the effects of

both navigational update and IMU uncertainties.
7.4 Error Table Description

At the end of this section error tables are given summarizing the results of
these studies.

Table 7.2 summarizes the RSS flight uncertainties caused by one sigma Block I
IMU component uncertainties at important times during the mission for the three up-
date cases previously described. Abbreviations for these cases are as follows:

7-4




Table 7.2 Summary of 501 Flight Uncertainties

Flight T B
Path ! ‘
ips . Angle (Azim, :
Event Update RSS I(’gsf;ciﬁsl;ncen. RSS Velocity Uncert. Un%ert. Uncert, !
(ft/sec) (U)*YAI (U)AZ (U)Tff
Alt, Track | Range Alt, Track | Range (mr) (mr) (sec)
Earth Launch None 0 0 0 0 0 0 0 2.4 -
SIVB Cutoff None 0.95 3.51 0. 40 18.8 54.3 5.8 0.73 2.1 .-
20 min before
Injection Ignition 1A Now 0,12 0,05 0. 39 : 2.7 0.6 0.5 0.11 0,02 ———
5 min before .
Injection Ignition 1B Now 0,10 0,04 0. 41 | 2.6 0.6 0.4 0,11 0,02 -
Injection 1A 1.90 1,31 1.65 25.8 11.0 14,2 0.91 0.4 ----
Ignition 1B 0.15 .11 0.41 4.9 3.9 3.9 0.16 0.2 ————
Injection 1A 3.28 .98 3.07 41.6 29,5 26,1 1.11 1.0 131
Cutoff 1B 0.54 0.66 0.74 @ 15.1 28.4 17.3 0,47 0.2 98
]
SPS1 1A 15.7 8.9 24,0 | 87.8 21.4 66,0 3.31 3.3 178
Cutoff 1B 10.3 8.4 9.4 57.7 25.6 35.9 2,52 1.7 168
20 min before 1A 342,1 3.8 471.0 1,429 17.6 92.8 14.8 1.1 183
SPS2 1B 312, 8 4,1 412.0 1,270 24.3 88.5 10.2 1.5 172
Ignition 2 Now 0.02 0,07 0,08 0. 34 0. 56 0.13| 0,002 0,03 |0.15
10 min before 1A 358.7 4.6 579.9 2,138 15.3 96. 0 30.1 0.8 188
SPS2 1B 329.1 4.1 514.4 1,912 24,3 89.3 | 22.1 1.2 1717
Ignition 2 0.03 0,07 0,08 0. 38 0.55 0.13| 0,003 0,03 |0.17
SPSs2 1A 310.5 5.1 748.4 3, 485 12,5 131.6 63.6 0.5 ———-
Ignition 1B 286.8 4,17 673.0 3,136 22,0 137.9 | 49.4 0.9 -—--
2 0.04 0,10 0.09 0.51 0. 45 0.12} 0.006 0,02 -———
B
Reentry Start 1A 82.6 3.8 3906. 2 4,835 40.8 182,2 |(32.6) 1.1 -———-
(at 400, 000 ft) 1B 80.0 4,1 822.9 4, 372 40.5 193.3 | 49, 7* 1.1 -——
2 1.3 1.4 0.3 23 22,5 3.8 2, % 0.6 CEP nm
Reentry End 1A 149.3 22,1 728.6 --- --- - --- --- 444
(at 24, 000 ft) 1B 140.0 21,2 667.2 --- --- --- --- --- 405
2 8.4 11,0 2.1 - --= --- -—- === 7.7

*Data given at reentry start are for (U) YaA and not (U) AT

See Section 7.7,

TFor update 1A case the perturbed trajectory due to ACBZ has a perigee higher than 400, 000-ft.altitude.
The figure of 32.6 mr for (U) Ypp I8 RSS for all other uncertainties except ACBZ.




Update 1A : Update 20 mins. before injection burn ignition.
Update 1B : Update 5 mins. before injection burn ignition.
Update 2 : Update 20 mins. before 2nd SPS burn ignition.
In Table 7.2 the rss uncertainty in free=fall time-of-flight to 400, 000-ft altitude is

also given where applicable.

Tables 7.3 through 7.9 are detailed error tables showing how the individual
IMU uncertainties contribute to the overall position and velocity uncertainties for
three critical times during the 501 flight. These times are: 1) SPS1 cutoff, 2)20
minutes before 2nd SPS burn ignition, and 3) Reentry start (at 400,000-ft altitude).
Separate tables are given for the various update cases.

Tables 7. 10 through 7. 13 are detailed error tables that show the effect of IMU
uncertainties on uncertainty in computed free-fall time of flight (‘I‘ff) to 400,000-ft
altitude for two critical times during the 501 flight. These times are: 1) SPS1
cutoff, and 2) 20 min before 2nd SPS burn ignition. Separate tables are given for
the various update cases, and for both positive and negative IMU uncertainties. In
those tables !'RSS" stands for RSS of T, uncertainties with positive IMU uncertainties

while "RSN'" stands for RSS with negative IMU uncertainties.

Tables 7. 14 through 7. 16 are detailed error tables showing the effect of IMU
uncertainties in flight path angle uncertainty at reentry start for the three update
cases. The reader should refer to Sect. 7.7 for flight path angle uncertainty

definitions.

Finally, Table 7.17 gives data on IMU Stable Member misalignments and drifts
throughout the flight.

7.5 IMU Errors and Uncertainties

The AGC will be able to provide compensation for the measured average values
of the following IMU component errors:

1) accelerometer bias error,

2) accelerometer scale factor error,

3) gyro bias drift,

4) gyro input axis acceleration sensitive drift, and

5) gyro spin reference axis acceleration sensitive drift.
Since the average IMU errors will be compensated by means of AGC programs during
prelaunch and in flight, it is the actual unpredictable deviations from the measured

average errors that constitute the IMU component uncertainties.

The Block I IMU error uncertainties (see also MEI No. 1015000-Part I) for

the present error studies are as follows:




Block I One-Sigma IMU Error Uncertainties

Input Axis
X Y z Units

Accelerometer bias (ACB) 0. 40 0. 40 0.40 cm/sec2
Accelerometer scale factor (SFE) 150 150 150 PPM
Accelerometer nonlinearity (NC) 10 10 10 M g/g2
Gyro bias drift (BD) 2 2 2 meru
Gyro input axis accel. sens. drift (ADIA) 8 8 8 meru/g
Gyro spin axis accel. sens. drift (ADSRA) 5 5 5 meru/g
Gyro acceleration squared sens. drift 0.3 0.3 0.3 meru/g
Accelerometer I. A. misalignments

Non-orthogonality X to Z 0.14 - - mr

Non-orthogonality X to Y 0.14 - . mr

Y about XSM - 0.10 - mr
Gyro I. A. misalignment

About SRA 0.50 0.50 0.50 mr

About OA 0.50 0.50 0.50 mr

It is important to note that some IMU uncertainties affect both the pre-launch
alignment of the Stable Member and the in-flight computation of position and velocity.
These include: accelerometer bias, gyro bias drift, and IA and SRA acceleration
sensitive drift. Since pre-launch and in-flight IMU uncertainties are assumed

correlated, their effects are summed in the error computation.

The Stable Member azimuth alignment uncertainty is affected primarily by the
effect of Z and Y gyro drift rate uncertainty on the gyro-compassing loop during pre-
launch alignraent. Table 7.14 shows that the overall rss azimuth alignment uncertainty

due to all gyro drift uncertainties is 2. 35 milliradians.
7.6 Stable Member Orientation

The orientation of the IMU Stable Member axes (XSM’ YSM’ ZSM) relative to
launch inertial axes (XI, YI’ ZI) are shown in Fig. 7.1. The X, Y, Z accelerometer
and gyro input axes are colinear with corresponding Stable Member axes. The
launch inertial axis ZI’ is in the horizontal plane of launch instant and oriented at the
nominal launch azimuth of 72° from north, The XI - ZI plane will be the initial pitch

plane as well as initial reference trajectory plane.

The Stable Member is not realigned during flight. Note that the SM orientation
shown in Fig. 7.1 is different from that assumed for the preliminary error studies

where XSM was aligned parallel to ZI and ZSM was parallel to —XI.




7.7 Flight Path Angle and Altitude Rate Uncertainty Definitions

Fig. 7.2 defines the three flight path angle uncertainties, (U)v, (U) vpapy
and (U) Yap® Data for (U) Ypp 2re given only for reentry start (at 400, 000-ft
altitude) in the summary tables, 7.1 and 7.2, since the flight path angle uncertainty
with the spacecraft actually at 400, 000-ft altitude is the desired parameter. For
all other times during the 501, flight data are given for (U) YAT

As the range angle uncertainty, (U) Rge/R, increases (as it will for prolonged,
non-updated orbital missions, since (U) Rge is unbounded), the uncertainty, (U)'YAIN’
will increase correspondingly, since YAIN is measured relative to the nominal hor-
izontal axis. The uncertainty, (U) Ypp» is the more useful figure. In the previous
report data had, however, been given only for (U)YAIN' In this report data are
given for W) YAT with the exception of reentry start where the data are for (U) YAA"

Data in all error tables for RSS position and velocity uncertainties are given
relative to nominal local vertical axes (see Fig. 7.2). These data may be used to
compute (U) YAIN® Unless appropriate transformations are made, (U)fyAI can

not be computed from the above data.
7.8 Error Computation Procedure

Position and velocity uncertainties given in the tables were computed as follows.
Approximate error equations were derived for the effect of each IMU component
error on trajectory position and velocity. The assumptions were: 1)that the errors
were small relative to the parameters being measured. and 2 ) that the IMU component
errors were statistically independent of each other, The error equations took into
account the effect of the IMU errors on gravity vector computation. The computations

program incorporating the error equations require nominal trajectory acceleration

and position vectors (relative to fixed inertial axes) as inputs at discrete time intervals.
The nominal trajectory itself was generated in a separate program. At significant
events, such as SIVB cutoff, detailed error printouts were made giving the position

and velocity uncertainties due to each IMU uncertainty relative to nominal local

vertical axes.

The uncertainties in computed free-fall time of flight were calculated by per-
turbing the equation for Tﬁ. (see IL-SFA Memo No. 28-65 by R. Bairnsfather) with

the position and velocity uncertainties due to each IMU component uncertainty.
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ACTUAL POSITION OF SPACECRAFT
WHEN INDICATED ALTITUDE
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Flight Path Angle and Velocity Uncertainty Equations

(Uvp1N = YAIN ~ "N

(Wrar =71 - "N (UWVar=Var- Vn
(Wvpp =744 " N (UVpAp=Vaa " Vi
Altitude Rate Uncertainty Equations

[ ] . ~ — — —
(U)AztAIN = VAI sinya iy - VN sinyy = (VAI - VN) RN/RN

(U)ALL

Bar =Varsinvag - Vysiny
(alt

AA = Vap Sinvppa - Vg sinyy
Note that YAIN is measured with respect to the same nominal horizontal
axis as ™’ while VAT and YAA 2Te measured with respect to their

particular local horizontal axes.

Fig. 7-2 Flight Path Angles
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Table 7. 17 Stable Member Drift Angles and Misalignments

Misalignment About

Event Misalignment About
Launch Inertial Axes Local Vertical Axes
(millirad) (millirad)
XI Y; Z; Alt, Track Range
RSS initial S. M. misalignment| 5 35 0.41 0.41 ———- ——_——— e
at earth launch
Stable Member RSS Drift Angle
At SIVB cutoff 0.21 0.30 0.47 0.28 0. 30 0.43
At injection burn cutoff 1.74 1.77 1.83 1,82 1.77 1.76
At 1st SPS burn cutoff 2.02 2,04 2.10 2,05 2.04 2.086
.20 mins before 2nd SPS burn 3.93 3.95 3.97 3.97 3.95 3.93
ignition
At 2nd SPS burn ignition 4,11 4,12 4,15 4.13 4,12 4,13
At reentry start (400, 000 ft) 4,18 4,20 4,24 4.18 4,20 4,24
Overall RSS Stable Member Misalignments
At SIVB cutoff 2,41 0.51 0.62 2.19 0.51 1.18
At injection burn cutoff 2,97 1.82 1.88 2,14 1,84 2.78
At 1st SPS burn cutoff 3.14 2.08 2,14 2,73 2,10 2.63
20 mins before 2nd SPS burn 4,61 3.97 4,00 4.00 3.98 4.60
ignition
At 2nd SPS burn ignition 4,76 4.14 4,17 4. 46 4,15 4,48
At reentry start (400, 000 ft) 4,83 4,22 4,26 4,81 4,23 4.26
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8.

G&N PERFORMANCE ANALYSIS

This section not available at this time.
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Mr. J.P. Mayer MPAD

Mr. H. W, Tindall MPAD

Mr. C.R. Huss MPAD

Mr. R. L. Schweichert Astronaut Office
Mr. P.C. Shaffer FCD

Mr. G. Meyer FCD

Mr., J. Tomberlin FCD

Mr, J. Hodge FCD

Mr. C.C. Craft FOD

Mr. R. Rose FOD

Dr, J. Shea ASPO

Dr. R. Lanzkron ASPO
Dr. R.C. Duncan G&CD
Mr., T. Chambers EG25
Mr. K. Cox EG23

Mr., J. Funk EG22

Mr. H, Croyts EG43
Mr., G. Rice EG43
G&C Division Office EG
Mr. R. Nobles MPAD
Mr. W. Bennet MPAD

(1)
(1)
(1)
(1)
(1)
(1)
(1)
(1)
(1)
(1)
(1)
(1)
(1)
(1)
(1)



External (Cont'd)

BELLCOM

Mr, H. Peterson -
Bureau of Naval Weapons

c¢/o Raytheon Company

Foundry Avenue

Waltham, Massachusetts

Queens Material Quality Section
c¢/o Kollsman Instrument Corp.
Building A 80-08 45th Avenue
Elmhurst, New York 11373
Attn: Mr. S. Schwartz

Mr. H. Anschuetz

USAF Contract Management District
AC Electronics of General Motors
Milwaukee, Wisconsin 53201

Link Div. of GPI

Hillcrest

Binghamton, New York
Attn: Mr. Fred Martikan

(1)

(1)

(1)

(3)
(3)




