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CHANGE INFORMATION

This handbook is subject to continuous change or revision, on a priority basis,
to reflect current engineering or mission changes, or to improve content or
arrangement. The content and the changes are accounted for by the

List of Effective Pages, and the following means:

Record of Publication: The publication date of each basic issue and each change
issue is listed on page C as a record of all editions.

Page Change Date: Each page in this handbook has space for entering a change
date. The latest publication date will be entered in this space each time a page
is changed from the basic issue.

COMMENTS

NASA Comments: NASA comments or suggested changes to this handbook should
be direct to M. E. Dement, Flight Crew Support Division, Spacecraft Systems
Branch, Building No. 4, MSC 2101 Webster Seabrook Road, Houston, Texas 77058.

GAEC Comments: GAEC comments or suggested changes to this handbook should
be directed to the Product Support Department, LM Publications Section.

RECORD OF PUBLICATION

This issue of the Apollo Operations Handbook - LM 4, Volume 1, dated 15 June
1968, is the basic issue. Subsequent changes will be issued to maintain
information current with the LM 4 configuration through completion of its mission.
This record will reflect the publication date of all changes.

Basic Date Change Date
15 June 1968 15 September 1968

Page C Mission LM4 Basic Date 15 June 1968 Change Date 15 September 1968
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‘ Figure 1-4. Station Reference Measurements
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1221 Crew Compartment. (See figures 1-5 and 1-6.)

The crew compartment is the frontal area of the ascent stage; it is 92 inches in diameter and
42 inches deep. This is the flight station area; it has control and display panels, armrests, body
restraints, landing aids, two front windows, a docking window, and an alignment optical telescope. Flight
station centerlines are 44 inches apart; each astronaut flight station has a set of controllers and armrests.
A design reference point (design eye) orients flight station geometry for the required balance between ex-
ternal visibility and visual and physical access to controls and displays. The main control and display
panels are canted and centered between the astronauts to permit sharing and easy scanning.

An optical alignment station, between the flight stations, is used in conjunction with the
alignment optical telescope (AOT). A portable life support system (PLSS) donning station is also in the
center aisle, slightly aft of the optical alignment station. A removable, height-adjusting PLSS support-
ing harness permits donning and doffing the PLSS.

The crew compartment shell is cylindrical and of semimonocoque construction. It is a
fusion-welded and mechanically fastened assembly of aluminum-alloy sheet and machined longerons. The
shell has an opening for the docking window, above the Commander's station.

The front face assembly of the crew compartment has two triangular windows and the forward
hatch. Two large structural beams extend up the forward side of the front face assembly; they support the
structural loads applied to the cabin structure. The lower ends of the beams support the two forward
interstage mounts; the upper ends are secured to additional beam structure that extends across the top of
the crew compartment shell and aft to the midsection structure.

The crew compartment deck measures approximately 36 by 55 inches. It is constructed of
aluminum honeycomb bonded to two sheets of aluminum alloy. Handgrips, recessed in the deck, aid the
astronauts during egress and ingress through the forward hatch.

1.2.2.1.1 Control and Display Panels.

The crew compartment has 12 control and display panels: two main display panels (1 and 2)
that are canted forward 10°, two center panels (3 and 4) that slope down and aft 45° towards the horizontal,
two bottom panels (5 and 6), two lower side panels (8 and 12), one center side panel (14), two upper side
panels (11 and 16), and the orbital rate display - earth and lunar (ORDEAL) panel aft of panel 8.

Panels 1 and 2 are located on each side of the flight station centerline, approximately at eye
level. The panels are constructed of two 0.015 aluminum-alloy face sheets, spaced 2 inches apart; they
are reinforced and spaced by formed 0. 015 channels. This forms a rigid box-like construction with a
favorable strength-to-weight ratio and a relatively high natural frequency. Four shock mounts support
each panel on the structure. Panel instruments are bezel mounted to the back surface of the bottom sheet
of the panel. The instruments are cushioned where they protrude through the top sheet of the panel, to
damp vibrations. All dial faces are flush with the forward face of the panel. Panel 1 contains warning
lights, flight indicators and controls, and propellant quantity indicators. Panel 2 contains caution lights,
flight indicators and controls, and Reaction Control System (RCS) and Environmental Control System
(ECS) indicators and controls.

Panel 3, immediately below panels 1 and 2, spans the width of these two panels. Panel 3
contains the radar antenna temperature indicators and engine, radar, spacecraft stability, event timer,
RCS and lighting controls.

Panel 4 is centered between the flight stations below panel 3. Panel 4 contains Attitude
Controller Assembly (ACA) and Thrust/Translation Controller Assembly (TTCA) enabling switches,
navigation system indicators, and LM Guidance Computer (LGC) indicators and controls.

Panels 5 and 6 are in front of the flight stations, at astronaut waist height. Panel 5
contains lighting and mission timer controls, engine start and stop pushbuttons, and the X-translation
pushbutton. Panel 6 contains abort guidance controls.

ASCENT STAGE
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Panel 8 is at the left of the commander's station. The panel is canted up 15° from the
horizontal; it contains controls and displays for explosive devices, audio controls, and the TV camera
connection.

Panel 11, directly above panel 8, has five angled surfaces that contain circuit breakers.
Each row of circuit breakers is canted 15° to the line of sight so that the white band on the circuit
breakers can be seen when they open.

Panel 12 is at the right of the LM Pilot's station. The panel is canted up 15° from the
horizontal; it contains audio, communications, and communications antennas controls and displays.

Panel 14, directly above panel 12, is canted up 36.5° from the horizontal. It contains
controls and displays for electrical power distribution and monitoring.

Panel 16, directly above panel 14, has four angled surfaces that contain circuit breakers.
Each row of circuit breakers is canted 15° to the line of sight so that the white band on the circuit
breakers can be seen when they open.

The ORDEAL panel is immediately aft of panel 8. It contains the controls for obtaining LM
attitude, with respect to a local horizontal, from the LGC.

1.2.2.1.2 Forward Hatch. (See figure 1-7.)

The forward hatch is in the front face assembly, just below the lower display panels. The
hatch is approximately 32 inches square; it is hinged to swing inboard when opened. A cam latch assem-
bly holds the hatch in the closed position; the assembly forces a lip, around the outer circumference of
the hatch, into a preloaded elastomeric silicone compound seal that is secured to the LM structure.
Cabin pressurization forces the hatch lip further into the seal, ensuring a pressure-tight contact. A
handle is provided on both sides of the hatch, for latch operation. To open the hatch, the cabin must be
completely depressurized by opening the cabin relief and dump valve on the hatch. When the cabin is
completely depressurized, the hatch can be opened by rotating the latch handle. The cabin relief and
dump valve can also be operated from outside the LM.

ASCENT STAGE
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Figure 1-7. Forward Hatch

1.2.2.1.3 Windows. (See figures 1-8 and 1-9.)

Two triangular windows in the front face assembly provide visibility during descent, ascent,
and rendezvous and docking phases of the mission. Both windows have approximately 2 square feet of
viewing area; they are canted down to the side to permit adequate peripheral and downward visibility. A
third (docking) window (figure 1-9) is in the curved overhead portion of the crew compartment shell,
directly above the Commander's flight station. This window provides visibility for docking maneuvers.
All three windows consist of two separated panes, vented to space environment. The outer pane is made
of Vycor glass, with antireflective and thermal (multilayer blue-red) coatings. The inner pane is made
of structural glass. It is sealed with a dual Raco seal and bolted to the window frame through an edge
member bonded to the pane. The inner pane has antireflective, thermal (multilayer blue-red), and
defogging coatings.

All three windows are electrically heated to prevent fogging. The heaters for the
commander's front window and the docking window receive their power from 115-volt a-c bus A and the
commander's 28-volt d-c bus, respectively. The heater for the LM Pilot's front window receives power
from 115-volt a-c bus B. The heater power for the commander's front window and the docking window
is routed through the AC BUS A: CDRWIND HTR. and HEATERS: DOCK WINDOW circuit breakers,
respectively; for the LM Pilot's front window, through the AC BUS B: SE WIND HTR circuit breaker.
These are 2-ampere circuit breakers, on panel 11. The temperature of the windows is not monitored
with an indicator; proper heater operation directly affects crew visibility and is therefore visually
determined by the astronauts. The window heaters are normally turned on when the astronauts enter the
LM; they are left on until the astronauts leave the vehicle.

ASCENT STAGE
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Figure 1-9. Docking Window
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‘ 2.2 GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM.

2.2.1 INTRODUCTION.

The Guidance, Navigation, and Control Subsystem (GN&CS) provides vehicle guidance,
navigation, and control required for successful completion of a manned LM mission. The subsystem is
an aided inertial system whose principal sensors are gyroscopes, accelerometers, an optical device and
radar. The GN&CS consists of the following sections: primary guidance and navigation section (PGNS),
abort guidance section (AGS), and the control electronics section (CES). The GN&CS also contains a
rendezvous radar (RR), a landing radar (LR), and the orbital rate display - earth and lunar (ORDEAL).
Figure 2.2-1 shows the location of the LM-4 GN&CS equipment. (Refer to paragraph 2. 2.4 for a detailed
description of the equipment. )

INERTIAL COMPUTER CONTROL  ABORT
ABORT SENSOR NAVIGATION MEASURING  PULSE TORQUE  AND RETICLE ELECTRONICS
ASSEMBLY BASE UNIT ASSEMBLY ~ DIMMER ASSEMBLY  ASSEMBLY
RENDEZVOUS RADAR \
ANTENNA ASSEMBLY =)
ATTITUDE AND TRANSLATION

CONTROL ASSEMBLY
RATE GYRO ASSEMBLY

ALIGNMENT OPTICAL LM GUIDANCE COMPUTER

‘ TELESCOPE
. S§ & C CONTROL ASSEMBLIES
(LOCATED BEHIND

MAIN CONSOLES)

RENDEZVOUS RADAR
ELECTRONICS ASSEMBLY

DATA ENTRY AND

DISPLAY ASSEMBLY == COUPLING DATA UNIT

LMP’S ATTITUDE

CONTROLLER ASSEMBLY POWER AND SERVO ASSEMBLY

LMP’S THRUST / TRANSLATION
CONTROLLER ASSEMBLY

CDR’S ATTITUDE

, i SIGNAL CONDITIONER
DISPLAY AND : ! —I ASSEMBLY
KEYBOARD ASSEMBLY ‘ ‘
N / ’ LAY LANDING RADAR ELECTRONICS
z ‘ ( ASSEMBLY

CONTROLLER ASSEMBLY

: : DESCENT ENGINE
CONTROL ASSEMBLY

CDR’S THRUST / TRANSLATION GIMBAL DRIVE S & C CONTROL LANDING RADAR
CONTROLLER ASSEMBLY ACTUATORS ASSEMBLY NO. 3 ANTENNA ASSEMBLY 300LM4-28
. Figure 2.2-1. Guidance, Navigation, and Control Subsystem - Equipment Location
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g 2.2.1.1 Primary Guidance and Navigation Section. (See figure 2.2-1A.)

The PGNS provides the measuring and data-processing capabilities, and control functions,
for the LM-4 mission. The PGNS uses inertial components for guidance, an optical device and radar
for navigation, and a digital computer for data processing and generation of flight control signals.

The inertial guidance portion of the PGNS establishes an inertial reference that is used as
the central coordinate system from which all measurements and computations are made. The inertial
guidance portion senses instantaneous velocity and attitude provides incremental velocity and attitude
data to the digital computer for the generation of attitude and translation changes. For navigation, the
PGNS uses a telescope to take star sightings and radar for position and velocity calculations. These star
sightings are used by the digital computer to establish an inertial reference. The position and velocity
calculations enable a LM&CSM rendezvous and, during lunar missions, enable a safe landing on the
lunar surface.

With the aid of the inertial guidance and navigation portions of the PGNS and the software
capability of the computer, the PGNS controls the flight of the LM. The PGNS generates attitude
commands to correct or control vehicle motion. During ascent engine or descent engine burns, the
PGNS controls LM attitude, engine firing, descent engine thrust and direction of the descent engine
thrust vector.

2.2.1.2 Abort Guidance Section. (See figure 2.2-1A.)

The AGS is a strapped-down inertial system in which the inertial sensors are rigidly
mounted with respect to the vehicle, rather than mounted on a stabilized platform. The AGS provides
independent backup for the PGNS. It is used only if the PGNS malfunctions. If the PGNS is functioning
properly when a mission must be aborted, the PGNS is used to control the LM. During the LM-4
mission, the AGS will be used even though the PGNS is functioning properly, to evaluate AGS perform-
ance.

The AGS determines the LM trajectory or trajectories required for a coelliptic rendezvous
sequence to place the LM in a safe parking orbit. It controls LM attitude, navigation, and guidance.
Rendezvous from the abort point can be accomplished automatically under AGS control, or by the
astronauts using data displayed from the AGS. When the AGS is used, the CES functions as an auto-
pilot. The CSE uses AGS input signals and manual control signals to control LM attitude and translation.

2.2.1.3 Rendezvous Radar and Transponder. (See figure 2.2-1A.)

The RR, operated in conjunction with the RR transponder in the CSM, is used to acquire and
track the CSM before and during rendezvous and docking. (See figure 2.2-3.) When the PGNS is in con-
trol (normal operation), the RR provides the LGC and cabin displays with LOS range and range rate data,
and LOS angle and angle rate data with respect to the CSM. During AGS operation, the astronauts furnish
these data to the AEA through DEDA entries. The RR line of sight is defined as the line-of-sight direc-
tion between the CSM target and the RR antenna. The RR also tracks the CSM target during the coasting
and engine burn descent phases of the mission to supply tracking data for any required abort maneuver.

During the rendezvous phase, RR performance is evaluated by comparing RR range and
range rate tracking values with MSFN tracking values. A large deviation from the MSFN tracking values
indicates a gross error in the RR range and range rate data. Data pertaining to the RR shaft- and trun-
nion-axis angles and IMU gimbal angles are also transmitted to MSFN for comparison with like ground-
tracking data.

The RR transponder, a radar receiving and transmitting target, increases the RR maximum-
usage range capabilities by reducing the RR transmitting power losses versus range from fourth to
second power as compared to skin-track radar. By providing the RR with a discrete radar transmitting
signal to acquire and track, the transponder makes the CSM appear to the RR as the most illuminated
space object in its field-of-view. Acquiring the RR signal illuminating the CSM, the transponder side-
steps the RR three-tone, phase-modulated carrier frequency down 40.8 mc to 9792 mc and then transmits
the phase-coherent 9792 mc carrier frequency for acquisition by the RR. The three tone modulation of
the transponder transmitted signal is kept phase coherent with the RR transmitted signal, received by the
transponder.

GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM
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Figure 2.2-2. LM Rendezvous Radar and CSM Target Orientation

2.2.1.4 Landing Radar. (See figure 2.2-1A.) B

The LR is designed to provide the LGC and astronauts with slant range and velocity data
for control of descent to a lunar landing (subsequent missions). Based on these data, the LGC
calculates control signals for LM rate of descent, hovering at low altitudes, and soft landing on the
lunar surface. The LR is activated at approximately 50, 000 feet above the lunar surface remains
activated until lunar landing. Slant range data are available to the PGNS at approximately 25, 000 feet;
velocity data, at approximately 18, 000 feet.

During LM-4 mission, the LR lunar performance cannot be evaluated because distant to the
earth's surface will be beyond the LR transmitting and receiving capabilities. The LR LM-4 mission is
to detect spurious signals likely to originate from relfections from the LM body or from the descent
engine plumes. The LR capability in rejecting spurious signals is evaluated from the spurious signal
data telemetered to MSFN ground stations.

2.2.1.5 Control Electronics Section. (See figure 2.2-1A.) |

The CES controls LM attitude and translation about, and along, the three LM orthogonal axes
by processing and routing command signals to fire any combination of the 16 thrust chamber assemblies
(TCA's) of the Reaction Control Subsystem (RCS). The attitude and translation control signals orginate
automatically from the PGNS or the AGS, or are manually provided by an astronaut.

The CES also processes on and off commands for the ascent engine and the descent engine
to provide major LM translations. The direction of the descent engine thrust vector is also controlled by
the CES.
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2.2.1.6 Orbital Rate Display - Earth and Lunar.

The ORDEAL provides an alternative to the attitude display, in pitch only. When selected,
the ORDEAL produces an FDAI display of computed local vertical aititude during circular orbits around
the earth.

2.2.2 SUBSYSTEM INTERFACES. (See figure 2.2-1A.)

2.2.2.1 GN&CS - MPS Interfaces.

The GN&CS provides the sequence of commands to the Main Propulsion Subsystem (MPS) to
control the ascent and descent engines. For ignition to occur, the engine must first be armed. Normally,
this involves setting the ENG ARM switch (panel 1) to the desired position. Depending on the switch
setting, a discrete is generated in the CES to enable the START pushbutton (panel 5) for ascent engine
operation or to operate the actuator isolation valves of the descent engine. Under abort or emergency
conditions, the MASTER ARM switch (panel 8) is used to perform the arming function.

When the PGNS is in control, on and off commands are generated automatically by the LGC
under program control, or manually with the START and stop pushbuttons. With the AGS in control, on
and off commands are generated automatically by the abort electronics assembly under specific routines,
or manually with the START and stop pushbuttons. The on and off commands actuate pilot valves, which
hydraulically open or close the fuel and oxidizer shutoff valves. Under emergency conditions, the ascent
engine ignition sequence may also be completed automatically through use of the ABORT STAGE push-
button. If the ascent engine on command from either computer is lost, a memory circuit in the CES
keeps issuing the command to the ascent engine.

The descent engine receives on and off commands, throttle commands, and trim commands
from the descent engine control assembly (DECA). The ignition sequence commands for the descent
engine are generated automatically or manually in a manner similar to that of the ascent engine. On and
off commands are routed from the LGC or AEA (dependent on the guidance mode selected), or the START
and stop pushbuttons, through the DECA to actuate the descent engine pilot valves.

Throttle commands to the descent engine are generated automatically by the LGC under
program control, or manually with the TTCA. The TTCA can be used to override LGC throttle
commands. The AGS cannot throttle the descent engine. Throttle commands cause the throttle actuator
of the descent engine to change the position of the flow control valves and vary the injector orifice of the
engine. Changing the position of the flow control valves changes the amount of fuel and oxidizer metered
into the engine and thus changes the magnitude of engine thrust.

The GN&CS generates trim commands to tilt the descent engine to control the direction of the
thrust vector. The descent engine is tilted about the LM Y-axis and Z-axis to compensate for the offset
of the center of gravity due to fuel depletion during descent engine operation. The thrust vector is
controlled by the LGC with the aid of two gimbal drive actuators (GDA's). The GDA's are pinned to the
descent engine and the LM structure along the Y-axis (roll) and Z-axis (pitch). When actuated, the
GDA's extend or retract a screwjack-actuated arm that tilts the engine to attain the desired thrust vector.
Thrust vector control for the ascent engine is achieved through firing of selected upward-firing TCA's.

2.2:2:2 GN&CS - RCS Interface.

The GN&CS provides on and off commands to the 16 TCA's to control LM attitude and
translation. In the primary mode of operation (PGNS in control), the LGC generates the required
commands and sends them to the proper jet drivers in the CES. The jet drivers send selected on and off
commands to the RCS primary solenoids. In the secondary mode of operation (AGS in control), the AGS
supplies the CES with attitude errors. The attitude and translation control assembly (ATCA) in the CES
uses these inputs to select the proper TCA for attitude and translation control.

The TCA's are controlled manually with the ACA and TTCA. The ACA provides attitude
commands and the TTCA provides translation commands to the LGC during the primary mode of operation
and to the ATCA during the secondary mode of operation. The ACA can fire the TCA's directly during
the pulse, direct, and hardover modes, bypassing the LGC or AEA, and the ATCA. The four downward-
firing TCA's may be fired by pressing the +X-TRANSL pushbutton (panel 5). The on and off commands
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‘ supplied to the TCA take the form of a step function. The duration of the signal determines the firing

time of the selected TCA, which ranges from a pulse (less than 1 second) to steady-state (1 second or
longer).

Each TCA contains an oxidizer solenoid valve and a fuel solenoid valve which, when open,
pass propellant through an injector into the combustion chamber, where ignition occurs. Each valve
contains a primary (automatic) solenoid and a secondary (direct) solenoid which open the valve when
energized. On and off commands from the ATCA are applied to the primary solenoids; the direct
commands are applied to the secondary solenoids.

2.2.2.3 GN&CS - EPS Interface.

The Electrical Power Subsystem (EPS) supplies primary d-c and a-c power to the GN&CS.
This power originates from six silver-zinc batteries (four in the descent stage and two in the ascent
stage). The descent batteries feed power to the buses during all operations, before staging. Immediately
before staging occurs, ascent battery power is switched on and descent battery power is terminated. A
deadface relay circuit deadfaces the descent batteries when normal staging occurs. Under emergency
conditions, when the ABORT STAGE pushbutton is pressed, a power switchover command, which initiates
deadfacing automatically, is routed to the EPS. The 28-volt d-c battery power is routed through an
inverter to provide 115-volt, 400-cps ac to the GN&CS equipment. Refer to paragraph 2.2.3.4 for a
functional description of power distribution.

2.2.2.4 GN&CS - ECS Interface.

The Environmental Control Subsystem (ECS) provides thermal stability for the temperature-
sensitive electronic equipment of the GN&CS. The electronic equipment (except the IMU) is mounted on
cold plates and rails through which ECS coolant (ethylene glycol-water solution) is routed to remove heat.
To cool the IMU, the coolant flows through its case. (Refer to paragraph 2.2.2.1.) The heat that is
removed from the equipment is vented overboard by the ECS sublimators.

2.2.2.5 GN&CS - CS Interface.

The Communications Subsystem (CS) interfaces directly with the GN&CS when the astronaut
uses the push-to-talk switch on his ACA. When the switch is pressed, the ACA issues a d-c signal that
enables an audio center in the signal-processor assembly of the VHF /AM communications. This
enabling signal allows the audio signals from the microphones to be precessed by the CS. The CS inter-
faces indirectly with the GN&CS, using VHF/AM communications for voice uplink commands. It also
interfaces with a tone generator in the CES. The generator, enabled by a command from the master
alarm circuit of the IS, issues a 1-kc tone to the astronaut headsets as an indication of a subsystem
malfunction.

2.2.2.6 GN&CS - EDS Interface.

The GN&CS interfaces with the Explosive Devices Subsystem (EDS) to supply a descent
engine-on status signal to initiate the abort staging sequence, and to receive a stage status signal. When
the normal descent engine ignition sequence is completed for the first time (when the START pushbutton
is pressed), the GN&CS issues a discrete to the EDS. This signal informs the EDS to switch from
ambient helium pressure to supercritical helium pressure by firing an explosive valve cartridge on the
supercritical helium tank. All other normal pressurization and staging sequences are initiated from the
control panels, by the astronauts.

During emergency procedures, when the ABORT STAGE pushbutton is pressed, the GN&CS
generates a command to pressurize the ascent helium tanks and a command that fires appropriate
explosive devices to initiate staging. Upon completion of staging, a stage status signal is routed from the
EDS deadface switch to the ATCA and to the LGC. This signal automatically selects the power deadband
for RCS control during ascent engine operation.
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2.2.2.7 GN&CS - IS Interface.

The Instrumentation Subsystem (IS) senses GN&CS physical status data, monitors the
GN&CS equipment, and performs in-flight checkout. The data signals are conditioned by the signal-
conditioning electronics assembly (SCEA) and supplied to the pulse-code-modulation and timing
electronics assembly (PCMTEA) and the caution and warning electronics assembly (CWEA). The
PCMTEA changes the input signals to a serial digital form for transmission to MSFN. The CWEA checks
the status of the GN&CS by continuously monitoring the information supplied by the SCEA. When an out-
of-limits condition is detected by the CWEA, the CWEA energizes one or more of the caution and warning
lights associated with the GN&CS.

The LGC interfaces directly with the IS to supply a 1.024-mc primary timing signal for the
PCMTEA. This timing signal is used in generating timing and sync signals required by other sub-
systems. The IS supplies the LGC with telemetry data start and stop commands and sync pulses for
clocking out telemetry data. It also supplies the AEA with telemetry stop commands and sync pulses.

2.2.3 FUNCTIONAL DESCRIPTION.

The GN&CS comprises two functional loops, each of which is an independent guidance and
control path. The primary guidance path performs all the functions necessary to complete the LM
mission. If a failure in the PGNS occurs, the abort guidance path can perform all the functions necessary
to effect a safe rendezvous with the orbiting CSM.

The primary guidance path (see figure 2.2-3) comprises the PGNS, CES, LR, RR, and the
selected propulsion section. The CES routes the guidance and navigation data from the PGNS and applies
them to the descent or ascent engine, and selected TCA's.

The IMU, which continuously measures attitude and acceleration, is the primary inertial
sensing device of the LM. The LR senses LM slant range and velocity. The RR coherently tracks the
CSM to derive line-of-sight (LOS) range, range rate, and angle rate. The LGC is the central data-
processing device of the LM. The LGC uses AOT sighting data to align the IMU. Using inputs from
the LR, IMU, RR, TTCA's and ACA's the LGC solves guidance, navigation, steering, and stabilization
equations necessary to initiate on and off commands for the descent and ascent engines, throttle
commands and trim commands for the descent engine, and on and off commands for the TCA's.

Control of the LM, when using the primary guidance path, ranges from fully automatic to
manual. The primary guidance path operates in the automatic mode or the attitude hold mode. In the
automatic mode, all navigation, guidance, stabilization, and control functions are controlled by the
LGC. When the attitude hold mode is selected, the astronaut uses his ACA to bring the LM to a desired
attitude. When the ACA is moved out of the detent position, proportional attitude-rate or minimum
impulse commands are routed to the LGC. The LGC then calculates steering information and generates
TCA commands that correspond to the mode of operation selected via the display and keyboard assembly
(DSKY). These commands are applied to the primary preamplifiers in the ATCA, which routes the
commands to the proper TCA. When the astronaut releases the ACA, the LGC generates commands to
hold this attitude. If the astronaut commands four-jet direct operation of the ACA by going to the hard-

over position, the ACA applies the command directly to the secondary solenoids of the corresponding TCA.

In the automatic mode, the LGC generates descent engine throttling commands, which are
routed to the descent engine via the descent engine control assembly (DECA). The astronaut can manually
control descent engine throttling with his TTCA. The DECA sums the TTCA throttle commands with the
LGC throttle and applies the resultant signal to the descent engine. The DECA also applies trim
commands, generated by the LGC, to the GDA's to provide trim control of the descent engine. The LGC
supplies on and off commands for the ascent and descent engines to the S&C control assemblies. The S&C
control assemblies route the ascent engine on and off commands directly to the ascent engine, and the
descent engine on and off commands to the descent engine via the DECA.

In the automatic mode, the LGC generates +X-axis translation commands to provide ullage.
In the manual mode, manual translation commands are generated by the astronaut, using his TTCA.
These commands are routed, through the LGC, to the ATCA and on to the proper TCA.
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’ The abort guidance path (see figure 2.2-4) comprises the AGS, CES, and selected propulsiov\w

section. The AGS is a backup system for the PGNS. The term "abort guidance path' is somewhat mis-
leading in that any abort situation is normally under PGNS control; the AGS is used only if the PGNS mal-
functions. The AGS performs all inertial navigation and guidance functions necessary to effect a safe
orbit or rendezvous with the CSM. The stabilization and control functions are performed by analog com-
putation techniques, in the CES.

used in the PGNS IMU. The abort sensor assembly (ASA) is a strap-down inertial sensor package that
measures attitude and acceleration with respect to the LM body axes. The ASA sensed attitude is
supplied to the abort electronics assembly (AEA). The AEA is a high-speed, general-purpose digital
computer that performs the basic strap-down system computations and the abort guidance and navigation
steering control calculations. The data entry and display assembly (DEDA) is a general-purpose input-
output device through which the astronaut manually enters data into the AEA and commands various data
readouts.

l The AGS uses a strap-down inertial sensor, rather than the stabilized, gimbaled sensor

The CES functions as an autopilot when the abort guidance path is selected. It uses inputs
from the AGS and from the astronauts to provide the following: on, off, and TTCA throttling commands
for the descent engine; gimbal commands for the GDA's to control descent engine trim; on and off
commands for the ascent engine; engine sequencer logic to ensure proper arming and staging before
engine startup and shutdown; on and off commands for the TCA's for translation and stabilization, and for
various maneuvers; jet-select logic to select the proper TCA's for the various maneuvers; and modes of
LM control, ranging from fully automatic to manual.

The astronaut uses the TTCA to control throttling of the descent engine and translation
maneuvers. The throttle commands, engine on and off commands from the S&C control assemblies, and
trim commands from the ATCA are applied to the DECA. The DECA applies the throttle commands to
the descent engine, the engine on and off commands to the descent engine latching device, and the trim
commands to the GDA's. The S&C control assemblies receive engine on and off commands for the descent
and ascent engines from the AEA. As in the primary guidance path, the S&C control assemblies route
descent engine on and off commands to the DECA and apply ascent engine on and off commands directly
to the ascent engine.

The abort guidance path operates in the automatic mode or the attitude hold mode. In the
automatic mode, navigation and guidance functions are controlled by the AGS; stabilization and control
functions, by the CES. In the attitude hold mode, the astronaut uses his ACA to control LM attitude.
The ACA generates attitude-rate, pulse, direct, and hardover commands. The attitude-rate and
pulse commands, AEA error signals, rate gyro assembly (RGA) rate-damping signals, and TTCA
translation commands are applied to the ATCA. The ATCA processes these inputs to generate TCA on
and off commands.

In the attitude hold mode, pulse and direct submodes are available for each axis. The pulse
submode is an open-loop attitude control mode in which the ACA is used to make small attitude changes
in the selected axis. The direct submode is an open-loop attitude control mode in which pairs of TCA's
are directly controlled by the ACA. The astronaut can also control vehicle attitude in any axis by moving
the ACA to the hardover position. In addition, the astronaut can override translation control in the +X-
axis with the +X TRANSL pushbutton (panel 5). Pressing the +X TRANSL pushbutton fires all four +X-axis

TCA's.
2.2,3.1 LM Vehicle, Guidance, Navigation and Control Subsystem Axes. (See figure 2.2-5.)

Several sets of axes are associated with the LM and the GN&CS. Each set is a three-axis,
right-hand, orthogonal coordinate system. Figure 2.2-5 shows the relationships of various sets of |

axes when the IMU gimbal angles are 0°.
2.2.3.1.1 LM Vehicle Axes.

The X-axis positive direction is through the overhead hatch; the Z-axis positive direction is
through the forward hatch. The Y-axis is perpendicular to the X-Z plane.
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Figure 2.2-5. LM Vehicle and GN&CS Axes

2.2.3.1.2 Navigation Base Axes.

The navigation base is mounted to the LM structure so that a coordinate system is formed
by its mounting points. The Ynp axis is parallel to the vehicle Y-axis. The Xyp axis is parallel to the
vehicle X-axis. The ZNB axis is perpendicular to the Xng-YNB plane and parallel to the vehicle Z-axis.

2.2.3.1.3 IMU Axes.

The IMU axes are defined by the three gimbal axes. These axes are designated as outer
gimbal axis (OGA), middle gimbal axis (MGA), and inner gimbal axis (IGA). The gimbal axes are
defined when the gimbal angles are 0°; they are as follows: The OGA is parallel to the X-axis, the MGA
is parallel to the Z-axis, and the IGA is parallel to the Y-axis. The axes of the IMU stable member are
parallel to the vehicle axes and the gimbal axes when the gimbal angles are 0°.

2.2.3.1.4 Alignment Optical Telescope Axes. (See figure 2.2-6.)

The AOT is mounted to the navigation base so that the AOT shaft axis is parallel to the X-
axis. The telescope LOS is approximately 45° above the vehicle Y-Z plane. The AOT LOS is fixed in
elevation and movable in azimuth to six detent positions. These detent positions are selected manually
by turning a detent selector knob on the AOT; they are located at 60° intervals. Three positions (forward,
left, and right), can be used for star sightings. The forward (F), or zero detent position, places the LOS
in the X-Z plane, looking forward and up as one would look from inside the LM. The right (R) position
places the LOS 60° to the right of the X-Z plane; the left (L) position, 60° to the left of the X-Z plane.
Each of these positions maintains the LOS at 45° from the LM +X-axis. The remaining three detent
positions reverse the prism on top of the AOT so that the frontal plane is protected by a shield. These
positions are right-rear, closed (CL), and left-rear. The CL position (180° from the F position) is the
stowage position. The right-rear and left-rear positions have minimal use.

2.2.3.1.5 Inertial Reference Integrating Gyro Axes.

The inertial reference integrating gyro (IRIG) axes, designated Xg, Yg, and Zg, are
parallel to the LM body axes. If the attitude of the stable member is changed with respect to inertial
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‘ space, the gyro senses the change about its axis and provides an error signal to the stabilization loop of

the IMU.

2.2.3.1.6

Pulse Integrating Pendulous Accelerometer Axes.

The pulse integrating pendulous accelerometer (PIPA) axes, designated Xa, Ya, and Za,

are parallel to the LM body axes. Velocity changes are measured along the PIPA axes.

2.2.3.1.7 Rendezvous Radar Antenna Axes.
The axes associated with the RR antenna are discussed in paragraph 2.2.3.4.
2.2.3.1.8 Rendezvous Radar Transponder Antenna Axes.
The axes are associated with the RR transponder are discussed in paragraph 2.2.3.5.
Note:
A sun shield has been added to the AOT.
Effects on AOT field of view are to be
determined.
+X
3
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Figure 2.2-6. Alignment Optical Telescope Axes
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2.2.3.1.9 Landing Radar Antenna Axes.
The axes associated with the LR antenna are discussed in paragraph 2. 2. 3. 6.

2:2:3.:2 Primary Guidance and Navigation Section. (See figure 2.2-7.)

Functionally, the PGNS is divided into three major subsections: inertial, optical, and
computer. The subsections individually, or in combination, perform the following functions:

e Establish an inertial reference that is used for measurements and computations

e Enable IMU alignment through the LGC by entering optical sighting data through
the DSKY

e Enable calculation of LM position and velocity by inertial techniques
e Enable LM and CSM rendezvous by radar tracking and inertial techniques

o Generate attitude-control and thrust commands to maintain the vehicle on a
satisfactory trajectory

e Control throttling and gimbal trim of the descent engine
e Display pertinent flight data related to guidance status.
The inertial subsection (ISS) performs the following major functions:

e Maintains a platform (stable member) fixed with respect to a preselected inertial
reference frame

® DMeasures the attitude of the stable member with respect to the LM

e Senses LM acceleration due to thrust along the coordinate system defined by the
stable member orientation

e Assists in data conversion for display or telemetry transmission.
The optical subsection (OSS) performs the following major functions:
® Provides a means of aligning the inertial reference on the lunar surface
e Provides measurements for establishing the inertial reference in flight.
The computer subsection (CSS) performs the following major functions:

e Aligns the IMU

Solves the guidance and navigation problems for all mission phases

Provides control information to the PGNS and to other subsystems

Displays pertinent information to the astronauts and MSFN when requested
Provides a means by which the astronauts can directly communicate with the LGC
Provides on-off control of the RCS thrusters and the ascent and descent engines
Provides gimbaling and throttling control of the descent engine

Provides the timing for the PGNS and other LM subsystems

Monitors its own operation and certain other subsystem operations

Positions the RR antenna.
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2.2.3.2.1 Inertial Subsection. (See figure 2.2-8.)

The ISS comprises the navigation base (NB), IMU, the coupling data unit (CDU), the pulse
torque assembly (PTA), the power and servo assembly (PSA), and the signal conditioner (SC).

ISS operation can be initiated automatically by the LGC or manually by the astronaut, using
DSKY entries to command the LGC to select the various operating modes. The ISS status or mode of
operation can be displayed on the DSKY as determined by a computer program. The IMU furnishes the
inertial reference; it consists of a stable member with three degrees of freedom, stabilized by three
integrating gyros. The stable member must be aligned with respect to the reference coordinate system
each time the ISS is powered-up. The stable member must be realigned during flight because it may
deviate from its alignment, due to gyro drift. Also, the crew may desire a new stable member orienta-
tion. The alignment orientation may be that of the CSM or that defined by the thrusting programs within
the LGC. Sighting of two stars is required for in-flight fine alignment. The stable member is aligned
after the LGC processes sighting data that have been combined with the known IMU angles and supplies
gyro-torquing signals to the IMU.

Once the ISS is energized and aligned to an inertial reference, LM rotation is about the
gimbaled stable member, which remains fixed in space. Resolvers, mounted on the gimbal axes, act as
angle-sensing devices and measure LM attitude with respect to the stable member. These angular
measurements are displayed to the astronaut by the flight director attitude indicator (FDAI) and angular
changes of the inertial reference are sent to the LGC.

Desired LM attitude is calculated in the LGC and compared with the actual gimbal angles.
A difference between the actual and calculated angles results in generation of attitude error signals, by
the ISS channels of the CDU, which are sent to the FDAI for display. These error signals are used by
the digital autopilot program in the LGC to activate RCS thrusters for LM attitude correction. Attitude
error is displayed by the FDAI error needles. LM acceleration due to thrusting is sensed by three
pendulous integrating accelerometers, which are mounted on the stable member with their input axes
orthogonal. The resultant signals (velocity changes) from the accelerometer loops are supplied to the
LGC, which calculates the total LM velocity.

Inertial Measurement Unit. The IMU is the primary inertial sensing device of the LM. It is
a three-degree-of-freedom, gyroscopically stabilized device whose primary functions are:

e Maintaining an orthogonal, inertially referenced coordinate system for LM attitude
control and measurement

e Maintaining three accelerometers in the reference coordinate system for accurate
measurement of velocity changes.

Coupling Data Unit. The CDU converts angular data and transfers the data between major
assemblies of the GN&CS. The CDU contains five channels for processing these data, as follows:

e One for the RR shaft axis
e One for the RR trunnion axis
e One for each of the three gimbal axes of the IMU.

The two CDU channels used with the RR provide interfaces between the antenna and the LGC.
The LGC calculates digital antenna position commands before acquisition of the CSM. These signals are
converted to analog form by the CDU and applied to the antenna drive mechanism to aim the antenna
toward the CSM. Tracking-angle information is converted to digital form by the CDU and applied to
the LGC.

The three CDU channels used with the IMU provide interfaces between the IMU and the LGC,
and between the LGC and the AGS. Each IMU gimbal angle transmitter resolver provides its channel with
analog gimbal-angle signals that represent LM attitude. The CDU converts these signals to digital form
and applies them to the LGC. The LGC uses these signals to calculate attitude or translation commands
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‘ After the logic circuitry in the CDU has been set up to accept commands from the LGC, the
LGC begins transmitting positive or negative A©¢ pulse trains at 3,200 cps. These pulses, each
equivalent to a gimbal angle change of 160 arc seconds, are accumulated in the error counter. The first
AOc pulse determines the direction in which the error counter is to count and provides a (digital-to-
analog converter) polarity control to the digital-to-analog converter. The polarity control provides an in-
phase or an out-of-phase analog reference. An 800-cps analog signal, whose amplitude is dependent on
the error counter content and the polarity of the input command (A©.), is then generated. This signal is

. the 800-cps coarse-alignment output from the digital-to-analog section; it is routed to the gimbal servo-

amplifier, causing the gimbal to drive in the direction commanded by the LGC.

The changing gimbal angles are detected by the error-detector circuits in the CDU. These
detected errors permit a pulse train, at 6,400 pps, to increase the read counter. The increasing read
counter nulls the sine and cosine voltage inputs to the error-detector circuits from the IMU 1X and 16X
resolvers.

As the read counter is being incremented, one output of the counter, representing a 40-arc-
second-per-pulse, increase in gimbal angle, is routed to the LGC. Another output of the counter,
representing 160 arc seconds per pulse, is recognized in the CDU logic as an incremental value to be
entered into the error counter in a direction opposite to that of the LGC-commanded A®. If A© is positive,
the error counter counts up and the Aeg from the read counter decreases the counter. For each counter
pulse into the error counter, the total content decreases. This decreases the digital-to-analog converter
output and, therefore, the rate of drive. When the number of digital feedback pulses equals the LGC-
commanded number of pulses, the error counter is empty and the digital-to-analog converter output
should be zero.

The rate of drive of the gimbals during coarse alignment is limited to a maximum of 35° per
second. This is due to degenerative feedback provided within the CDU mechanization.

Fine-Alignment Mode. (See figure 2.2-10.) The fine-alignment mode allows the LGC to
position the IMU accurately to a predetermined gimbal angle, closer than 40 arc seconds of CDU
tolerance, since each gyro-torquing pulse is equal to 0. 615 arc second of displacement. The LGC does
not issue any discretes to the CDU during this mode of operation; therefore, the read counter circuitry
repeats the changing gimbal angles exactly as was done in the coarse-alignment mode. The LGC keeps
track of the gimbal angle to within 40 arc seconds.

The commanding signals for the fine-alignment mode are issued to the time-shared fine-
alignment or pulse torque electronics. The LGC first issues a torque enable discrete, which applies
28 and 120 volts dc to the binary current switch, a differential amplifier, and a precision voltage refer-
ence circuit, allowing the circuit to become operative. The current switch is reset by the no-torque
pulses, allowing a dummy current, which is equal to the torquing current, to flow. This allows the
current to settle to a constant value before it is used for gyro torquing. A gyro is then selected (gyro
select pulses) for either (positive or negative) torquing current. After the discretes have been issued,
the LGC sends torque (set) pulses or fine-alignment commands to the set side of the current switch. The
pulse allows the selected torquingcurrent (positive or negative) to flow through the gyro windings, causing
the float to move. The resulting signal generator output causes the stable member to be driven through
an angle equal to the command angle. The LGC receives inputs from the CDU read counter that indicate
a 40-arc-second-per-pulse change in gimbal angle.

The number of torquing pulses sent from the LGC to the torquing electronics is computed
on the basis of gimbal angle at an instant of time and a desired alignment angle. The difference is
converted into the number of pulses necessary to drive the gimbal through the difference angle. The

‘ required number of fine-alignment pulses is computed only once; it is not recomputed on the basis of
gimbal angle after the desired number of pulses have been sent. Fine-alignment loop operation is open-
loop as far as the LGC is concerned; the A©Gg pulses are not used for feedback.

The fine-alignment pulses generated by the LGC are issued in bursts of 3,200 pps. The fine-
alignment electronics permits the torquing current to be on in the direction chosen by LGC logic, for the
duration of the pulse burst. When the LGC is not issuing fine-alignment pulses or the gyro floats are not
being torqued, the stable member can be considered inertially referenced.
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Figure 2.2-11. Alignment Optical Telescope - Reticle Pattern

and, if desired, he may erase the latest mark by pressing the REJECT pushbutton. When a MARK
pushbutton is pressed, a discrete is sent to the LGC. The LGC then records the time of mark and the
IMU gimbal angles at the instant of the mark.

Crossing of a reticle line by the star image defines a plane containing the star. Crossing
of the other reticle line defines another plane containing the same star. The intersection of these
planes form a line that defines the direction of the star. To define the inertial orientation of the stable
member, sightings on at least two stars are required. Each star sighting requires the same procedure.
Multiple reticle crossings and their corresponding marks can be made on either or both stars to
improve the accuracy of the sightings. Upon completion of the second star sighting, the LGC calculates
the orientation of the stable member with respect to a predefined reference coordinate system.

Lunar Surface Sighting. Because the LM-4 mission is an earth-orbital flight, OSS
operation on the lunar surface is not discussed.

2.2.3.2.3 Computer Subsection.

The CSS is the control and processing center of the PGNS. It consists of the LGC and the
DSKY. The CSS processes data and issues discrete outputs and control pulses to the PGNS, AGS, CES,
and to other LM subsystems.

LM Guidance Computer. The LGC is a core memory, digital computer with two types of
memory; fixed and erasable. The fixed memory permanently stores navigation tables, trajectory
parameters, programs, and constants. The erasable memory stores intermediate information.

The LGC processes data and issues discrete control signals for the PGNS and the other
subsystems. It is a control computer with many of the features of a general-purpose computer. As a
control computer, the LGC aligns the IMU stable member and provides RR antenna drive commands to the
RR channels of the CDU. The LGC provides control commands to the RR, LR, ascent engine, descent
engine, RCS thrusters, and LM displays. As a general-purpose computer, the LGC solves guidance
problems required for the mission. In addition, the LGC monitors the operation of the PGNS and other
subsystems.
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The LGC stores data pertinent to the ascent and descent flight profiles that the LM must
assume to complete its mission. These data (position, velocity, and trajectory information) are used by
the LGC to solve flight equations. The results of various equations can be used to determine the required
magnitude and direction of thrust. The LGC establishes corrections to be made. The LM engines are
turned on at the correct time, and steering signals are controlled by the LGC to orient the LM to a new
trajectory, if required. The ISS senses acceleration and supplies velocity changes to the LGC for calcu-
lating total velocity. Drive signals are supplied from the LGC to the CDU and stabilization gyros in the
ISS to align the gimbal angles in the IMU. IMU position signals are supplied to the LGC to indicate changes
in IMU gimbal angles. The LGC provides drive signals to the RR for antenna positioning and receives,
from the RR channels of the CDU, antenna angle information. This information is used in the LGC in the
antenna-positioning calculations. Star-sighting information is loaded manually into the LGC via the DSKY.
This information is used in the LGC to calculate IMU alignment commands.

Display and Keyboard. (See figure 2.2-12.) The DSKY provides a two -way communications
link between the astronauts and the LGC to enable performance of the following functions:

e Loading of data into the LGC

e Display of data from the LGC and of data loaded into the LGC
e Monitoring of data in the LGC

e Display of LGC modes of operation

e Display of requests, by the LGC, for the astronauts to perform actions.

TEMPERATURE PROGRAM COMPUTER ACTIVITY
GIMBAL LOCK CAUTION LIGHT CONDITION LIGHT STATUS LIGHT VERB CODE PROGRAM NUMBER
(YELLOW) (YELLOW) (YELLOW) (WHITE) DISPLAY DISPLAY

NOUN CODE DISPLAY

UPLINK ACTIVITY

STATUS UGHT (WH|TE)\J

NO ATTITUDE
STATUS LIGHT (WHITE)

DATA DISPLAY (REGISTER 1)

STANDBY STATUS DATA DISPLAY (REGISTER 2)

LIGHT WHITE
KEY RELEASE/
STATUS LIGHT (WHITE)
OPERATOR ERROR/
STATUS LIGHT (WHITE)

RESTART CONDITION
LIGHT (YELLOW)

Ly
L
nw

DATA DISPLAY (REGISTER 3)

1
Ly
[ P
\

CLEAR DATA PUSHBUTTON

ENTER DATA PUSHBUTTON

TRACKER CONDITION PROCEED PUSHBUTTON

LIGHT (YELLOW
RESET PUSHBUTTON

\\\i\

VERB PUSHBUTTON

KEY RELEASE PUSHBUTTON
NOUN PUSHBUTTON

Note:

All pushbutton switches, inciuding
numerical keys (0 thru 9) and + and —
keys, are momentary pushbuttons. A-300LM4.253

Figure 2.2-12. Display and Keyboard - Pictorial
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The appropriate response to an internally initiated verb-noun combination for loading is
as follows:

o Load the desired data. After the final entry, the internal sequence proceeds
normally.

e Proceed, or proceed without data, by keying VERB, 33, ENTR.
e Terminate by keying VERB, 34, ENTR.

Please Perform. The operator must respond to a '""please perform' request. With this
request, the verb-noun combination flashes and the internal sequence is interrupted. The ''please
perform" verb (50) is usually used with the '"checklist' noun (25) and an appropriate checklist code
number (table 2.2-3) in R1. The appropriate response is as follows:

e Press the ENTR pushbutton to indicate that the requested action has been per-
formed. (The internal sequence continues normally.) Proceed without data by
keying VERB, 33, ENTR. The operator chooses not to perform the requested
action, but desires the internal sequence to continue with the previous data.

e Terminate by keying VERB, 34, ENTR.

The "'please perform'" verb is also used with the '"change of program' noun and "engine-on
enable' noun. Its use in these cases is subject to the LGC program in process.

Please Mark. The '"please mark' verbs are flashed when the LGC is prepared to accept
optical-sighting data from the AOT.

2.2.3.2.4 Primary Guidance and Navigation Section - Modes of Operation.

The PGNS is considered to be in an operational mode upon initiation of a program by the
astronauts or MSFN. When operating under one of the various programs (table 2.2-7), the LGC
automatically computes required mission parameters, commands the PGNS and the other sections and
subsystems, and displays pertinent data to the astronaut and MSFN (via downlink). For operational
compatibility, the astronauts and/or MSFN can initiate, modify, or interrupt the automatic program
sequences. The programs are initiated in certain cases, by a previous program.

The LGC is preprogrammed to display a mode number or program number on the DSKY
in response to initiation of a program. This display remains on until the sequence of events for the
specific mission phase, as dictated by the program, is completed.

The astronaut may also be required, or may wish, to perform specific submodes (routines)
during a program. The PGNS routines (table 2.2-8) are used by most LGC programs, to perform the
required input and output functions. Through these routines, the LGC can command various guidance
modes, display and accept information from the DSKY and radar, provide for telemetry inputs and outputs,
control positioning of the RR antenna and the IMU stable member, and remain cognizant of the PGNS and
LM subsystem operations. Only the ISS of the PGNS operates under specific modes when the PGNS is
used. These modes of ISS operation are listed and defined in paragraph 2.2.3.2.1.

2.2.3.2.5  General Operation of Primary Guidance and Navigation Section. (See figure 2.2-13.)

This discussion of PGNS operation is limited to astronaut interface with the PGNS,
because PGNS operation is dependent on the LGC program in progress and on the mission phase. The
astronaut can perform optical sightings, monitor subsystem performance, load data, select the mode of
operation, and, with the aid of the PGNS, manually control the LM. The program to be performed by
the LGC is selected by the astronaut or initiated by the LGC.
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The DSKY enables the astronaut to communicate with the LGC and perform a variety of tasks
such as testing the LGC, entering voice link data, and commanding IMU mode switching. The hand
controllers permit manual changes or computer-aided manual changes in attitude or translation. The
PGNS flight data that are displayed to assist the astronaut during various phases of the LM-4 mission
are: total LM attitude, attitude errors, altitude and altitude rate, forward and lateral velocities, and
percentage of descent engine thrust commanded by the LGC.

Total attitude is generated from the IMU gimbal angles. With the ATTITUDE MON switch
(panel 1) set to PGNS, the IMU gimbal angles are routed to the GASTA. The GASTA transforms the
gimbal angles into signals of the proper configuration of total attitude. The total attitude signals are
applied to the FDAI sphere for direct astronaut readout. The FDAI also displays roll, pitch, and yaw
rates and errors. The FDAI rate indicators monitor the rate of change of angular position. When the
RATE/ERR MON switch (panel 1) is set to LDG RDR/CMPTR, the FDAI error indicators indicate the
deviation between the programmed and actual attitude. The FDAI rate indicators are fed from the CES
rate gyros; the pitch, yaw, and roll attitude errors are supplied from the LGC via the CDU.

The astronauts can select the LGC, PGNS, or AGS as the source for the altitude and
altitude-rate parameters. When the MODE SEL switch is set to PGNS, the LGC calculates altitude and
altitude rate, but issues signals for display of either altitude or altitude rate. Altitude and altitude rate
are not displayed simultaneously. These signals are routed through the RNG/ALT MON switch (panel 1)
to the ALT and ALT RATE indicators (panel 1).

Forward and lateral velocities are displayed on the X-pointer indicator (panels 1 and 2).
The indicator receives velocity signals from the LGC via the CDU when the MODE SEL switch is set to
PGNS. The LGC calculates the velocities from its stored information and from information received
from the LR. The LGC feeds the calculated data to the CDU for digital-to-analog conversion before
display. The X-POINTER SCALE switch (panel 3) selects the scale of the indicator. The type of
velocity and the scale selected are indicated by illuminated placarding on the borders of the X-pointer
indicator.

The amount of descent engine throttling, as commanded by the LGC, is routed to the CES.
The CES sends this command to the THRUST indicator and to the descent engine. The THRUST indicator
also displays the amount of thrust sensed at the engine thrust chamber, so that a comparison can be
made.

PGNS vehicle control includes interfacing for attitude and translation control and for
propulsion control (descent and ascent engine). Commands from the LGC are routed through the CES
to the RCS thrusters and to the ascent and descent engines for proper flight control.
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‘ Table 2.2-7., LGC Programs (cont)

Program Mission
No. Title Phase Primary Purpose
Enables astronaut to insert maneuver data into LGC,
. for these calculations
35 Transfer phase Prethrusting Calculates and displays required parameters for LM
midcourse (TPM) execution of possible midcourse correction during
transfer phase of LM active rendezvous
Calculates and displays information to enable astro-
nauts to prepare for entry into final rendezvous phase
40 Descent propulsion Thrusting Calculates preferred IMU orientation and preferred
section (DPS) thrust LM attitude for LM DPS thrust maneuver
control
Automatically maneuvers LM to preferred attitude
and controls LM through termination of thrusting
maneuver
41 Reaction Control Thrusting Same as for program No, 40, but for RCS thrust
Subsystem thrust maneuver
control
Provides rapid trimming of residual steering errors
. left at DPS or APS cutoff
42 Ascent propulsion Thrusting Same as for program No, 40, but for thrust
section (APS) thrust maneuvers using ascent engine
control
47 Thrust monitor Thrusting Monitors LM acceleration during thrust maneuver
that is not controlled by PGNS and displays resulting
change in inertial velocity
51 IMU orientation Alignment Determines inertial orientation of IMU stable
determination member with respect to celestial coordinates, for
guidance and navigation computations
52 IMU realign Alignment Aligns IMU stable member to specific inertial
orientation, as selected by astronaut, from
previously established inertial orientation
72 CSM-CSI targeting CSM Backup Calculates and displays required parameters
associated with all coelliptic rendezvous flight plan
maneuvers, for CSM execution of maneuvers
73 CSM-CDH targeting CSM Backup Calculates and displays required parameters asso-
ciated with all coelliptic rendezvous flight plan maneu-
vers, except CSI, for CSM execution of maneuvers
74 CSM-TPI targeting CSM Backup Calculates and displays required initial conditions
for active CSM transfer phase initiation maneuver
75 CSM-TPM targeting CSM Backup Calculates and displays required initial conditions
for active CSM midcourse correction during transfer
phase of rendezvous
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Table 2.2-8.

LGC Routines

Routine
No.

Title

Purpose

00

W]
no

Final automatic request terminate

IMU status check

Digital autopilot (DAP) data load

RR/LR self-test

RR designate

RR data read

RR manual acquisition

RR search

RR monitor

Orbit parameter dispaly

Rendezvous parameter display

Target AV

Provides standard exit for programs, and option to select
any program desired

Provides general descriptionof LGC activity following any
verb 37 entry

Checks whether IMU is on and, if on, whether it is aligned
to orientation known by LGC

Establishes program alarm and stores alarm code if IMU
is off or not aligned to orientation known by LGC

Loads and verifies LGC DAP data, and DPS engine gimbal
trim angles

Enables astronauts to select desired DAP response
Performs engine gimbal trim

Provides suitable DSKY displays and LGC downlink
information to support RR or LR self-tests

Points RR antenna at CSM until automatic acquisition of
CSM is accomplished by RR

Processes automatic RR mark data to update LM or CSM
state vector as defined by rendezvous navigation program
(P20) or lunar surface navigation program (P22

Maintains LM +Z-axis aligned along LOS from LM to CSM
within impulse limit cycle of DAP when program No. 20 is
in process

Acquires CSM by manual operation of RR while LM is in
flight

Acquires CSM by search pattern when RR has failed to
acquire CSM in automatic tracking mode

Confirms that acquisition has not attained on side lobe
Monitors RR shaft and trunnion angles

Commands shaft and trunnion angles to one of two
reference positions

Zeroes RR channels of CDU when RR is initially placed in
automatic mode

Provides astronaut with pertinent orbital parameters com-
puted by LGC, to supplement orbital information provided
by MSFN

Displays, upon astronaut request, LGC-calculated range,
range rate, and theta

Notifies LGC that CSM has changed its orbital parameters
by execution of thrusting manuever

Provides LGC with AV applied to CSM, to enable updating
of CSM state vector
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Table 2.2-8. LGC Routines (cont)

Routine
No. Title Purposes
33 LGC - CMC clock synchronization Synchronizes LGC clock with CMC clock
36 Rendezvous out-of-plane display Displays LGC-calculated rendezvous out-of-plane
parameters (Y, Y, PSI)
47 AGS initialization Provides AEA with LM and CSM state vectors in LM IMU
coordinates by means of LGC digital downlink
Zeroes inertial CDU channel, LGC, and AEA gimbal angle
counters simultaneously, to establish common zero
reference for measurement of gimbal angles, which define
LM attitude with respect to IMU stable member
Establishes GET of AEA clock zero if AEA clock is
zeroed during this routine
50 Coarse align Coarse-aligns IMU to desired inertial orientation
51 In-flight fine alignment Obtains necessary star, planet, or sun sightings and then
fine-aligns IMU to desired inertial orientation while LM
is in flight
52 Automatic optics positioning Aims LOS of any AOT detent, or LOS of backup optical
systems at specified celestial body by maneuvering LM
53 In-flight sighting mark Performs required optical system sighting marks on
‘ celestial bodies for use by in-flight alignment programs
54 Sighting data display Displays accuracy of pair of celestial body sightings
55 Gyro torquing Calculates gyro torquing angles for fine alignment of
inertial platform during in-flight alignment
60 Attitude maneuver Maneuvers LM to attitude specified by program in process
61 Preferred tracking attitude Performs automatic trim to preferred tracking attitude if
maneuver required is less than specified function of RCS
DAP deadband or, if not, routine notifies crew that attitude
maneuver to preferred tracking attitude is required
Computes preferred LM tracking attitude, which enables
RR tracking of CSM, and CSM tracking of LM beacon
62 Crew-defined maneuver Enables astronauts to specify final vehicle attitude for use
by LGC-controlled attitude maneuver
63 Final rendezvous attitude Calculates and displays final FDAI ball angles required to
} aim LM +Z-axis or +X-axis at CSM
[ ™ LR spurious test
@
]
l
|
l
|
|
‘ .
|
|
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B2.2.3.3 Abort Guidance Section. (See figure 2.2-14.)

The AGS consists of an abort sensor assembly (ASA), abort electronics assembly (AEA),
and a data entry and display assembly (DEDA). The ASA performs the same function as the IMU; it
establishes an inertial reference frame. The AEA, a high speed general purpose digital computer is
the central processing and computational device for the AGS. The DEDA is the input-output device for
controlling the AEA.

Navigation for the LM is performed continuously by the AGS assuming that the motion is in
a spherical gravitational field. Navigation is performed by the AGS through integration of the equations
of motion and substitution of instantaneous LM velocity, for the variables. The AGS decodes the PGNS
downlink data to establish LM and CSM position, velocity, and associated time computations. This
information is used to initialize or update the AGS navigational computations upon command from the
DEDA. The AGS solves the guidance problems of fine distinct guidance routines: orbit insertion,
coelliptic sequence initiate, constant delta altitude, terminal phase initiate, and change in LM velocity
(external AV).

The AGS provides steering commands for three steering submodes: attitude hold,
guidance steering, and acquisition steering. The attitude hold submode maintains the vehicle attitude
that exists when the submode is entered. In the guidance steering submodes the AEA generates attitude
commands to orient the LM X-axis so that it lies along the direction of the thrust vector. In the
acquisition steering submode, the AEA generates attitude commands to orient the LM Z-axis along the
estimated line-of-sight (LOS) between the LM and CSM.

The AGS outputs an engine-on or engine-off command during all thrusting maneuvers. If
the PGNS is in control, the command is a follow-up of the signal produced by the PGNS. If the AGS is
in control, the engine-on command can be routed only after the appropriate switches are set and ullage
has been performed. When proper velocity-to-be-gained are achieved, an engine-off command is issued.

The AGS uses RR angle information and accepts range and range rate information from the
RR for updating LM navigation so that the LM Z-axis is toward the CSM, or for midcourse correction.
These data are manually inserted into the AEA by the astronaut by using the DEDA.

The AGS automatically aligns the strapped-down inertial system of the ASA by computing |
the direction cosines that relate the LM body axes to the desired inertial coordinate system. It also |
provides in-flight gyro and accelerometer calibration to compensate for fixed non-g gyro drift, and |
telemetry data for MSFN through the IS. 1

E2.2.3.3.1 Abort Sensor Assembly. (See figure 2.2-14A.)

The ASA senses LM angular displacements and velocity increments and generates output
pulses to update the AEA. The ASA consists of three strapped-down pendulous accelerometers, three
strapped-down gyros and associated electronic circuitry. The ASA is mounted on the navigation base
above the astronaut's heads, between the crew compartment and the thermal and micrometeoric shield.

The ASA operates on a current pulse torquing principle to rebalance the output from its
sensors. The three gyros sense angular rates about the LM orthogonal axes and the three accelerom-
eters sense accelerations along the same axes. These motions are converted pulses proportional to the
sensed motion. These pulses are routed to the AEA for further processing.

The ASA contains three floated, pulse-rebalanced, single-degree-of-freedom, rate-
integrating gyroscopes and three pendulous reference accelerometers in a strapped-down configuration.
These six sensors are housed in a beryllium block, which is mounted on the navigation base. The sen-
sors are aligned with the three LM reference axes. The assembly also includes pulse torque servo-
amplifiers (one associated with each sensor), temperature control amplifiers, and a power supply.

Current generated in the accelerometer produces torque that opposes the torque caused by
the force of acceleration on a pendulous mass. The average current is proportional to the acceleration.
Pulses generated in the accelerometers are used by the AEA in measuring velocity increments. The
output of each gyro and accelerometer is applied to a pulse torque servoamplifier. The pulse torque
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Figure 2.2-14A. Abort Sensor Assembly - Simplified Block Diagram

servoamplifiers use quantized time-modulated feedback to torque-balance their associated gyro or accel-
erometer. The servoamplifiers consist of an amplifier, a quantizer bridge and driver, and a current
regulator.

The strapped-down inertial guidance system has the advantage of substantial size and
weight reduction over the more conventional gimbaled inertial guidance system, but has the disadvantage
of error buildup over sustained periods of operation. The calibration method uses the PGNS as a refer-
ence to determine the drift-compensation parameters for the ASA gyros. Calibration parameters are
stored in the AEA and used to correct calculations based on the gyro inputs.

The accuracy of the ASA inertial data outputs is temperature-dependent. The ASA tempera-
ture control subassembly maintains the internal ASA temperature at +1200 F, with external temperatures
between -65° and +185° F. Two temperature control circuits are used, one each for fast warmup and
fine temperature control. During fast warmup, ASA temperature can be raised from 0° F to approxi-
mately +116° F in 40 minutes. The ASA must warm up for at least 25 minutes (warmup mode - AGS
STATUS switch on panel 6 set to STANDBY) before operation. The fast warmup circuitry consists of a
thermal sensor, which detects the internal ASA temperature and provides a proportional d-c¢ analog to
heater driver electronics that maintain the required heater power constant. The constant heater power
permits a uniform temperature rise within the ASA. The fine temperature control circuit controls the

GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM
Page 2.2-56 Mission LM 4 Basic Date 15 June 1968 Change Date 15 September 1968




LMAT790-3-LM 4
APOLLO OPERATIONS HANDBOOK

SUBSYSTEMS DATA

. CENTRAL COMPUTER

12-BITS ADDRESS PROGRAM INDEX
AEMGRY REGISTER REGISTER REGISTER
18-BITS
M-REGISTER
(MEMORY)
‘ 18-BITS 16-BITS 12-BITS 12-BITS 3-BITS | 3-BITS
r— \ DATA BUS OUTHUT
|
18-BITS 5-BITS 5-BITS
A-REGISTER 1-BIT ﬁSfTGH',fITEE: ORDER CYCLE
(ACCUMULATOR) QUOTIENT) REGISTER COUNTER
DIRECT
18-BITS | R ANSFER
50
1.024 MC CLOCK PPS TIMING AND
ADDED OSCILLATOR COUNTDOWN [™] CONTROL
300LM4-140
. Figure 2.2-14B. Abort Electronics Assembly - Simplified Block Diagram

temperature after ASA temperature reaches +116° F. The fine temperature control circuit can raise the
temperature 4° F and maintain this operating temperature within 0. 2° F.

2.2.3.3.2  Abort Electronics Assembly. (See figure 2.2-14B.) §

The AEA is a general-purpose, high-speed, 4,096-word digital computer that performs the
basic strapped-down guidance system calculations and the abort guidance and navigation steering
calculations. The computer uses a fractional two's complement, parallel arithmetic section and parallel
data transfer. Instructions consist of 18 bits: a five-bit order code, an index bit, and a 12-bit operand
address. Data words for the computer consist of a sign and 17 numeric bits (no parity). The AEA has
three software computational sections: stabilization and alignment, navigation, and guidance.

The stabilization and alignment computational section computes stabilization and alignment
on generation of mode signals by the DEDA. These mode signals (altitude hold, guidance steering,
Z-axis steering, PGNS-to-AGS alignment, lunar align, gyro and accelerometer calibration, and body-axis
align) determine the operation of the stabilization and alignment computational section in conjunction with
the navigation and guidance computational sections. The body-referenced steering error signals and
total attitude sine and cosine signals are used to control the FDAI. Direction cosine data are routed to

the navigation computational section, where they are used in computing lateral velocity and inertial
‘ acceleration data.

The navigation computational section uses accelerometer inputs received from the ASA, via
AEA input logic circuits, to calculate LM position and velocity in the inertial reference frame. The
navigation computational section supplies total velocity, altitude, and altitude-rate data in earth-
centered coordinates, and lateral velocity data in the LM reference frame, to the output logic circuits.
Velocity data are routed to the DEDA, altitude-rate data are routed to the ALT RATE indicator (panel 1),
and lateral velocity data are routed to the X-pointer indicator (panels 1 and 2). Velocity and position
‘ data are routed to the guidance computational section, for computing LM orbital parameters.
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The guidance computational section provides trajectory computation and selection, steering
computation, and midcourse-correction computation. This computational section receives data relating
to the CSM state vector and the LM state vector from the LGC in other external source through the AGS
input selector logic. Body-referenced steering errors are received from the stabilization and alignment
computational section, for trajectory computation. The LM abort guidance problem consists of solving
the equations of the selected guidance maneuver including steering, attitude, and engine control computa-
tions. Outputs of the guidance computational section, through the output select logic circuits, include
engine on and off signals to the CES, and velocity to be gained (selectable by DEDA readout).

The AEA consists of a memory subassembly,central computer, an input-output subassem-
bly, and a power subassembly.

Memory. The AEA memory is a coincident-current, parallel, random-access, ferrite-core memory
with a capacity of 4,096 words (18 bits each). The cores are arranged in square planes; each core is
subjected to X- and Y-coordinate selection. There is one plane for each bit in the word; the arrangement
consists of 64 rows and 64 columns. The number of words in the memory is equal to the number of cores
in a bit plane. An address to the computer is specified by an X-coordinate and a Y-coordinate; it refers
to the core at that location in all 18-bit planes.

The memory core stack is divided into two sections: temporary memory (2,048 words) and permanent
memory (2,048 words). The temporary memory stores replaceable instructions and data. Temporary
results may be stored in this memory and may be updated as necessary. Checkout routines may be loaded
during checkout and subsequently discarded. Each core in the temporary memory is threaded by an
X-selection winding, a Y-selection winding, a sense winding, and an inhibit winding. The permanent
memory stores instructions and constants that are not modified during operation of the permanent-
memory section. In the permanent memory, the inhibit winding is omitted and the X-selection winding
passes only through cores that represent zeros.

The cycle time of the memory is 5 microseconds. The addresses of the temporary storage locations
are 0 through 37778; the addresses of the permanent storage locations, 40008 through 7777g.

Central Computer. The central computer comprises an address register, a memory register (M
register), an index register, a program counter, cycle counter, an operation code register, adder,
accumulator (A-register), and a multiplier -quotient register (Q-register). The registers are intercon-
nected by a parallel data bus. Central-computer operations are executed by appropriately timed transfer
of information between these registers, between the memory and the M-register, and between the
accumulator and input-output registers. The adder, M-register, Q-register, and accumulator form the
basis for execution of arithmetic operations.

Address Register. The address register is a 12-bit static register that is loaded under AEA control,
from the least significant 12 bits of the data bus. The address register holds the address of the memory
location to which access is requested.

Memory Register. The memory register (M-register) is an 18-bit static register, which is loaded from
the memory cores or the data bus. The register holds data that are to be transferred between the central
computer and the memory, by the data bus. The data bus is a collection of gates through which data

(up to 18 bits in parallel) may transfer from one register to another. Data transferred from the memory
are held by the M-register as they are placed on the data bus. During this time, data transfer is a
read-and-restore operation. Data transferred to the memory from the central computer are held by the
M-register as they are written into the memory. The A-register (accumulator) holds the multiplicand
during multiplication, the dividend during division, the addend during addition, and the minuend during
subtraction. The A-register is loaded by clearing it, then adding the contents of the M-register to it.

Index Register. The index register is a three-bit ripple counter that is used for operand-address modi-
fication. When an indexed instruction is executed, the effective operand address is computed by a logical
OR operation between the index register and the three least significant bits of the operand address. When
a transfer and text index instruction is executed, the index register is decreased by one if the counter is
greater than zero, and the next instruction is taken from the location specified by the address field of the

transfer and text index instruction. If the index register is zero, the counter is not decreased, and the
next instruction is taken in sequence. The index register is loaded under program control, from the least

significant three bits of the data bus.
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Program Counter. The program counter is a 12-bit ripple counter, that is loaded from the least signif-
icant 12 bits of the data bus by execution of a transfer instruction. The program counter holds and
generates instruction addresses in sequence.

Cycle Counter. The cycle counter is a five-bit counter that controls shift instructions and certain long
orders. The counter is loaded from the six least significant bits of the M-register.

Operation Code Register. The operation code register is a five-bit static register that is loaded under
software-control, from the five most significant bits of the data bus. The register holds the five-bit
order code during its execution.

Adder. The arithmetic section is designed around an 18-bit, 3-microsecond parallel adder. Two 18-bit
registers (the A-register and M-register) furnish the inputs to the adder. The sum generated by the
adder is loaded into the accumulator. Shifting is implemented by displacing the sum generated by the
adder one bit right or left when loading it into the accumulator.

Accumulator. The accumulator is an 18-bit static register (A-register). It communicates, in parallel,
with the adder and the data bus, and serially with the Q-register for shifting operations such as
multiplication, division, and double-length shifts. The accumulator holds the results of most arithmetic
operations; it is used to communicate with the input or output registers.

Multiplier-Quotient Register. The multiplier-quotient register (Q-register) is an 18-bit two-way shift
register that communicates, in parallel, with the data bus and serially with the accumulator. The Q-
register holds the least significant half of the double-length product after multiplication and initially
holds the least significant half of the double-length dividend for division. After division, it holds the
unrounded quotient. For double-length shifting operations, the Q-register is logically attached to the
low-order end of the A-register. After execution of a transfer and set Q-instruction, the Q-register
holds a transfer instruction with an address field set to one greater than the location of the transfer and
set Q-register instruction.

Timing. Timing is controlled by an eight-bit register and a three-bit register. These registers produce
the timing signals required to control all operations of the central computer.

Input-Output Subassembly. There are four basic types of registers in the input-output subassembly:
integrator, ripple counter, shift, and static. These registers operate independently of the central com-
puter, except when they are accessed during execution of an input or output instruction. All transfers of
data between the central computer and the input-output registers are in parallel. The PGNS Euler angles
are accumulated in three 15-bit integrator registers. The integrator registers shift 15 bit positions at
512 kc upon receipt of each input pulse, serially adding or subtracting one from the previous count. The
integrator registers are set to 0 by an external signal. ASA gyro and accelerometer pulses are
accumulated in six 11-bit counters (in the AEA), which are set to 0 by the central computer. A four-bit
DEDA register, an 18-bit input telemetry register, a 24-bit output telemetry register, and a 15-bit out-
put register time-shared for altitude and altitude rate are all used as shift registers. The remaining
registers (digital-to-analog converter registers and discrete input and output registers) are static
registers. The discrete output register is modified by setting or resetting specific bits within the register
with specific output instructions.

The AEA input signals and their characteristics are listed in table 2. 2-9; the output signals and their
characteristics, in table 2. 2-10.
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Table 2, 2-9.

Abort Electronics Assembly - Input Signal Characteristics

Nomenclature Routing Signal Description Remarks
AGS telemetry stop ISS to AEA 50-pps signal; indicates completion
pulse of telemetry shift for one digital
word
AGS telemetry shift ISS to AEA 51.2 kpps (burst of 24 pulses, 50
pulses times per second); shifts telemetry
data out of AEA.
28-volt, 800-cps CES to AEA Sinusoidal excitation for digital-to- +0.5 vrms and +1%
reference analog converters in AGS frequency accuracy
Automatic CES to AEA Discrete used to put AEA in auto- Definitions:
matic submode 1 - Ground
0 - Open circuit
Abort CES to AEA Discrete indicating abort but that Definitions:
staging has not occurred 1 - Ground
0 - Open circuit
Follow-up CES to AEA Discrete used to put AEA in follow- Definitions:
up submode 1 - Ground
0 - Open circuit
Abort stage CES to AEA Discrete indicating abort and that Definitions:
staging is initiated 1 - Ground
0 - Open circuit
PGNS alignment PGNS to AEA Digital pulse train (64 kpps maxi- Gimbal angles are used
signals: mum), denoting negative and positive during PGNS-to-AGS
-A60, +A6, angular increments of three PGNS alignment, to define the
-AV, + AV, gimbal angles inertial reference frame.
-A 8 y + A 0>
CDU zero PGNS to AEA 51, 2-kpps pulse train used to reset Definition:
PGNS angle input registers On - Application for
300 milliseconds
(minimum)
PGNS telemetry PGNS to AEA 50-pps signal indicating termination
downlink stop of PGNS telemetry downlink shift
operation
PGNS telemetry bit- PGNS to AEA 51. 2-kpps pulse train used to shift Burst of 40 pulses with
synchronizing pulse in PGNS telemetry downlink data period of 20 milliseconds
each
AGS initialization PGNS to AEA 51. 2-kpps signal comprising 40-bit Burst of 40 pulses with
(downlink data) words; used to initialize AGS period of 20 milliseconds
navigation each
Descent engine on Descent Discrete indicating state of descent Definitions:

Ascent engine on

engine to AEA

Ascent engine
to AEA

engine

Discrete indicating state of ascent
engine

1 - Ground, engine on
0 - Open circuit,
engine off

Definitions:
1 - Ground, engine on
0 - Open circuit,
engine off
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Table 2.2-10. Abort Electronics Assembly - Output Signal Characteristics

Nomenclature Routing Signal Description Remarks
Total attitude signals: AEA to FDAI 0- to 15-vrms, 400-cps, sinusoidal Scale factor: 30 milli-
sine a, cosine «a, signals for total attitude display volts per step
sine B, cosine B,
sine v, cosine Y Computation rate: 25

times per second

Altitude signal (h) AEA to displays | 64-kpps signal with word frequency Resolution: 2.3 feet per
of > five times per second, used bit (15-bit word)
for altitude display

Altitude rate AEA to dis- 64-kpps signal with word frequency Resolution: least signi-
signal (h) plays of > five times per second, used ficant bit 0.5 foot per
for altitude display second (14 bits plus sign)
Lateral velocity AEA to dis- D-C analog (-5 to +5 vdc), dynamic Resolution: 25 mv/fps
(Vyb) plays range -200 to +200 feet per second
Shift pulses for h AEA to dis- 64 kpps
and h plays
Attitude error signals AEA to CES 0- to 4.5-vrms, 800-cps, sinusoidal, Resolution: 300 milli-
Ex, Ey, Egz and displays body-referenced, altitude error volts per degree +5% with
signals for steering and display -700 to + 780 range
2.2.3.2.3 Data Entry and Display Assembly. (See figure 2.2-15.) &

The DEDA is used to control the AGS modes of operation manually, to insert data manually
into the AEA, and to command the contents of the accessible AEA memory to be displayed on numeric
readouts. Only 452 of the 4,096 words stored in the AEA memory are DEDA accessible. The DEDA
consists of a keyboard, logic circuits, electroluminescent displays, and driving circuits. The controls
and indicators associated with the DEDA are listed in section 3.

Data input to the AEA, via the DEDA, consists of anine-character code. The first three
characters form the address entry, in octal form; the fourth is the sign (+ or -); and the remaining five
characters represent the data, in decimal or octal form. DEDA inputs to the AEA are listed in tables
2.2-11 and 2.2-12. Before entering data, all nine characters must have been entered into the AEA.
When requesting a readout, three numerical pushbuttons (0 through 9) are used. This three-digit
code represents the address and is displayed on the upper portion of the readout. The selected
information from the AEA memory is displayed on the lower portion of the readout. Table 2.2-14
contains the DEDA-accessible constants.

DEDA Operation. DEDA operation is initiated by pressing the CLR pushbutton. This enables data
entry with the numerical pushbuttons (0 through 9). As each numerical pushbutton is pressed, its code
is placed in a register for display in the order in which the pushbuttons are pressed. When the
appropriate number of characters is entered, the ENTR or READOUT pushbutton is pressed.

The following paragraphs contain the operating procedures for the DEDA, using the front panel push-
buttons and electroluminescent readouts. Before performing these procedures, the appropriate cabin
switches must be set to the on position, the AC BUS B: AGS (panel 11) and STAB/CONT: AEA and
ASA circuit breakers (panel 16) must be closed, and the AGS STATUS switch (panel 6) must be set to
OPERATE.
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OPERATOR ERROR

STATUS LIGHT (WHITE) ADDRESS INDICATOR

DATA INDICATOR
(CODE OR READOUT)

KEYBOARD SWITCHES
(MOMENTARY PUSHBUTTONS) MOMENTARY CONTROL

PUSHBUTTONS

300LM4-254

Figure 2.2-15. Data Entry and Display Assembly - Pictorial

Data Insertion. The sequence of operations for inserting data into the AEA via the DEDA is as follows:
e DPress and release CLR pushbutton.

This operation clears the DEDA and blanks all lighted characters. The CLR
pushbutton must always be pressed before any DEDA entry.

@ DPress and release three consecutive numerical pushbuttons.
This operation identifies the address (octal) of the AEA memory word location
into which the data are to be inserted. The AEA will not process data with an
octal address larger than 704.

e Press and release pushbutton that corresponds to sign (+ or -) of data to be
inserted.

e Press and release desired five consecutive numerical pushbuttons that
correspond to the numerical value of data to be inserted (decimal or octal, as

appropriate for entry). Refer to tables 2.2-11 and 2. 2-12 for DEDA inputs
(addresses).

e Verify entry by comparing electroluminescent display with desired address and
desired numerical value.

e Press and release ENTR pushbutton.

This operation enters the word into the AEA and blanks the address and data
displays.

Data Readout. The sequence of operations for reading the contents of an AEA memory cell is as follows:
® Press and release CLR pushbutton.

This operation initializes the DEDA and blanks all lighted characters. The
CLR pushbutton must always be pressed before any readout.
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Press and release three consecutive numerical pushbuttons.

This operation identifies the address of the AEA memory core location from
which data are to be extracted. The address is in octal form; it must not
exceed the number 704. If a number larger than 704 is entered into the
address, the DEDA readout will be extinguished when the READOUT
pushbutton is pressed. Refer to table 2.2-13 and 2. 2-14 for data that are
DEDA accessible from the AEA.

Verify entry by comparing electroluminescent address with desired address.
Press and release READOUT pushbutton.

After the READOUT pushbutton has been pressed, the displayed quantity and

its address are updated twice per second. The astronaut can hold a value

on the display be pressing the HOLD pushbutton. This value is held on the

display until the READOUT pushbutton is pressed (at which time the displayed |
quantity is updated twice per second) or until the CLR pushbutton is pressed

(at which time the DEDA is initialized for the next command and the displays

are blanked).

Decimal Point Location. There is no decimal point indication on the DEDA. To use the AGS correctly,
the astronauts must have knowledge of the quantization of the decimal quantity being entered or

read out.

+00423.

If a position variable has a quantization of 100 feet, then 42,300 feet is entered or displayed as

‘)perator Error. The OPR ERR light on the DEDA display panel goes on if the operator makes any of the
f

ollowing errors:

Nine pushbuttons are not pressed and the ENTR pushbutton is pressed.
Three pushbuttons are not pressed and the READOUT pushbutton is pressed.
READOUT pushbutton is pressed after more than three digits are entered.

More than nine pushbuttons have been pressed since the last pressing of the
CLR pushbutton.

The 8 or 9 pushbutton is pressed while loading the address portion of the word.
The + or - pushbutton is not pressed in the fourth position of the nine-digit word.
The + or - pushbutton is pressed in other than the fourth position.

A quantity is being read out and the ENTR pushbutton is pressed.

Mission LM 4
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The following operator errors do not cause the OPR ERR light to go on.

e If a number greater than 704 is entered into the address portion of the display
along with other numbers, the DEDA exhibits an odd display when the ENTR
pushbutton is pressed. The numbers shift and several entry slots are blanked.

e If a number greater than 704 is entered into the address portion of the DEDA
and the READOUT pushbutton pressed, the DEDA is blanked.

e If an octal quantity is entered with a digit greater than 7 or if a number greater
than its allowable range is entered via the DEDA, a computer-processing error
If the address is read out, the display is different than what was entered.

results.

Address values greater than 704, used for program instructions cannot be entered into the DEDA. If
such entries are attempted, the symptoms described in the preceding paragraph occur. Normal

operation is restored by pressing the CLR pushbutton.

Table 2.2-11. Selector Logic List
Address Entry Code Definition Remarks
400 +00000 Attitude hold submode Program automatically sets attitude hold function upon
AGS engine cutoff, completion of PGNS-to-AGS
alignment, or completion of calibration. If AGS is in
control, LM maintains inertial attitude it had when this
mode was entered.

400 +10000 Guidance steering Program automatically sets guidance steering functions

submode upon receipt of abort stage signal. If AGS is in control
attitude error signals orient LM to desired thrust
direction.

400 +20000 Z-body axis steering If AGS is in control, attitude error signals drive LM
submode +Z-axis in estimated direction of CSM.

400 +30000 PGNS to AGS align- AGS is in this mode for 2 seconds, during which time
ment (IMU alignment) AGS stable member is aligned to IMU stable member.
submode Upon completion, -AEA returns to attitude hold mode.

400 +40000 Lunar alignment
submode

400 +50000 Body-axis alignment
submode

400 +60000 In-flight calibration AGS selector is in gyro- and accelerometer-calibrate
submode mode. Gyro calibration time is 300 seconds and ac-

celerometer time is 30 seconds. Upon completion,
AEA returns to attitude hold mode.

400 +70000 Accelerometer cali- Completion of calibration requires 30 seconds. AEA
bration only returns to attitude hold mode after 300 seconds.

407 +10000 Freezes external AV Program automatically selects this function upon de-
reference into inertial tection of ullage. This entry freezes external AV-to-
reference frame be-gained vector of in inertial space.
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Table 2,2-11.,

Selector Logic List (cont)

Address Entry Code Definition Remarks
410 +00000 Orbit insertion This entry guides LM to prescribed trajectory.
. maneuver

410 +10000 Coelliptic sequence This maneuver creates correct phasing between LM and CSM

initiate maneuver such that, following CDH, desired LOS between LM and
CSM is achieved at nominal TPI time,

410 +20000 Constant Ah This maneuver places LM in trajectory such that Ah
maneuver between LM and CSM is a constant.

410 +30000 Direct transfer time This entry is used to determine whether TPI should occur.
increment TA
constant (TPI searc¢h)

410 +40000 Direct transfer fixed This entry is used to perform any direct transfer
time of ignition maneuvers.

(TPI execute)

410 +50000 External AV This maneuver is used to perform maneuvers based upon
maneuver externally supplied velocity-to-be-gained components.

411 +10000 RCS-DPS/APS +00000 X-body axis
selector +10000

412 +00000 Reinitiate in-flight If abort stage occurs during burn, it is not necessary to
AGS self test enter this address, because appropriate action is taken by

AEA.

413 +10000 Reset lunar surface Content of address 413 is only reset by AEA power turn-on
flag sequence,

414 +00000 Navigation initialization | Following completion of any navigation initialization, pro-
complete gram automatically establishes selector logic to indicate

completion of navigation,

414 +10000 Initialize LM and CSM
via PGNS downlink

414 +20000 Initialize LM via This entry commands LM navigation initialization by DEDA,
DEDA., Ephemeris data are entered before this entry is made.

414 +30000 Initialize CSM via Same as +20000, except for CSM,

DEDA,

415 +00000 Program reset. Reset program to zero within 2 seconds by radar filter
Normal value of stored equations,

Z-axis direction
cosines command

415 +10000 Store Z-axis direction
cosines,

416 +00000 Select CDH at first This entry causes CSI calculations, to compute maneuver
crossing of LM orbit with CDH maneuver occurring at first crossing of LM orbit
line of apsides line of apsides.

416 +10000 Select CDH at second
crossing of LM orbit
line of apsides
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' Table 2.2-11, Selector Logic List (cont)
Address Entry Code Definition Remarks
416 +20000 Select CDH at third

crossing of LM orbit
line of apsides

417 +00000 Select CDH at apside
crossing
417 +10000 Select CDH 180°,

360°, or 540° after
CSI per address 416

507 +00000 Normal position
507 +10000 Orient +Z-axis to
desired thrust axis
623 +00000 Normal position
+10000 Crew select guidance

yaw steering vector

Table 2.2-12, Data Entry and Display Assembly - Input List

Address Definition Range Quantization Remarks

047 Sine of landing azimuth angle |

053 Cosine of landing azimuth angle J

231 Launch site radial distance 20,926,000 feet 10° |
from center of earth |

232 Orbit insertion targeted injec- 0 to 33,554,000 feet 1()3 :
tion altitude i

233 Vertical pitch steering altitude 0 to 33,554,000 feet 103 1
threshold

240 LM position, X-component +33,554,000 feet 103

241 LM position, Y-component +33,554,000 feet 103

242 LM position, Z-component +33,554,000 feet 103

244 CSM position, X-component +33,554,000 feet 10°

245 CSM position, Y-component +33,554,000 feet 103

246 CSM position, Z-component +33,554,000 feet 103
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Table 2,2-12,

Data Entry and Display Assembly - Input List (cont)

Address Definition Range Quantization Remarks

254 Epoch time (AGS-referenced) 0 to 4,369 minutes 0.1 Used in LM navigation
of LM emphemeris data initialization

260 LM velocity, X-component +32,767 fps 1

261 LM velocity, Y-component +32,767 fps 1

262 LM velocity, Z-component +32,767 fps 1

264 CSM velocity, X-component +32,767 fps 1

265 CSM velocity, Y-component +32,767 fps 1

266 CSM velocity, Z-component +32,767 fps 1

272 Epoch time (AGS-referenced) 0 to 4,369 minutes 0.1
of CSM emphemeris data

275 AGS computer time of CSI 0 to 4,369 minutes 0,1 tigA
maneuver

276 Absolute time of CDH maneuver 0 to 4,369 minutes 0.1 tigB

277 Desired TPI time for CSI 0 to 4,369 minutes 0.1 This time is input in
computation AEA time.

310 Rendezvous offset time 136 minutes 0.1

311 Time from TPI to rendezvous 0 to 136 minutes 0.1

313 Time from present to next burn 0 to 136 minutes 0.01 TA

314 Time of mode before rendezvous 0.1
target

316 Radar range 0 to 400 nm 0.01

373 AGS computer time of TPI 0 to 4,369 minutes 0.1 tigC (valid only in
maneuver TPI)

CSI to CDH coast time 0 to 4,369 minutes 0.1 TAO

377 AGS computer time 0 to 4,369 minutes 0.1

450 Component of external AV in +32,767 fps 1 fps Plus display indicates
horizontal direction parallel VG in posigrade
to CSM orbit plane direction.

451 Component of external AV in +32,767 fps 1 fps Plus display indicates
horizontal direction perpendicular VG opposite to LM
to CSM orbit plane angular momentum

vector.
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I Table 2,2-12, Data Entry and Display Assembly - Input List (cont)
Address Definition Range Quantization Remarks
452 Component of external AV in +32,767 fps 1 fps Plus display indicates
radial direction VG toward earth
464 Vertical pitch steering altitude 1 fps
rate threshold
465 Orbit insertion targeted 1 fps
injection radius rate
466 Orbit insertion targeted 1 fps
injection horizontal velocity
514 Guidance steering input vector Octal
(Whx)
515 Guidance steering input vector Octal
(Vby)
516 Guidance steering input vector Octal
(Whz)
540 X-axis accelerometer bias N/A N/A
compensation
541 Y-axis accelerometer bias N/A N/A
compensation
542 Z-axis accelerometer bias N/A N/A
i compensation
544 X-gyro drift compensation +10° to -10° /hr 0.01°/hr
constant
545 Y-gyro drift compensation +10° to -10° /hr 0.01° /hr
constant
546 Z-gyro drift compensation +10° to -10° /hr 0.01° /hr
constant
547 Lunar align azimuth correction Used during lunar
missions
605 Tangent of desired LOS angle at Octal
TPI (CSI)
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Table 2,2-13. Data Entry and Display Assembly - Oiltput List

Address Description Range Quantization Symbol
211 Out-of-plane position feet 103 y
263 Out-of-plane steering fps 1 pr
270 Present LM out-of-plane velocity fps 1 Vyo
274 Predicted time from CDH to TPI 4,369 min 0, & T,
275 AGS time of CSI maneuver 0 to 4,369 min 0.1 tiga
303 Time-to-go until rendezvous (valid in TRI only) minutes 0.01 Tp
304 Angle between LM Z-axis and local horizon -90° to +90° 0.1 ¢
305 CsI iteration error in LM/CSM relative central angle 0 to 360° 0.01 Co

(Valid in CSI and CDH)

306 Time-to-go until rendezvous (valid for TPI only) 0 to 136 minutes 0.01 Ty

311 Time from TPI to rendezvous 0 to 136 minutes 0.01

312 Predicted time to LM orbit perifocus 0 to 136 minutes 0.01 Tperg

313 Time from present to CSI, CDH or TPI 0 to 136 minutes 0.01 Ta

315 Predicted altitude of LM apofocus

317 Range from LM to CSM 0 to 1380 nm 0.1 R

337 LM altitude 0.1 h

340 X-component of LM position +33,554,000 to 103 r
-33,554,000 feet x

341 Y-component of LM position +33,554,000 to 103 T
-33,554,000 feet y

342 Z-component of LM position +33,554,000 to 103 r
-33,554,000 feet “

344 X-component of CSM position +33,554,000 to 103 B
-33,554,000 feet

345 Y -component of CSM position +33,554,000 to 103 T
33,554,000 feet ey

346 Z-component of CSM position +33,554,000 to 103 r
-33,554,000 feet oa

347 Predicted orbit insertion burnout radius 0 to 33,554,000 feet 103 Ty
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Table 2,2-13.

Data Entry and Display Assembly - Output List (cont)

Address Description Range Quantization Symbol

360 X-component of LM velocity +32,767 to 1 v
-32,767 fps *

361 Y-component of LM velocity +32,767 to 1 v
-32,767 fps y

362 Z-component of LM velocity +32,767 to i} Vv
-32, 767 fps 4

364 X-component of CSM velocity +32,767 to i} A%
-32,767 fps ex

365 Y -component of CSM velocity +32,767 to il v
-32,767 fps ¢y

366 Z-component of CSM velocity +32,767 to 1 v -
-32,767 fps ¢

367 LM altitude rate +32,767 to 1
-32,767 fps

370 Magnitude of LM velocity-to-be-gained 0 to 32,767 fps 1 VG

371 CDH maneuver AV (valid in CSI) o to 32,767 fps 1 VPo

371 Direct transfer plus braking impulse AV 0 to 32,767 fps 1 VT

373 Time from CSI to CDH 0 to 4369 minutes 0.1 TAO

377 AEA time 0 to 4,369 minutes 0.1 t

402 Perigee altitude of predicted LM transfer trajectory +1379.7 to 0.1

(TPI only) -1379.7 nm

402 Differential altitude at time of predicted CDH +1379.7 to 0.1 AT
-1379.7 nm

403 Perigee altitude of LM trajectory +1379.7 to 0.1 q
-1379.7 nm

423 Desired final value of altitude rate +32,767 to 1 r,
-32,767 fps

433 Magnitude of LM velocity +32,767 to 1 A\
-32,767 fps

440 Range rate between LM and CSM (negative sign +32,767 to 1 R

indicates closing rate) -32,767 Ips

441 LM velocity normal to CSM orbit plane +32,767 to 1 A% s

-32,767 fps ¥
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‘ Table 2.2-13, Data Entry and Display Assembly - Output List (cont)
Address Description Range Quantization Symbol
456 AV for CSI maneuver 1 Vo
‘ 463 Predicted radial velocity at CSI time 1 re
470 AV expended minus descent stage capability +32,767 to 1 Vv
X
-32,767 fps
500 Velocity-to-be-gained in X-direction +32,767 to 1 AV
-32,767 fps gx
501 Velocity-to-be-gained in Y-direction +32,767 to 1 AV
-32,767 fps gy
502 Velocity-to-be-gained in Z-direction +32,767 to 1 AV ”
-32,767 fps g
574 Descent section staging flag
604 Lunar surface flag
611 Predicted LM radial velocity +32, 767 to 1
-32,767 fps
. 612 Staging sequence counter
Table 2.2-14, Data Entry and Display Assembly - Accessible Constants |
Address Description Address Description
033 Rendezvous angle sine 070 Attitude errors
034 Horizontal unit vector in transfer orbit plane 104 LM position remainders
040 Unit vector perpendicular to transfer orbit 107 PGNS (counts)
plane
110 Predicted change in integrated gravity
044 Radar null direction cosines
113 PGNS ¥ (counts)
047 Sine of azimuth angle
114 Gravity time major cycle time
050 Accumulated thrust velocity vector
117 PGNS ¢ (counts)
050 Predicted LM velocity vector at CDH burn
120 Resolved sensed AV's along inertial axes
053 Cosine of azimuth angle
123 Sine of FDAI
054 Unit vector normal to CSM orbit
124 Unit vector input for commanding yaw when
060 Normalized LM position vector selector 00 equals 1 (S00=1)
. 067 Thrust acceleration 127 Cosine of FDAI
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Table 2,2-14, Data Entry and Display Assembly - Accessible Constants (cont)

Address Description Address Description
130 XB direction cosines 241 LM ephemeris position (Y-component)
134 ZB direction cosines 242 LM ephemeris position (Z-component)
140 YB direction cosines 244 CSM ephemeris position (X-component)
160 XD direction cosines 245 CSM ephemeris position (Y-component)
163 LM semimajor axis after CDH trail 246 CSM ephemeris position (Z-component)
164 ZD direction cosines 254 LM epoch
167 CSM position magnitude 260 LM initial velocity (X-component)
170 Semilatus rectum of LM transfer orbit 261 LM initial velocity (Y-component)
170 Trials horizontal velocity increment 262 LM initial velocity (Z-component)
171 Transfer orbit semimajor axis 263 V@G component for out-of-CSM-phase steering
174 LM predicted position vector at CSI, CDH, 264 CSM initial velocity (X-component)
or TPI burn time
265 CSM initial velocity (Y-component)
200 CSM epoch position vector
266 CSM initial velocity (Z-component)
203 Predicted CSM position magnitude
267 Velocity-to-be-gained
204 Position vector input to orbit parameter
subroutine 270 LM out-of-CSM-plane velocity magnitude
207 Predicted position magnitude 272 CSM epoch
210 LM present inertial position magnitude 274 CDH to TPI time
211 LM out-of-plane position 275 Absolute CSI maneuver time
216 QL set on overflow 276 Time of CDH
217 Initial P perturbation 271 ABS time of most recent radar
223 Nominal burnout altitude 300 Desired TPI time for CSI computation
224 LM predicted inertial position vector at CDH 304 Z axis/olcal horizontal angle
burn
305 Best cost saved for DEDA
227 LM predicated inert POS MAG
306 Computed LOS
230 Ap limiter
306 LM-CSM central angle at CDH
231 Nominal lunar radius
310 Target offset time
232 Orbit insertion altitude 311 Desired transfer tim e
233 Vertical pitch steering altitude threshold 313 Time from present to CSI, CDH or TPI
234 Calculated range at time of radar range 316 Radar range
mieasurement 317 Computed range
240 LM ephemeris position (X-component) 337 Altitude
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‘ Table 2,2-14, Data Entry and Display Assembly - Accessible Constants (cont)
»
Address Description Address Description
340 LM position vector 427 Present LM horizontal velocity
. 343 Present LM perigee 430 Ellipse predictor velocity vector output
344 CSM present position vector 433 Present LM velocity
347 Predicted burnout altitude 435 Predicted time, TPI to rendezvous time
since CSM epoch
360 Present LM inertial velocity vector
440 Estimated range rate between CSM and LM
364 Present CSM inertial velocity vector steering (Vy)
367 Altitude rate 445 CSM period
370 Velocity-to-be-gained 446 Horizontal velocity after CSI
371 Predicted CDH AV (CSI coast only) 447 Partial derivative protector
371 Total velocity required for direct transfer 453 P-ITER convergence check
373 CSI to CDH coast time 454 VG threshold
373 Absolute TPI time 455 Lunar/earth altitude rate scaling selector
377 Absolute time 456 D-transfer or 90° mode selector for TPI
. 400 AGS function selector 457 Horizontal velocity search increment
401 Discrete word one position 463 Predicted radial velocity at CSI time
402 LM-CSM at predicted CDH burn time 470 Accumulated total of sensed velocity
increments updated every 2 seconds
402 LM transfer orbit perigee altitude
473 Descent stage AV capability
403 LM present perigee altitude
474 Components of total velocity-to-be-gained
407 Reference frame selector for external AV during burn
410 Guidance mode selector 500 Increments of total velocity-to-be-gained
during burn
411 RCS-DPS/APS selector
503 Range rate input (radar)
412 In-flight self-test status indicator
504 Vertical pitch steering altitude rate
413 Store/no-store lunar azimuth selector threshold
414 Navigation initialize 505 RFDOT lower limit
415 Radar gimbal null 506 Orbit insertion horizontal velocity
‘ 416 CDH apsidal selector 507 Equal DELVH, corresponds to best cost
417 CSI elliptical/circular orbit logic 513 Rendezvous angle cosine
420 CSM epoch velocity vector 514 X-axis DV sum for accelerometer calibration
423 Desired altitude rate 515 Y-axis DV sum for accelerometer calibration
424 Velocity vector input to orbit parameter 516 Z-axis DV sum for accelerometer
subroutine calibration

GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM
Mission LM 4 Basic Date 15 June 1968 Change Date 15 September 1968 Page 2.2-73




LMAT90-3-LM 4
APOLLO OPERATIONS HANDBOOK
SUBSYSTEMS DATA

[ | Table 2,2-14, Data Entry and Display Assembly - Accessible Constants (cont)
Address Description Address Description
517 Gyro calibration counter 552 Compensation constant for attitude-rate
scale factor error of Z-gyro
520 CSM epoch MS
553 High (+) low (-) angular rate scaling
521 LM epoch MS .
554 Upper limit on Vd
522 Check constant for absolute time input
555 Upper limit on Yd
523 Check constant for selector S15 input
524 CSM epoch LS 556 Lower limit on rd
525 LM epoch LS 557 Lower limit on Yd
5 S alue
546 whvals of Vi 560 Position error variance
- U S
& pper limit on o 561 Position and velocity error covariance
- Xeaxgis ali .
530 axis alignment error signals 562 Diswnitisk word coutss
531 habs shk erzor Hgnels 563 Downlink initialize flag (instrumentation
532 Z-axis alignment error signals subsystem enable)
533 Discrete word one complement A6t 0T L 46
534 Scale factor constant for X-axis accelerom- 566 Cam angle of engine in pitch plane
eter
567 Display flat (IS navigation update cycle)
535 Scale factor constant for Y-axis accelerom-
eter 570 Downlink ID1 (received if negative)
536 Compensation and scale factor constant for 571 Downlink input (complete if negative)
Z-axis accelerometer
572 Memory test (test if negative)
537 Compensation constant for X-gyro spin axis
mass unbalanced drift 573 20-millisecond branch control
540 Compensation constant for X-axis accelerom-| 574 Staged flag |
eter bias
575 Attitude hold flag |
541 Compensation constant for Y-axis accelerom- |
eter bias 576 Calibrate I, C. flag
542 Compensation constant for Z-axis accelerom-| 577 Steering flag |
eter bias w
600 Initialize CSI flag |
544 X-gyro drift compensation constant ‘
601 Radar data flag
545 Y-gyro drift compensation constant
602 Cant angle of engine in yaw plane |
546 Z-gyro drift compensation constant
603 Logic flag for engine control |
- ; 4
547 Linar aligh eoreeotion 604 Lunar surfacr flat (IS lunar surface) ‘
550 Compensation constant for attitude-rate 606 Lunar align stop criterion 1
seale factor error of X-gyro 607 DEDA data received flag :
551 Compensation constant for attitude-rate |
scale factor error of Y-gyro 611 Predicted LM radial velocity ‘
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‘ Table 2.2-14, Data Entry and Display Assembly - Accessible Constants (cont) B
Address Description Address Description
612 Staging counter 647 Velocity-to-be-gained (VG) threshold
613 Sign for V, steering 651 Initial position error variance
614 Ullage counter 652 Initial velocity error variance
" 615 Minor cycle counter 653 Radar error model constant
i 616 Ullage counter limit 654 Factor in T, computation
617 Gyro calibration duration 655 Factor in TB computation
620 Number of p-iterations 657 Ascent engine cutoff compensation
621 Accelerometer calibration time 660 Lower limit on thrust acceleration (aT)
622 Staging times delay 661 Ullage threshold
623 CSM mean orbital rate 665 Maximum VYB displayable
624 Constant in altitude and altitude-rate 200- 666 Scale factor for attitude error output
millisecond readout
667 Cycle counts 0-to-seconds factor
625 FDAI computation singularity threshold
670 One second plus DEDA time bias
626 X-axis alignment gain constant
671 Downlink code
627 Lunar alignment constant 3 2
674 A-Mu T (ft"/sec’)
630 Lunar alignment constant
675 AT/2
631 Lunar alignment stop criterion
676 Conversion factor: .01°/hr to radian/20 ms
632 Calibration gain constant scaled at -13
633 Calibration gain constant 677 Conversion factor: 100 feet to feet scaled
1000
634 Accelerometer bias threshold at 23
5
635 Accelerometer calibration gain constant
700 Conversion factor: 0.1 minute to second
636 Gravitational constant scaled at 18
637 Reciprocal of gravitational constant (1/2K1) 701 Conversion factor: .1 minute to second
1
641 Filter velocity uncertainty term scaled at 13
5
642 Factor in r'f computation
702 Conversion factor: 0.01° to radians scaled
643 Coeffieicnt in evaluation of CSI cost at 3
‘ 644 Factor to decrease g 703 Conversion factor: 0,1 minute to feet
scaled at 23
645 Factor to increase a6 25
704 Conversion factor: 0.01 minute to second
646 Constant error term in radar filter scaled at 13,
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2.2.3.3.4 Abort Guidance Section - Self-Test Routine.

The self-test routine continuously checks that the computer logic and memory are functioning
properly. DEDA address 412 is used, in conjunction with the test, to indicate test results to the astro-
nauts and to allow resetting of error indicators. If a readout of address 412 on the DEDA is performed,
the following outputs are possible:

+00000 - Test not completed

+10000 - Test successfully completed
+30000 - Logic test failure

+40000 - Memory test failure

+70000 - Logic and memory test failure.

An additional output (+00000) permits the astronaut to reinitiate testing and reset the AGS
warning light after failure is detected. When a failure is encountered during the test, the output in memory
location 412 is displayed and the AGS warning light goes on; future tests are inhibited until testing is re-
initiated. The error indicator is reset or testing reinitiated by entering +00000 in address 412. The
astronauts need not monitor DEDA address 412 periodically, because the AGS warning light (panel 1) pro-
vides a visual indication of an error. However, as part of the AGS turn-on procedure, the DEDA check
should be performed as a partial check of AGS warning light and computer operation.
2.2.3.3.5 Abort Guidance Section - Initialization Function.

Initialization comprises two functions: navigation initialization, and time initialization.

(automatic) or from the DEDA (manual). Data are accepted when an initialized instruction has been entered
through the DEDA during an unpowered flight phase of the mission. Data shall not be inserted during LM
powered flight. Initialization is referenced to the AGS absolute time base and the AGS inertial reference
frame at the time of initialization. Upon completion of initialization, an initialization-complete indication
is generated and may be displayed via the DEDA upon request.

Navigation Initialization. The AGS accepts initialization inputs from the PGNS downlink ‘

Ephemeris data from the LM and CSM are inputs for initialization. These inputs are ini-
tialized automatically via the PGNS downlink by entering 414, +10000, and ENTR on the DEDA. Comple-
tion of automatic initialization is indicated by the DEDA address and data indicators being set back auto- 1
matically to 414 +00000. LM ephemeris data are initialized manually, using the DEDA. |

The PGNS downlink data provide LM and CSM position, velocity, and epoch time, which are
used to initialize LM navigation and CSM orbit parameters (state vectors). The data are provided in the
AGS inertial coordinate frame. The LM and CSM epoch times are in the same time base as the AGS abso-
lute time. The sequence in which the PGNS downlink data are used to initialize the AEA is given in table
2.2-14A.

Table 2.2-14A, PGNS Downlink Data Update Sequence

Initialization Description DEI_)A
Sequence Address
1 Identification word 414
2 LM X-position, AGS coordinates 240
3 LM Y-position, AGS coordinates 241
GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM
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Table 2.2-14A. PGNS Downlink Data Update Sequence (cont)

Initialization DEDA
Sequence Description Address
4 LM Z-position, AGS coordinates 242
5 LM epoch time (most significant) 254
6 LM X-velocity, AGS coordinates 260
7 LM Y-velocity, AGS coordinates 261
8 LM Z-velocity, AGS coordinates 262
9 LM epoch time (least significant) 254
10 CSM X-position, AGS coordinates 244
1 CSM Y-position, AGS coordinates 245
12 CSM Z-position, AGS coordinates 246
13 CSM epoch time (most significant) 272
14 CSM X-velocity, AGS coordinates 264
15 CSM Y-velocity, AGS coordinates 265
16 CSM Z-velocity, AGS coordinates 266
17 CSM epoch time (least significant) 272

The sequence of the 17 words occurs at a basic rate of 50 words per second. The sequence
is not interrupted. The word formats of the 17 downlink words are as follows:

Bit No. 0(1(2(3|4|5|6(|7 |89 [10{11]|12(13]|14|15|16/|17

ID Word XIXIXIXIX[ X I X X IXIXIX X XX X XK|Y|Y

Data Word | 1 (S [X|X|X|X |X|X|X|X|X [X [X|X X K|Y|Y

X =0or 1, Y= Not applicable, S = Sign bit (0 or 1).

A stop pulse discrete, which is set after a new downlink word has been inserted into the
downlink input register, will be available to the program. The stop pulse discrete is reset upon reading
the downlini: input register. The time interval between stop pulses is 20 milliseconds. The program in-
terrogates the stop pulse discrete twice per 20-millisecond cycle, with at least a 1-millisecond separa-
tion. The input register is read only if the stop pulse discrete is set to ensure that the input register is
not read while data are being shifted into the input register.

The three components of LM position are entered by keying address codes 240, 241, and
242, and the value and sign of the data, on the DEDA. The three components of LM velocity are entered
by keying address codes 260, 261, and 262, and the value and sign of the data, on the DEDA. The LM
epoch time (a multiple of 6 seconds) is entered by keying address code 254 on the DEDA. Keying 414 and
+20000 on the DEDA completes initialization. When initialization is completed, the AEA is automatically
set back to the attitude hold submode, as indicated by the DEDA display (414 + 00000). Manual initial-
ization of CSM ephemeris data is identical with that for the LM, except for the address codes.
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Time Initialization. Initialization of AGS absolute time consists of entering an absolute time of zero into
memory. This is accomplished by keying 377 on the DEDA. AGS absolute time is not limited to zero,
except by procedures. A time tag, referred to as epoch time, is associated with each state vector. Pri-
mary system time, referred to as ground elapsed time (GET) is referenced to the time of lift-off. There-
fore, the epoch times are the values of GET at which the state vectors were determined. The LGC clock
has a capacity of approximately 2. 7 million seconds; the AEA clock, approximately 0.26 million seconds.
This disparity requires a procedure for modifying the epoch time transmitted from the LGC to the AEA at
initialization. Because the AEA does not require launch time, it is possible to modify epoch time with a
subtractive time bias. This bias is the GET at which the AEA clock is started.

The procedure requires entering a verb in the DSKY and establishing an absolute time of zero
on the DEDA. At the desired initialization time, the two ENTR pushbuttons are pressed simultaneously.
The absolute time in the PGNS at the initialization time becomes the AGS time bias and may be read out
in hours, minutes, and seconds via the DSKY. This time bias must then be subtracted from all subsequent
times entered into the AGS (if the times are referenced to GET).

2.2.3.3.6  Abort Guidance Section - Modes of Operation.

The AGS has two major modes of operation: inertial reference and alignment. These modes
are selected via the DEDA after the ASA has warmed up for 30 minutes, the AGS STATUS switch is set
to operate, and the STAB/CONT: AEA circuit breaker is closed.

Inertial Reference Mode. When the AGS is in the inertial reference mode, it provides attitude error in-
formation and engine commands (on and off), which are used for vehicle stabilization and/or for directing
vehicle abort. The inertial reference mode is always in one of the following submodes:

e Attitude hold
e Guidance steering
e Z-body axis steering

All active steering modes couple attitude errors about the LM body axes to the autopilot (CES). The magni-
tudes of the angular errors are limited to +15° and -150. The autopilot attitude turning rates are limited
to +109/second and -10°/second about the Y-body axis and +5°/second and -5°/second about the X and Z-
body axes, except after staging, with the DEAD BAND (panel 3) switch set to MAX, at that time, no rate
limiting exists. AGS steering in no way protects the PGNS platform against gimbal lock. In the following
discussions it is assumed that the GUID CONT switch is set to AGS, the LM is in orbit (lunar surface

flag is not set) and the PITCH, YAW and ROLL switches are set to MODE CONT.

Attitude Hold. The attitude hold submode generates steering commands to maintain the LM in the inertial
attitude that existed when the attitude hold mode was first entered. Attitude hold can be entered by setting
the MODE CONTROL: AGS switch to ATT HOLD or by using address 400 on the DEDA and entering
+00000. Once the attitude hold mode is established, it can be released by causing the followup signal to
be issued (GUID CONT switch set to PGNS or MODE CONTROL: AGS switch set to ATT HOLD and ACA
in manual control) or by entering other than +00000 into DEDA address 400. The preferred method is to
set the MODE CONTROL: AGS switch to ATT HOLD and orient the LM to the desired attitude using the
ACA. Reentering the attitude hold mode causes the LM to maintain the attitude that exists when the mode
is reentered.

If the AGS is in the guidance steering submode (DEDA address 400 is +10000 and the MODE CONTROL:
AGS switch is set to ATT HOLD), the AGS issues engine-on or engine-off commands that agree with the
existing status of engine being used. If the AGS issues engine-on commands and the MODE CONTROL:
AGS switch is set to AUTO, enter attitude hold by setting address 400 to +00000 via the DEDA which
causes engine-off commands to be sent.

Guidance Steering. The address for ordering guidance steering is 400; the entry is +10000. The guidance
steering submode orients the LM so that the LM thrust vector points in the desired direction for achieving
the objective of the selected guidance routine. The LM X-body axis orientation also depends upon which
engine is used. The RCS engines are assumed to thrust along the body axes. If the descent engine is
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‘ used, the thrust vector is assumed to be along the +X-body axis. If the ascent engine is used, the thrust
vector is assumed to be displaced from the LM +X-body axis by an amount equal to the nominal cant of the
ascent engine. Because of thrust alignment errors, the actual thrust vector will not lie exactly along the
nominal direction. Small velocity errors at engine cutoff may result. These errors, sensed by the AGS,
can be remeoved through axis-by-axis thrusting ( A V residual removal).

When the ascent engine is used, equations that compensate for the cant of the engine should also be used.
DEDA address 411 should be entered with a value of +10000 before entering AGS guidance steering, to
achieve desired orientation of the thrust axis. When the ascent engine is burned the thrust direction is
selected by the AEA, regardless of the value of the address 411 entry.

The AEA correction for the cant of the ascent engine is achieved by two octal constants (one for pitch and
one for roll). The constants are preprogrammed into the central computer, but are DEDA-accessible so
that they can be changed during the mission. The pitch constnat is entered with the address 566. The
value of the constant, entered in octal units of radians, should be positive if the engine causes a thrust
acceleration component along the +Z-body axis. Similarly, the roll component is entered in octal form
in units of radians via address 602. The sign of the value entered should be positive if the cant of the
engine causes a thrust acceleration component along the +Y-axis direction.

The LM Z-body axis can be controlled as follows:
e DEDA address 623 +00000

The LM Z-body axis is driven parallel to the CSM orbit plane. If the +X-body axis

points ahead of the local vertical (posigrade), the Z-axis is below the local horizontal.

If the +X-body axis is behind the local vertical the Z-axis is above the local hori-

zontal. If the X-body axis is vertically upward, the Z-body axis will be pointed

horizontally forward. If the X-body axis is pointed vertically downward the Z-body
‘ axis will be directed horizontally opposite to the direction of motion.

e DEDA address 623 +10000

The LM Z-body axis is driven parallel to a plane determined by its normal unit vector
Wp (DEDA entries 514, 515, or 516). This mode is normally used to maintain S-band
communication during lunar orbit insertion. Unit vector Wy, is entered in octal form
and is nominally defined before the mission.

e X-axis override

The Z-body axis can be oriented to any desired position about the thrust axis by
setting the ATTITUDE CONTROL: YAW switch to PULSE or DIR position and by
means of the ACA.

The gain in the Ex channel decreases toward zero as the +X-body axis approaches a perpendicular orien-
tation with respect to the specified plane. If +00000 is entered in address 623 and the X-body axis is
perpendicular to the CSM orbit plane, the gain in the yaw steering channel is zero for any orientation of
the Z-axis. This situation is typical for earth-orbit missions, during which large out-of-plane maneuvers
are performed. By specifying a unit vector Wp (X axis) not normal to the CSM orbit plane and by entering
+10000 into address 623 yaw steering control can be maintained.

The guidance steering submode controls three steering operations: prethrust steering, orbital rate pitch
steering, and open steering channels.

Prethrust steering is guidance steering (address 400 contains +10000) that is performed before ullage is
sensed and thrusting, to orient the LM for the burn. Prethrust guidance steering is implemented by
setting the GUID CONT switch to AGS, the MODE CONTROL AGS switch to AUTO, and the ATTITUDE
CONTROL: PITCH, YAW, and ROLL switches to MODE CONT, and entering +10000 into address 400.

The AGS then orients the LM to the particular guidance mode selected (address 410). AGS steering
orientation of the LM before the engine burn falls into two categories:

GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM
Mission LM 4 Basic Date 15 June 1968 Change Date 15 September 1968 Page 2.2-79




LMAT90-3-LM 4
APOLLO OPERATIONS HANDBOOK
SUBSYSTEMS DATA

e CSI, CDH, external AV

Before initiation of these maneuvers, the desired attitude of the LM is established

in the local horizontal coordinate system. Before the CSI maneuver, if the CSI
computations are being performed and if the AGS is in the guidance steering submode,
the LM is oriented so that the X-body axis is maintained horizontal and parallel to
the CSM orbit plane.

e Direct transfer (TPI and Midcourse)

If the AGS is in a direct transfer guidance routine and the guidance steering sub-
mode, the vehicle orients itself to the desired attitude in inertial space and remains
fixed in inertial space. When absolute time exceeds the TPI burn time tigC, as
would be the case for a midcourse maneuver when the rendezvous problem has not
been retargeted, the guidance solution is in real time and LM attitude conforms to
the changing solution.

Orbital rate pitch steering maintains the LM X-body axis along the local horizontal, using the external
AV guidance routine and the guidance steering submode. The AGS can maintain the LM at any attitude

in a local vertical coordinate frame during free flight. The X-inertial axis can also be maintained using
the CSI guidance routine and the guidance steering submode, because the CSI maneuver is horizontal.
This procedure is ideal for use between the orbit insertion phase and the CSI maneuver phase because the
desired calculations (CSI) are performed simultaneously. If the calculated CSI maneuver is a retrograde
maneuver, the +X-body axis points backwards and the Z-body axis points along the local vertical and not
toward the lunar surface.

During open steering channels the AGS is in control, and the ATTITUDE CONTROL: PITCH, YAW, and
ROLL switches are usually set to MODE CONT. Any channel can be overriden by setting the switch for
that channel to PULSE or DIR. In some instances, manually orienting one LM axis more than 900 from
the desired direction (AGS-computed) can cause the LM to rotate through large angles about the two AGS-
controlled axes. In attitude hold and guidance steering, X-axis override can be accomplished through any
desired angle. In Z-body axis steering, Z-axis override can be accomplished through any desired angle.
If manual override of any other steering channel is desired, the attitude excursion about that axis should
be limited to less than 900 from the desired orientation computed by the AGS.

Z-Body Axis Steering. This submode is entered via the DEDA, using the address 400 and entering +20000.
No DPS or APS thrust can be accomplished in this mode. The following options are available for specify-
ing the desired direction of the Z-body axis.

e DEDA address 507 +00000

Orient Z-body axis toward estimated direction of CSM (used during rendezvous
radar acquisition).

e DEDA address 507 + 10000

Orient Z-body axis in the desired thrust direction (used to perform small thrusting
maneuvers along the Z-body axis).

In either option, with the Z-axis pointed in the desired direction, the X-body axis is oriented parallel to
the CSM orbit plane. If the +Z-body axis is pointed ahead of the LM, the +X-body axis is above the local
LM horizontal plane. If the Z-body axis is behind the LM, the +X-body axis is below the local horizontal ‘

plane. The gain in the roll channel (Z-axis) decreases toward zero as the +Z-axis approaches a perpen-
dicular orientation with respect to the CSM orbit plane. When perpendicular, the gain in the roll steering
channel is zero for any orientation of the +X-axis. In this submode the X-body axis can be manually con-
trolled by setting the ATTITUDE CONTROL: ROLL switch to PULSE or DIR and operating the ACA.

Inertial Reference States. These states comprise the follow up, attitude control and complete control.

Follow Up State. In the follow up state, the AGS can perform the following functions:
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‘ e Maintain an inertial reference frame and provide total attitude signals for display

e Maintain the attitude error signals to the CES at zero (if automatic and followup
discretes are present, error signals are computed)

e Use accelerometer inputs from the ASA to calculate LM current position and
velocity in the inertial reference frame

e Solve the LM abort guidance problem, using a specific guidance scheme
e Accept initializing information from the PGNS downlink or the DEDA

e Command the engine on if the ascent engine-on signal or the descent engine-on
signal is present, and command the engine off otherwise.

The flight program and the AGS are in the followup state when the followup discrete is present. If the
automatic discrete is present, the attitude error signals computed in accordance with the particular sub-
mode in which the program is operating are displayed. If the automatic discrete is absent, attitude error
signals are set to zero.

In the followup state, the program issues an engine-on command every 40 milliseconds if the program is
in the inertial reference mode and either the descent engine-on discrete or ascent engine-on discrete is
present. Otherwise, the flight program issues an engine-off command every 40 milliseconds.

Attitude Control State. The flight program and the AGS are in the attitude control state when the followup
discrete, the abort discrete, and the abort stage discrete are absent. In this state, attitude error signals
computed in accordance with the particular submode in which the program is operating are used for
attitude control and for display. If the automatic discrete is absent, the program is in the attitude hold
submode. If the automatic discrete is present any submode is permissible.

milliseconds if the program is in the inertial reference mode and either the descent engine-on discrete or
ascent engine-on discrete is present. Otherwise, the flight program issues an engine-off command every
40 milliseconds.

‘ When the system is in the attitude control state, the program issues an engine-on command every 40

Complete Control State. The flight program and the AGS are in the complete control state when the
followup discrete is absent and either the abort discrete or the abort stage discrete is present. In this
state, attitude error signals computed in accordance with the particular submode in which the program is
operating are used for attitude control and for display. If the automatic discrete is absent, the program
is in the attitude hold submode. If the automatic discrete is present, any submode is permissible except
the following:

e The program shall be held in the attitude hold submode when the abort stage discrete
is present, from the time the ascent engine-on discrete is first received until a
preselected time thereafter. The preselected time shall have a minimum range of
0 to 10 seconds.

e At the completion of a maneuver when the engine is commanded off because the
conditions for issuing engine-on commands are no longer satisfied, the program
automatically returns to the attitude hold submode.

When in the complete control state and the following four conditions are simultaneously satisfied, the
program issues an engine-on command every 40 milliseconds. Otherwise, the flight program issues an
engine-off command every 40 milliseconds.
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e The automatic discrete is present.
e The AGS submode selector has been set to guidance steering, via the DEDA.

e Either the ullage condition has been satisfied or the ascent engine has been burned
while the LM is on the lunar surface.

® Either the magnitude of velocity-to-be-gained exceeds a specified threshold or the
projection of the velocity-to-be-gained on the X-body axis is in the +X-body-axis
direction and exceeds the nominal ascent engine cutoff velocity impulse.

The ullage condition is satisfied when the accumulated sensed velocity increments along the X-body axis
have exceeded a specified threshold in each consecutive 2-second computation cycle for three cycles. The
ullage condition is reset and the count restarted if the accumulated sensed velocity increment along the
X-body axis falls below the specified threshold in any one 2-second computation cycle.

Alignment Mode. Alignment consists of initializing the AEA to obtain an attitude reference to a desired
inertial reference. In response to an alignment submode instruction (a DEDA entry), the inertial reference
frame is aligned to a reference frame of the two alignment submodes: PGNS-to-AGS alignment and body -
axis alignment.

The PGNS-to-AGS alignment submode aligns the AGS direction cosines to the attitude reference determined
by PGNS Euler angles 6, ¥ , and ¢ . (See figure 2.2-16.) The body-axis alignment submode uses
current LM attitude as the attitude reference.

The AGS causes the attitude error signals to the CES to be reduced to zero during the alignment mode.

PGNS-to-AGS Alignment Submode. The submode is used when AGS alignment is to be accomplished,
using PGNS Euler angles. This submode is entered by keying the DEDA (400, +30000, and ENTR); it
should only be entered when the PGNS is operative.

Body-Axis Alignment Submode. For the body-axis alignment (orbital alignment) submode, the AGS inertial
reference frame is made coincident with the LM axes. Body-axis alignment is achieved by keying the 400,
+5000, and ENTR on the DEDA. To terminate this submode, the LM Pilot keys 400 and +00000 on the
DEDA.

OUTER
GIMBAL AXIS
(THIRD ROTATION)

First rotation @ about inner gimbal axis
Second rotation ¥ about middle gimbal axis

|
Third rotation @ about outer gimbal axis QP M+ X
— N
Note:
GIMI;‘A":.EF;XIS Xi, Yi and Zi are the

(FIRST ROTATION) inertial reference axis.

IM+2Z
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Figure 2.2-16. Euler Angles
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‘ Table. 2.2-14B. Abort Guidance Section - Calibration Compensations [ |
Equation
Symbol Address Description
1K19 540 X-accelerometer bias compensation coefficient
1K21 541 Y-accelerometer bias compensation coefficient
1K23 542 Z-accelerometer bias compensation coefficient

Calibration. Calibration of the gyros and accelerometers comprises the following:
e In-flight gyro and accelerometer calibration
e In-flight accelerometer calibration only.

In-flight Gyro and Accelerometer Calibration. This calibration is automatically selected by the flight
program when calibration is selected via the DEDA, and provides in-flight calibration to update gyro fixed
drift compensation. This calibration takes place during free fall with the program in the calibrate, lunar
surface flag absent, and the LM in the attitude hold steering submode. The gyro drift calibration uses the
PGNS IMU Euler angles as reference. The program automatically selects PGNS-to-AGS alignment during
the first 2-second cycle, to provide initial alignment of the AGS to the IMU. For the remainder of the
calibration period, the program computes the angular errors of the AGS indicated body axes (as defined
by the transformation matrix) with respect to the PGNS indicated body axes (as defined by the IMU Euler
angles). The angular errors are multiplied by an appropriate gain factor and added to the AGS compen-
sated angular increments, causing the AGS attitude reference (transformation matrix) to remain aligned
to the IMU reference. Simultaneously, the accumulated error signals are multiplied by another gain
factor and added to the gyro drift compensation so that, in steady state, the compensation is equal to the
gyro drift.

.In-flight calibration of the accelerometer static bias compensation takes place concurrently with in-flight

gyro calibration. The accelerometer velocity increments accumulated during free fall are multiplied by
an appropriate gain factor and added to the accelerometer bias compensation so that the compensation is
equal to the accelerometer bias. Accelerometer calibration provides updated values of 1K19, 1K21, and
1K23. (Refer to table 2.2-14B.) In-flight calibration aligns the AGS and therefore it is not necessary to
follow in-flight calibration with a PGNS-to-AGS alignment. In-flight gyro and accelerometer calibration
should not be performed when the PGNS is inoperative. Instead in-flight accelerometer calibration only
should be performed. The procedure for in-flight gyro and accelerometer calibration when the PGNS is
operative and attitude rotation rate is less than 0.1° per second is as follows:

e Set MODE CONTROL: AGS switch to ATT HOLD.

e Enter 400 +60000 via the DEDA.
Calibration requires 302 seconds and completion can be verified by reading out DEDA
address 400. At completion of calibration, the readout returns to +00000 (attitude

hold).

In-flight Accelerometer Calibration Only. This procedure is performed when the PGNS is inoperative.
In-flight accelerometer calibration only does not affect AGS alignment. Procedure for in-flight accelerom-

eter calibration only is as follows:
. e Set AGS switch to ATT HOLD.

e Inhibit the RCS by setting the PITCH, ROLL and YAW switches to DIR. The ACA
must be left in detent (no manual control.)
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e Enter 400 +70000 via the DEDA

Calibration is completed in 32 seconds. However, it takes 302 seconds for readout
of DEDA address 400 to return to +00000 (attitude hold).

2.2.3.3.7 Abort Guidance Section - Guidance Routines.
The AGS program contains the following guidance routines:
e Orbit insertion
e Coelliptic sequence initiation (CSI)
e Constant delta altitude (CDH)
e Therminal phase initiation (TPI)
e External AV.

The routines are selected, using the DEDA. Refer to table 2.2-14C for the address and func-
tion of each guidance routine. Guidance calculations associated with the selected routine are completed
every 2 seconds of the submode selected. The LM, however, will not maneuver in accordance with the
selected routine unless the AGS has control of the LM and the guidance steering submode is selected.

Before beginning guidance operations, the AGS must be aligned and initialized with LM and
CSM ephemeris data. Entry of LM and CSM ephemeris data is required because every guidance routine
uses these data in the guidance and steering computation. Navigation data must be updated throughout the

mission, using PGNS downlink data, the DEDA, or RR data. Navigation data must also be updated before
CSI and TPI maneuvers. Propellant expenditure is highly dependent on the accuracy of these maneuvers.

Table 2.2-14C. Abort Guidance Section - Guidance Routines

Address Routine Function

410 + 00000 Orbit insertion Engine and steering commands are generated to drive LM to specified
orbit injection conditions.

410 + 10000 CSI maneuver Engine and steering commands are generated to establish appropriate
LM-CSM phasing TPI time.

410 + 20000 CDH maneuver Engine and steering commands are generated to drive LM into orbit
that is coelliptic with CSM.

410 + 30000 TPI search AGS evaluates various direct transfer rendezvous solutions, Astronauts
select desired solution. Thrusting is not performed with this routine.

410 + 40000 TPI execute Engine and steering commands are generated to cause LM to be on
CSM intercept trajectory.

410 + 50000 External AV Engine and steering commands are generated to perform externally
specified thrust maneuver.

Orbit Insertion Routine. The orbit insertion routine provides attitude commands and engine-off commands
to obtain predetermined cutoff conditions. These conditions are defined by the following targeting param-
eters entered into the AEA via the DEDA:
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e Insertion altitude; DEDA address 347

e Magnitude of the horizontal component of inertial velocity at burnout; DEDA
address 507

e Altitude rate at burnout; DEDA address 423.

The attitude commands provide yaw steering of the LM into the CSM orbit plane by the time the cutoff
conditions are attained. The capability of steering out a wedge angle of up to 20 is provided (assuming
sufficient AV). When the velocity to go to cutoff (AVg) reaches a preselected threshold, updating of the
command attitude is terminated. The engine is commanded off when AVg reaches the nominal ascent
engine tailoff velocity threshold and the total velocity-to-go is less than 100 fps.

Coelliptic Flight Plan Rendezvous Guidance. When the principal foci of two orbits are coincident and
when the products of the length of the semimajor axis and eccentricity of each orbit are equal, the orbits
are considered to be coelliptic. This implies that when the two orbits are coplanar, they have coincident
centers and vacant foci. The guidance routines are based on the assumption that deviations from co-
planarity are small. Coelliptic orbits have an essentially constant differential altitude (constant Ah).

The flight program contains a set of guidance routines for calculation of powered maneuvers required for
the LM to execute a coelliptic flight plan for rendezvous with the CSM. This flight plan nominally calls
for three powered maneuvers:

e CSI (coelliptic sequence initiate) maneuver
e CDH (constant Ah) maneuver
e TPI (terminal phase initiate) maneuver.

In the nominal coelliptic flight plan, the LM is placed in an orbit coelliptic with that of the CSM by
executing the CSI maneuver, then the CDH maneuver. In both of these maneuvers, the horizontal com-
ponent of thrust is maintained parallel to the estimated CSM orbit plane. The CSI and CDH routines
compute and control these maneuvers. An additional capability is provided for removing out-of-plane
velocity in the CSI and CDH maneuvers, by using the external AV routine for control. To enable this, the
required incremental velocities computed by both the CSI and CDH routines are automatically furnished

to the external AV routine to target, in advance, the in-plane components of the burn.

The final maneuver of the coelliptic flight plan sequence is the TPI maneuver, nominally a burn that
places the LM on a direct intercept trajectory with the CSM. The maneuver is initiated when the angle

of the LM-CSM line of sight with respect to the local horizontal is at a preferred value. The TPI

routine computes and controls this maneuver; it may also be used for implementing subsequent midcourse
correction maneuvers.

Coelliptic Sequence Initiation Routine. Coelliptic rendezvous is initiated by the CSI burn, followed by a
CDH maneuver. The magnitude of the CSI burn is computed so that, after the CSI and CDH maneuvers,
the LM arrives at the desired TPI time with the desired LOS angle to the CSM. The CSI and CDH
maneuvers are computed in the AGS X-Z inertial plane. The CSI routine computes the magnitude of the
horizontal velocity increment (parallel to the CSM orbit plane) required to satisfy targeting conditions.

The AGS time of the CSI routine is one targeting condition for the CSI maneuver. This entry is made by
using DEDA address 275. Time-to-go until the CSI maneuver can be obtained by reading out address 313
on the DEDA.

After the CSI maneuver has converged to a solution, the time from the CSI to CDH can be obtained by
using address 373 on the DEDA. Time until CDH (when less than 136 minutes) can also be obtained by
using address 313. Other times available in the CSI routine are listed in table 2. 2-13 (addresses 274,
275, and 377). ’
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The angle that the projection of the LM-CSM LOS on the X-Z inertial plane makes with the LM local ‘
horizontal at the desired TPI time (positive, measured clockwise from the local horizontal forward of the
LM when looking in the direction of the +Y inertial axis) is another targeting condition.

The CDH burn is performed at the time determined by the CSI routine. This time is the predicted time

of LM arrival at the first or second crossing of the LM orbit line of apsides, following the CSI burn. A

DEDA input (416 + 10000) specifies whether the CDH maneuver will be performed at the second crossing.

Otherwise, it is assumed that the CDH maneuver will be performed at the first crossing. If the predicted

radial rate (rf) is nearly zero at CSI coast, it is possible that the subsequent coast orbit would be

circular. Selection of first or second apsidal crossing becomes meaningless for a circular orbit. ‘

The CSI routine is repeated three times every 2 seconds. The routine computes, and makes available for
readout via the DEDA, the following parameters:

e CSI iteration error

e Time from ‘CDH to TPI

e Predicted differential altitude in the coelliptic orbit
e Predicted coelliptic burn AV magnitude

e Sign and magnitude of predicted horizontal (CSI) AV
e Predicted time from CSI to CDH.

The CSI routine provides a real-time commanded attitude. The CSI horizontal AV solution is valid at

CSI time (tigA)‘ When real time (t) becomes greater than tigA’ the CSI routine is computed in real time.

Constant Delta Altitude. The CDH routine computes, in real time, attitude commands and velocity incre-
ment required to make the LM and CSM orbits coelliptic. The CDH routine provides commanded attitude

such that the horizontal component of vehicle X-axis thrusting is parallel to the CSM orbit plane.

The CDH routine is selected after completion of the CSI burn, by keying 410 and +20000 into the DEDA.

When this occurs, targeting is accomplished automatically for the CSI routine, by the CSI computations.

The CDH solution is computed for future time, predicted during the CSI routine, until real time exceeds

the predicted burn time. The solution is thereafter computed in real time.

If the CDH maneuver does not follow the CSI maneuver, the time to go until the CDH maneuver must be
entered as a targeting constant. This is accomplished by keying address 315 on the DEDA. Addresses
274, 313, and 377 are timing quantities available in this mode.

In a nominal mission the CDH maneuver is assumed to occur after the CSI maneuver, therefore,
targeting is accomplished automatically for the CDH maneuver by the CSI computations. The events
timer is set by using the quantity Ty (after the CDH routine is entered) which is the time to go until the
CDH maneuver, if TA is no greater than 136 minutes.

If the CDH maneuver does not follow the CSI maneuver, then the AGS absolute time of the CDH maneuver
(tig) must be used as a targeting constant. This is done with DEDA address 276. The times of interest
J during the CDH maneuver are listed in table 2.2-14D.
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Table 2.2-14D. Time (Minutes) Quantities Available in CDH Mode |
Address Quantization Equation Symbol Description

313 0.01 Ty Time to go until CDH maneuver

274 0.3 Te Time from CDH to nominal TPI maneuver
predicted during CSI

276 0.l tigB AGS predicted absolute time of CDH

2177 0.1 J1 Nominal time of TPI maneuver (targeting
quantity)

312 0.01 Tperg Time to perifocus of present LM orbit

377 0.1 t AGS computer time

Terminal Phase Initiation Routine. The TPI maneuver begins the direct transfer to rendezvous. There
are two direct transfer routines: one, primarily for mission planning (TPI search); the other, for
performing the maneuver (TPI execute). The latter routine can also be used for mission planning if
desired. In general, the routines are used together, in sequence, to perform the TPI maneuver.

During mission planning, the object is to determine when direct transfer should occur. This determina-
tion is based upon achieving the desired LOS angle between the LM and CSM. Once ignition time is
determined, the AGS is switched to the alternate direct transfer routine and the maneuver is performed.

This routine is used in the coelliptic rendezvous scheme, following the CDH maneuver. The CSI and
CDH maneuvers are performed so that, at the nominal TPI time, the phasing between the LM and CSM is
such that the desired LOS angle is achieved.

Because of errors in the AGS (due to sensors, navigation, maneuver execution, etc), the desired LOS is
not achieved at exactly the targeted TPI time. To determine when the desired LOS will be achieved and,
thus, when to perform the maneuver, a direct transfer search guidance routine is available in the AGS
(DEDA entry 410 + 30000). During this routine, the astronauts determine total velocity required to
rendezvous, and perform the TPI maneuver based upon achieving a desirable value (TBD) of total
velocity. The alternate direct transfer guidance routine (DEDA entry 410 + 40000) is used to actually
perform the maneuver.

There are two modes that can be used for the TPI maneuver. Tables 2.2-14E and 2. 2-14F define the time il
quantities of interest in each mode.

Table 2.2-14E. Time (Minutes) of Interest for TPI Search Routine B
Address Quantization Equation Symbol Description
313 0.01 Tp Input quantity. TPI search assumes TPI to

occur in Tp minutes.

373 0.1 tigC AGS computer time of TPI maneuver;
output quantity.

311 0.01 Jé Input quantity. Time from TPI to intercept
(assuming no burns after TPI).

306 0.01 Tp Time to go until intercept; output quantity

312 0.01 Tperg Time to perifocus of present LM orbit
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Table 2.2-14E. Time (Minutes) of Interest for TPI Search Routine (cont)

Address Quantization Equation Symbol Description
377 0.1 t AGS computer time
314 0.01 J4 Time increment prior to rendezvous at

which node is created

310 0.01 J Stable orbit offset

Table 2.2-14F. Time (Minutes) of Interest for TPI Execute Routine

Address Quantization Equation Symbol Description

373 0.1 ti c Either input quantity or quantity obtained
g from TPI search mode. This is AGS
computer time of the TPI maneuver.

313 0.01 Ta Time to go until TPI maneuver; output
quantity.

311 0.01 J6 Input quantity. Time from TPI to intercept
(assuming no burns after TPI).

306 0.01 Tr Time to go until intercept; output quantity.

312 0.01 Tperg Time to perifocus of present LM orbit

377 0.1 t AGS computer time

314 0.01 J4 Time increment prior to rendezvous at
which node is created

310 0.01 J3 Stable orbit offset

Epoch times input to the AEA via the DEDA are in units of minutes with a quantization level of 1/10
minutes or 6 seconds. Epoch data used in the AGS for navigationupdates via the DEDA must be valid at
a multiple of 1/10 minute. If not, position errors of 12 miles for earth missions could result due to
roundoff of epoch time via the DEDA.

External A V Routine. The external A V routine accepts components of a velocity-to-be-gained vector in
local vertical coordinates entered via the DEDA. A commanded attitude maintains the LM X-axis toward
the resultant of the velocity-to-be-gained vectors in real time, independent of the required burn time.
When ullage is sensed, and thereafter until the AEA is switched from the external A V, the external A V
components remain fixed in inertial space. If the external A V routine (DEDA entry 410 + 50000)is
initiated early or late, the desired orbit at cutoff is not achieved. Large timing errors result in large
differences between the actual orbit obtained and the orbit desired.

The AGS can maintain the LM in any attitude in a local vertical coordinate frame during free flight. The
LM can be pitched at the orbital rate to maintain the X-axis along the local horizontal, using the external
AV routine. A fictitious velocity-to-be-gained vector is entered via the DEDA to obtain the desired
attitude.
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2.2.3.3.8 Abort Guidance Section - Descent or Ascent Engine and Thrust Chamber Assembly Burn.

When the LM is under AGS control during coasting flight, the AGS can fire the descent or
ascent engine or TCA(s). The AEA is programmed in such a manner that translational thrust is applied
in certain nominal directions. (Refer to table 2.2-14G.) The nominal cant angle used by the AGS is
controlled by two constants in the AEA computer (DEDA - accessible in octal):

e 4K7 - Cant angle (radians) of thrust vector in pitch plane. DEDA address 566. Positive
sign indicates thrust vector is canted from the +X-body axis toward the +Z-body
axis.

e 4K8 - Cant angle (radians) of thrust vector in the roll plane. DEDA address 602.

Positive sign indicates thrust vector is canted from the +X-body axis toward
the +Y-body axis.

Table 2.2-14G. Abort Guidance Section - Translational Thrust

Engine Direction of Thrust Assumed by AEA
Descent +X-body axis
Ascent Canted. Cant angle data are used by AEA to

account for canted thrust direction.

TCA The +X, +Y, +Z thrust chamber assemblies
are assumed to thrust along the +X, +Y, +Z-
body axes, respectively.

Before in-orbit maneuvers, the astronauts choose which TCA(s) will be used. The AGS must
be informed via the DEDA, of the decision to fire the ascent engine, so that steering transients will not
occur at the start of the burn. Before AGS-controlled orientation to the desired thrust attitude, the fol-
lowing DEDA selection should be entered or verified:

e DPS or RCS: DEDA entry 411+00000
e APS: DEDA entry 411+10000.

Regardless of the selection, the AEA undertakes the canted thrust direction whenever the
APS on discrete is received. (See figure 2.2-17.)

Descent or Ascent Engine Burn. To prepare for an engine burn under AGS control, the
following conditions are required:

e Condition No. 1 -
The GUID CONT switch must be set to AGS. This removes the followup signal to the AGS
e Condition No. 2 -

The MODE CONTROL: AGS switch must be set to AUTO. This transmits an auto
discrete to the AGS and removes the AGS from attitude hold.

e Condition No. 3 -

The ABORT pushbutton must be pressed. This arms the DPS.
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Figure 2.2-17. Canted Thrust Selection Logic
e Condition No. 4 -
The ABORT STAGE pushbutton must be pressed. This arms the APS.
e Condition No. 5 -

+10000 must be entered into DEDA address 400. This enables the engine-on signal and
guidance steering.

Conditions No. 1, 2, and 5 are sufficient for the AGS to assume control and orient the LM with the
selected guidance routine. However, to fire the descent or ascent engine additional conditions (conditions
No. 6 or 7, and 8) must be met.

Velocity To Be Gained. For the engine-on discrete to be issued to the CES, one of the following conditions
must be met:

e Condition No. 6 -

The magnitude of the velocity-to-be-gained vector, as computed in the AEA,
must exceed 100 feet per second.

e Condition No. 7 -

The component (sign and magnitude) of the velocity-to-be-gained vector must
exceed the engine tail-off A V value (currently +2. 1 feet per second).

Ullage. Before an engine can be fired, the AGS must sense ullage. Ullage must be supplied manually by
pressing the +TRANSL pushbutton until the engine fires. The condition governing the AEA recognition of
ullage is as follows:

e Condition No. 8 -

The AEA recognizes whether the sensed velocity change per 2-second compute
cycle equals or exceeds 0.2 foot per second in the +X-body - axis direction for
three consecutive compute cycles.

If the sensed velocity increment drops below 0.2 foot per second in a 2-second compute cycle, an engine-
off discrete is sent to the CES. Before the engine can be fired again, the AGS must again sense ullage.
During the powered-flight abort-staging sequence, the sensed velocity accumulated over any 2-second
period will exceed 0.2 foot per second; therefore, ullage is maintained and the AEA generates continuous
engine-on signals. The time required to generate AEA ullage signal can vary between 4 and 6 seconds,
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‘ depending upon when in the compute cycle ullage is initiated and to a lesser extent upon the thrust acceler-
ation level.

Satisfaction of Ullage Condition Due to Angular Accelerations. The maximum distance between the ASA

and the LM center of gravity is approximately 10 feet in the +X-body-axis direction and 5 feet in the +Z-

body-axis direction. There is effectively no displacement in the Y-body-axis direction. Because the ASA

is offset in the Z-direction, angular accelerations about the pitch axis could cause the ullage condition to

be satisfied. The required angular acceleration is slightly greater than 1°/second2 and must exist for a
. minimum of 6 consecutive seconds.

If all conditions for engine burn, except the ullage condition, are satisfied and the LM is to be reoriented
through a large angle under AGS control, the engine STOP pushbutton must be pressed until LM reorienta-
tion has occurred, to avoid sending the engine-on discrete.

Conditions for descent or ascent engine burn are as follows:

e To fire the descent engine, conditions No. 1, 2, 3, 5, 8, and either or both 6 and 7
are sufficient.

e To fire the ascent engine, conditions No. 1, 2, 4, 5, 8, and either or both 6 and 7
are sufficient.

: Manual Engine Operation. If an engine is fired manually by pressing the engine START pushbutton, it can
only be shut down by pressing the engine STOP pushbutton (unless fuel depletion or staging occurs first).
If the engine is fired manually, the AGS will not shut it down. When an engine is fired manually, the
astronauts can monitor A Vgx (quantized at 1 foot per second) via DEDA address 500 and press the engine
STOP pushbutton when A Vgx is near zero.

Thrust Chamber Assembly Burns. TCA translation can be used with AGS steering control when the fol-
.lowing is performed:

e Conditions No. 1, 2, and 5 must be established in sufficient time for the LM
to orient to the desired thrust attitude.
e DEDA address 500 must be selected for & Vgx readout.
e The +X TRANSL pushbutton must be set to the desired number of jets (2 or 4).
e The engine STOP pushbutton must be pressed. This inhibits the engine-on discrete.

e The ABORT or ABORT STAGE pushbutton must be pressed. This provides for
attitude hold at the end of the burn.

e At maneuver time, use the TTCA to null the DEDA reading.

® When A Vgx equal zero, reduce thrust to zero.
2.2.3.3.9  Abort Guidance Section - Thrust Termination

When the LM is under PGNS control, the AGS outputs engine-on or engine-off discretes
which are followups of the actual engine condition. These discretes are inhibited when the GUID CONT
switch is in the PGNS position. When the LM is under AGS control the engine-off discrete is sent to the

CES, when the velocity to be gained magnitude falls below the threshold valve.

Ascent or Descent Engine. When the AGS sends an engine-off discrete to the CES, the ascent or descent
engine thrust automatically terminates, provided the engine was not turned on manually (by pressing the

engine START pushbutton). Under AGS control the engine-off discrete is generated if any of the following
conditions occur:
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e Velocity-to-be-gained magnitude is equal to or less than 100 feet per second
and the component of the velocity-to-be-gained vector resolved along the
+X-body axis is equal to or less than 2.1 feet per second.

e Ullage recognition signal (less than 0.2 foot per second sensed A V in a 2
second computer cycle) is last.

® Address 400 does not contain the value +10000.

Attitude Hold. If the MODE CONTROL: AGS switch is set to ATT HOLD during an AGS-controlled
powered maneuver the AGS is placed in an engine follow-up mode. The existing LM attitude and the
engine-on discrete to the CES is maintained; an engine-off discrete is inhibited by the MODE CONTROL
switch. The astronauts can assume manual attitude control by moving the ACA out of detent. When this
option is used thrust must be terminated manually. Returning the ACA to the detent position and setting
the MODE CONTROL: AGS switch to AUTO allows the AGS to resume guidance control; thrust terminates
when the velocity to-be-gained magnitude has decreased to the threshold established for engine shutdown.

Thrust Chamber Assemblies. The following procedure applies to each axis individually if axis-by-axis
translation is being performed (LM in attitude hold) or to the X-body axis if AGS steering is used:

e Monitor via the DEDA the velocity-to-be-gained magnitude in the appropriate
thrust direction. (Refer to table 2.2-144.)

e Terminate thrust manually with the r-I‘TCA when velocity to be gained (along
the appropriate axis) is zero.

When in the AGS steering mode, the LM is placed in attitude hold when thrust termination occurs. If the
TCA burn has continued long enough (longer than 6 seconds) for the ullage recognition signal to be
generated in the AEA, the AGS switches to attitude hold when A Vgx is equal to, or less than, 2.1 feet per
second. If the burn is too short for ullage recognition, or if thrusting along the Z-body axis the AGS
orients the LM +X-body axis along the direction of the residual A V vector after thrust termination. This
could produce an undesired LM rotation in an attempt to align the +X body along the residual A V vector.

In addition, in the AGS steering mode, when velocity to be gained is less than 15 feet per second and the
sensed A V in the +X-body axis direction exceeds 0. 2 foot per second in a 2-second computer cycle, the
AEA ceases updating the desired thrust direction. To avoid undesired LM rotations, the procedure for
performing TCA burns of less than 15 feet per second when AGS steering is used is as follows:

e The GUID CONT switch must be set to AGS and MODE CONTROL: AGS
switch to AUTO

e DEDA entry 400+10000 (guidance steering) must be verified

e Immediately preceding the maneuver (within 10 seconds), the MODE
CONTROL: AGS switch must be set to ATT HOLD

® A Vgx must be monitored via DEDA address 500.
e The maneuver must be performed with the +X TRANSL pushbutton.
e TCA thrusting must be terminated when A Vgx is zero.

If the option to perform a Z-body axis TCA burn with the LM Z-body oriented in the desired thrust
direction is chosen (DEDA entries 400+20000, and 507+10000) set the MODE CONTROL: AGS switch
to ATT HOLD when velocity to be gained along the Z-body axis is less than 15 feet per second.

2.2.3.3.10 General Operation of Abort Guidance Section. (See figure 2.2-17A.)

Control of the LM by the AGS depends on the settings of various cabin switches and on DEDA
entries. In addition, attitude control, using the RCS, must be under mode control (ROLL, PITCH, and
YAW ATTITUDE CONTROL switches on panel 3 set to MODE CONT).
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Table 2.2-14H. Abort Guidance Section - Thrust Directions

DEDA (Least Significant Digit)
Quantity* DEDA Address Units
Earth Mission
A VgX 500 fps 1.0
Ang 501 fps 1.0
a8V, 502 fps 1.0

*These quantities are computed every 40 milliseconds and updated on the DEDA display every 1/2 second.

For the AGS to effect guidance steering (not merely attitude hold) and engine control, the
GUID CONT switch (panel 1) must be set to AGS and the MODE CONTROL: AGS switch (panel 3) must be
set to AUTO. For nominal DPS operation, the ENG ARM switch (panel 1) is set to DES and the engine
START pushbutton (panel 5) is pressed. For abort DPS operation, the ABORT pushbutton (panel 1) is
pressed to arm the descent engine. Ascent engine operation is similar to descent engine operation,
except that the ENG ARM switch is set to ASC. For APS operation in abort situations, with the descent
stage attached, the ABORT STAGE pushbutton (panel 1) is pressed to arm the ascent engine.

The MODE SEL, ATTITUDE MON, and RATE/ERR MON switches (panels 1 and 2) are used
to monitor AGS maneuvers. When these switches are set as indicated in figure 2. 2-17A, the FDAI's,
X-pointer indicators, and the ALT and ALT RATE indicators display the information required to monitor
AGS operations.

The AGS STATUS switch provides power to the AGS when the AC BUS B: AGS and STAB/
CONT: ASA and AEA circuit breakers are closed. With the AGS STATUS switch set to OFF, closing the
ASA circuit breaker causes the ASA to be in a temperature-controlled condition. Closing the AEA circuit
breaker causes power to be applied to the AEA. Closing the AGS circuit breaker applies 15-volt (rms),
400-cps power to the AGS power supply.

Initial conditions for AGS operation require that the AGS STATUS switch be set to STANDBY,
then to OPERATE. The time between closing the circuit breakers and setting the AGS STATUS switch to
OPERATE should be 40 minutes; for at least the last 25 minutes, the switch should be set to STANDBY.
Degraded performance is available after 10 minutes in the standby mode. When the AGS STATUS switch
is set to OFF, the AEA has no functional capability. After 20 seconds in the standby mode, the AEA can
accept the CDU zero signal and integrate the PGNS Euler angle changes. Complete AEA capability is
afforded when the switch is set to OPERATE. In the operate mode, the AEA enters a core-priming routine
that ensures that the memory is properly magnetized.

AGS operations are performed mainly through two DEDA addresses: 400 and 410. (Refer to
table 2.2-11.) Address 400 is the AGS submode selector; address 410, the guidance routine selector. The
selected routine is computed every 2 seconds, regardless of the submode selected. The AGS does not
respond to orient the LM in accordance with the routine selected, unless DEDA address 400 (mode selec-
tor) is set to +00000 (attitude hold), +10000 (guidance steering), or +20000 (Z-axis steering).

When the LM is under full AGS control, the engine-on signal cannot be generated unless the
guidance steering submode is selected. The engine-on signal is generated automatically after ullage has
been sensed for three (DEDA-accessible constant) consecutive computer cycles (2 seconds per cycle).
The AGS recognizes ullage to have occurred when the average acceleration in the +X-direction exceeds
0.1 fps2. (The average acceleration is DEDA-accessible. ) The ASA (containing the accelerometers) is
located ahead of the center of gravity (in the +X-direction). Therefore, LM rotations cause sensed
accelerations in the -X-direction. For this reason, LM rotations cannot cause the AGS to sense that
ullage has occurred.
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When the LM is not under full AGS control (neither the ABORT nor ABORT STAGE push-
button has been pressed, or the MODE CONTROL: AGS switch is not set to AUTO, or the GUID CONT
switch is not set to AGS), the AGS issues engine commands (on or off) that duplicate actual engine
operation.

Under full AGS control, the ascent or descent engine is commanded off automatically when
the velocity to be gained in the +X-direction is less than the nominal ascent engine thrust decay velocity
and if the total velocity to be gained is less than a prescribed threshold (a DEDA-accessible constant
currently set at 100 fps). This dual check maintains the engine on if an abort occurs during powered
flight with the LM incorrectly oriented for the abort maneuver and the velocity to be gained large greater
than the 100-fps threshold.

When the velocity to be gained (LM under full AGS control) is less than 15 fps and the sensed
thrust acceleration level in the +X-direction is greater than 0. 1 fpsz, the desired thrust direction is fixed
in inertial space (a form of attitude hold). If this were not done, the LM desired attitude might go
through an undesirably wide excursion in an attempt to achieve perfect velocity cutoff conditions. Large
variations near the end of a maneuver are undesirable. The velocity cutoff errors incurred by fixing the
desired attitude before engine cutoff are small. After the maneuver is completed, small cutoff errors
can be removed (if desired) by the axis-by-axis velocity trim capability of the AGS.

The LM descent stage is staged (when the AGS is in control) by pressing the ABORT STAGE
pushbutton. The staging sequence begins only when engine-on commands are issued. During a thrusting
maneuver, the staging sequence begins immediately upon pressing the ABORT STAGE pushbutton
(assuming that all panel controls that transfer control of the LM to the AGS have been set properly). The
AGS senses sufficient average thrust acceleration throughout the staging maneuver to maintain ullage.
When the AGS receives verification from the CES that the ascent engine is on, the AGS enters the attitude
hold submode automatically. After a prescribed interval, between zero and 10 seconds (DEDA-controlled,
presently set at 1 second), the AGS enters the normal guidance steering submode automatically.

When the PGNS controls the LM (GUID CONT switch set to PGNS), the AGS is in the followup
mode. Manual control of the LM by the astronauts (MODE CONTROL: PGNS switch set to ATT HOLD,
attitude controller out of detent) also causes the followup signal to be routed to the AGS. In the followup
mode, the AGS follows the PGNS by routing engine commands (on or off) in accordance with ascent or
descent engine operation and provides zero attitude control error signals. The AGS provides attitude
error signals (corresponding to the AEA guidance solutions) for FDAI display when the PGNS is in control,
the MODE CONTROL: PGNS switch is set to AUTO, the ATTITUDE MON switch is set to AGS, and the
RATE/ERR MON switch is set to LDG RDR/CMPTR.

2.2.3.4 Rendezvous Radar. (See figure 2.2-18.)

The RR provides LOS range, range rate and antenna angular data to the LGC and to the LM
cabin displays. By DEDA entry, the AEA is supplied with range and range rate data for a computer-
controlled (LGC or AEA) rendezvous of the LM and CSM.

The RR, when search sweeping or tracking and locked on to the RR transponder in the CSM, I
is a continuous-wave coherent system, which uses phase-lock techniques in the radar and in the trans-
ponder. When operating with the LGC, the RR derives range, range rate, and shaft and trunnion angle data
and routes these data to the LGC. The AEA state vector is updated automatically by range and range rate
data from the LGC or by manually inserting this data via the DEDA. Range is determined by measuring
the time delay between the transmitted signal and the received signal. Range rate is determined by
measuring the two-way Doppler shift of the carrier signal received from the transponder.
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Range and range rate are accepted by the LGC only upon program demand. The CDU con-
tinuously receives the shaft and trunnion angles, converts them to digital form, and sends these data to
the LGC upon program demand. In addition to the RR outputs to the LGC; the range and range rates are
displayed in the cabin. The shaft and trunnion angles are indicated as elevation and azimuth by the X-.
pointer and as pitch and yaw rates by the FDAI on panels 1 and 2 of the cabin display. The azimuth and
yaw indications are derived from the trunnion angles, and the elevation and pitch indications from the

shaft angles. .
The RR has an unambiguous, range capability from 80 feet to 400 nm and a range rate
capability from -4, 900 to +4,900 fps. The RR consists of an antenna assembly and an electronic assembly.

The RR consists of an antenna assembly and an electronics assembly. The antenna assembly
multiplies by the 96 the 102. 425 mc carrier signal, generated in the electronics assembly, to obtain the
9832.8 mc transmitter signal. In free flight, the LGC computer the LOS angle to CSM and then points the
LM+Z axis to the CSM target. The LGC designates the RR antenna angles, pointing the RR antenna to the
target, so that the 9832. 8-mc transmitter signal can be acquired by the transponder.

The transponder sweeps +104 kc about its nominal 9792-mc transmitter frequency until the
RR 9832.8-mc signal is detected. Concurrent with automatic detection, the transponder halts the fre-
quency sweep and acquires the RR transmitter signal by phase locking to the carrier frequency. The
transponder side-steps the RR transmitter signal 40.8 mc to 9792 mc. The transponder transmits the
9792-mc signal for acquisition by the RR.

The RR search sweeps until it acquires the transponder transmitted signal, locks on to the
9792-mc carrier frequency. The RR goes into auto-track mode; the radar angle tracking loop is closed
between the RR and the transponder. The RR modulates its transmitted 9832. 8-mc signal with low and
medium frequency (LF and MF) range tones (200 cps and 6. 4 kc).

The transponder demodulates the received RR transmitted signal and modulates its 9792-mc
signal with the LF and MF range tones, phase coherent with the range tones present on the received RR

transmitted signal. The RR locks on to the LF and MF range tones. The RR drops the LF range tone

upon initial range acquisitions, locks on to the LF range tone. The high frequency (HF) range tone is

used when the range, distance between the LM and CSM, is less than 50.58 nm or for increased range

accuracy.

The transponder signal is received by a four-port feedhorn. The feedhorn, arranged in a
simultaneous lobing configuration, is located at the focus of a Cassegrainian antenna. (See figure 2.2-19.)
If the transponder is directly in line with the RR antenna boresight, the transponder signal energy is
equally distributed to each port of the feedhorn. If the transponder is not directly in line, the signal
energy is unequally distributed among the four ports.

The RF signal passes through the polarization diplexer to a comparator which processes the
RF signal to develop sum and difference signals. The sum signal represents the sum of energy received
by all feedhorn ports (A+B+C+D). (See figure 2.2-19.) The difference signals, representing the differ-
ence in energy received by the feedhorn ports, are processed along two channels, a shaft-difference
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! THREE-TONE MODULATION (200 CPS, 6.4 KC, 204.8 KC) (See figure 2.2-20) i
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Figure 2.2-18. Rendezvous Radar - Block Diagram
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Figure 2.2-19. Rendezvous Radar Antenna Assembly
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channel and a trunnion-difference channel. The shaft-difference signal represents the vectoral sum of
the energy received by the vertically adjacent ports (A+D)~-(B+C) of the feedhorn. The trunnion-
difference signal represents the vectoral sum of the energy received by the horizontally adjacent ports
(A+B)-(C+D) of the feedhorn. The comparator outputs are beat with the transmitter frequency (9832. 8
mc) to obtain three 40.8-mc IF signals. The sum channel (reference), trunnion channel and shaft
channel of the preamplifiers amplify their respective IF signals, which are then routed to the receiver
subassembly of the electronic assembly.

The electronics assembly furnishes crystal-controlled signals, which drive the RR trans- I
mitter and provide a reference for processing the return signal. The electronics assembly also supplies
servo drive signals for antenna positioning and angle tracking. The frequency synthesizer subassembly
develops the carrier frequency (102.425mc) which is multiplied by 96 to 9832.8 mc (X-band) in a multiplier §
chain in the antenna assembly and phase modulated by three tones (200 cps, 6.4 ke, and 204.8 kc) generated
by a reference generator in the range tracker. The receiver subassembly processes the three 40-mc

IF preamplifier outputs in three separate channels. The three 40-mc IF signals sum, trunnion, and shaft [}
are converted into 6.8-mc IF signals. The sum signal (6.8-mcIF) is fed to the range tracker subassemhly,

The range tracker sequentially compares the phase of the 200-cps, 6.4-kc, and 204. 8-kc
return modulations with the phase of the reference signal from a reference counter, to provide range
information to the signal data converter. This operation cannot take place until the frequency tracker
has locked up and the LGC has issued an autotrack enable signal so that the range tracker can lock up.
Comparison of the phase of the return and reference signals provides unambiguous ranging from 80 feet
to 400 nautical miles. The range output is fed to the LGC and to the cabin displays.
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The sum signal output of the receiver subassembly is also fed to the frequency tracker
subassembly. The received frequency is not constant; it varies with the range rate between the LM anc
the CSM. The difference in frequency (Doppler frequency) is a function of the rate of change of range.
By measuring the Doppler frequency, the range rate may be determined. The frequency tracker sub-
assembly detects the Doppler frequency by continuously comparing the received frequency, after it has
been converted to 6.8 mc in the receiver subassembly, with a reference frequency. A voltage-controlled
oscillator (VCO) in the frequency tracker subassembly is maintained at the received frequency plus
Doppler frequency by means of an automatic phase-lock loop. Any change in Doppler frequency results
in a corresponding change in VCO frequency. The instanteous frequency of the VCO is a function of range
rate. Range rate data are fed to the LGC and to the cabin displays.

The Doppler frequency component must be eliminated from the ranging and antenna-
positioning circuits because it would cause inaccuracies. Therefore, the loop that controls the VCO
frequency encompasses part of the receiving circuits. A feedback loop removes the Doppler frequency
from the ranging and antenna-positiong circuits, but maintains the VCO at the received frequency (6.8 mc
+ fd).

After double conversion-to 1.7 mc in the receiver, the trunnion- and shaft-difference signals
and the sum signal are demodulated. The trunnion and shaft-difference signals are compared with the
sum (reference) signal to obtain drive signals (trunnion- and shaft-axis error) for correcting antenna-
pointing errors. The position of the transponder with respect to the RR boresight determines the type of
antenna pointing error signal generated. With the RR boresight facing above or below the transponder,
a shaft pointing error signal is generated in the angle error detector. With the RR boresight facing to
either side of the transponder, a trunnion error pointing signal is generated. Routed to the antenna
control amplifier subassembly, the d-c error signal (shaft- or trunnion-axis motor control) causes the
antenna servo system to provide tracking compensation which reduces the antenna-pointing errors.
An AGCloop in the receiver subassembly makes the output of the angle error detector dependent on the antenna
angle error, rather than on amplitude of the signal. The output of the angle error detector causes the motors
of the antenna trunnion and shaft to position the antenna so that the boresight is always toward the CSM. ‘

A gyro stabilization loop compensates for vehicle angular motion. When tracking the trans-
ponder, RR antenna attitude indicates the direction of the transponder with respect to the LM. Resolver
outputs, indicating antenna-to-LM vehicle angles, are fed to the CDU and through the CDU to the LGC.
When the antenna is in antenna orientation No. 1, angular data is also fed to the LM displays.

2.2.3.4.1 Modes of Operation.

The RR operates in three modes: automatic tracking, slew (manual) and LGC control. The
mode of operation is selected with the RENDEZVOUS RADAR selector switch on panel 3.

Automatic Tracking Mode. The automatic tracking mode is selected by setting the
RENDEZVOUS RADAR selector switch to AUTO TRACK. This mode enables the RR to track the CSM
automatically after it has been acquired; tracking is independent of LGC control. When this mode is
selected, tracking is maintained by comparing the received signals from the shaft and trunnion channels
with the sum channel signal. The resultant error signals drive the antenna, thus maintaining track.

Slew Mode. The slew (manual) mode is selected by setting the RENDEZVOUS RADAR
selector switch to SLEW. This modeenables an astronaut toslew the antenna manually to a position for
acquisition of the CSM.

selector switch to LGC. In this mode, the LGC automatically controls antenna positioning, initiates
automatic tracking once the CSM is acquired, and controls change in antenna orientation. When this
mode is selected, the RR sends a RR power-on/LGC discrete to the LGC. Automatic control of RR
search and acquisition operation is provided by the PGNS, which transmits slewing comnsm nds to
position the RR antenna.

LGC Control Mode. The LGC control mode is selected by setting the RENDEZVOUS RADAR l

2.2.3.4.2  General Operation. (See figure 2.2-20.)

After the frequency tracker has locked up with the transponder carrier frequency (9792 mc),
the RR angle tracks the transponder target. The radar antenna is designated in angle by LGC so ‘
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Figure 2.2-20. Rendezvous Radar - Functional Flow Diagram
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‘that its transmitted continuous-wave radiation can be received at the transponder. The shaft and

trunnion resolver outputs are routed through the SHFT/TRUN  switch (panel 1) and the RATE/ERR
MON switch to the FDAI error needles. With the RATE/ERR MON switch set to RNDZ RADAR, the
shaft angle signals are applied to the pitch error needle and the trunnion angle signals are applied to
the yaw error needle. The SHFT/TRUN  switch provides the corresponding scaling factor (+5°, +50°)
for the resolver outputs. With the RATE/ERR MON switch set to RNDZ RADAR, the shaft and trunnion
rates, corresponding to RR boresight angular rates, are routed through the X POINTER SCALE switch
for display on the X pointer indicator. At this switch position, the ELEV RT and AZ RT placarding on
the X-pointer indicator are illuminated. The setting of the X-POINTER SCALE switch determines
whether the X.1 or X1.0 placarding is illuminated.

When the angular position of the antenna is within 0. 5° of the LGC estimated direction to [ |
the transponder reply signal (a total maximum antenna pointing error of 2.5°), the LGC provides an
auto track enable signal that initiates the auto-tracking function. The antenna pointing error may
deviate more than 0.5° from the LGC estimated direction because of cumulative mechanical, electrical B
and LGC programming errors. The enable signal causes the RR to track the target automatically,
independent of LGC control. During automatic tracking, the RR supplies shaft and trunnion angles to
the LGC via the CDU analog-to-digital converters.

The RR angle-tracking loop cannot be completed until the transponder is phase locked to
the received radar signal and the RR receiver is phased locked to the received transponder signal.
In the RR, lock up to the transponder signal (9792 mc) activates ranging modulation and the ranging
tracking error is nulled within 11 seconds after RR locks on to the transponder signal or after LGC
issues the auto-track enable discrete, whichever is completed last. After range and range-rate lock-up
are completed, the RR issues a data-good discrete to the LGC. The NO TRACK light (panel 3) is
extinguished. Range and range rate data are now available to the LGC and to cabin displays. Besides
shaft and trunnion angles, angle rate data are available to cabin displays.

If the target is lost during LGC mode tracking, the PGNS takes control and positions the l
antenna to regain acquisition and automatic tracking. The NO TRACK light goes on, indicating that the

RR is not locked on to the CSM. A no-track signal is supplied to the caution and warning electronics
assembly, which turns the RNDZ RDR caution light (panel 2) on. The acquisition sweep generator in

the frequency tracker begins to sweep and continues sweeping until acquisition is achieved and angle

tracking is restored. When ranging circuits in the electronics assembly achieve lock-on, data good dis-
cretes are restored, allowing range and range rate from the electronics assembly to be routed through

the RNG/ALT MON switch (set to RNG/RNG RT) to the RANGE and RANGE RATE indicator (panel 1).

With the RENDEZVOUS RADAR selector switch set to SLEW, the RR is operated in the
slew mode using the SLEW and SLEW RATE switches (panel 3). With the SLEW RATE switch set to HI,
the slew rate is a nominal 7° per second; with the switch set to LO, the slew rate is a nominal 1.3°
per second. The astronaut can slew the antenna in the direction desired by holding the SLEW switch in
the required positions (UP, DOWN, LEFT, OR RIGHT) and using the proper slew rates for the periods
of time required. When automatic tracking is desired, the RR must be placed in the automatic tracking
mode or LGC mode.

With the RNDZ RADAR selector switch set to AUTO TRACK, placing the RADAR TEST
switch in RNDZ implements the RR self-test. By use of the TEST/MONITOR switch and the SIGNAL
STRENGTH indicator (panel 3), the test parameters for AGC, transmitter power, and shaft- and l
trunnion-angle rate are read out.

Regardless of the RR mode, the range and range rate self-test parameters are monitored |
on the RANGE and RANGE RATE indicators (panel 1). The astronauts can monitor antenna temperature,
using the TEMP MONITOR switch and the TEMP indicator on panel 3. If antenna temperature exceeds
the temperature limits (15.6° to 148.8° F), the caution and warning electronics assembly turns the B
HEATER caution light (panel 2) on.

The antenna is automatically changed from antenna orientation No. I to antenna orien-
tation No. II (see figure 2.2-22) in the LGC control mode by LGC programmed slewing commands.
This antenna reorientation involves a specific combination of single-axis, alternate shaft and trunnion
slewing to move the antenna to within the desired tracking area. Dual-axis control commences when B
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B the antenna is at a specific position within the tracking area for positioning of the radar beam onto the
transponder target.

The PGNS gains control of the RR antenna when the LGC receives the RR power on/LGC
discrete. This signal is initiated with the PGNS:RNDZ circuit breaker closed and setting the
RENDEZVOUS selector switch to LGC. The LGC initializes the control loops by sending the zero
RR-CDU discrete to the CDU (RR channels). This discrete clears the read counters (figure 2.2-47)
in the trunnion and shaft CDU section and inhibits transmission of incrementing pulses from the read
counters. The error counters are also cleared and inhibited by a logic circuit within the CDU. The

B LGC removes the zero discrete to enable the read counters and issues a RR-CDU error counter enable
discrete to enable the error counters. The LGC then begins sending pulses representative of position-
ing angles to the digital-to-analog converters. The resulting analog signal is routed to the radar
electronics to position the antenna. The signals are applied to the antenna-mounted gyros, which are
torqued, and the resulting error signals are applied to the servomotors via servoamplifiers. Posi-
tioning data are obtained from the resolver signals. These data are applied to the analog-to-digital

B converter in the CDU, which converts the positional angles to digital pulses and then routes these
pulses to the LGC.

In positioning the antenna to LOS with respect to the CSM, the LGC commands a maximum
B slew rate of 7° per second until the antenna boresight is within 7° of LOS with the CSM target. Within
7° of LOS, the antenna is slewed for acquisition of target. The antenna slew rate decreases exponen-
tially to 1.5° per second until target is acquired. Within 7° of LOS, the LOS slew rate decrease in
degrees/sec is equal to the angular error decrease in degrees/sec between the antenna position and
the LOS with respect to the CSM. The slew rate decreases and finally terminates when the RR acquires
the CSM target.

2.2.3.4.3 Antenna Orientation. (See figures 2.2-21 and 2.2-22.)
The attitude of the antenna axes with respect to the LM axes depends on its antenna

orientation. There are two types of antenna orientation: Antenna orientation No. I and antenna orien-
I tation No. II; both can be manually initiated by the astronauts by DSKY entries. The operational and

mechanical limits for antenna orientation No. I and II are depicted in figures 2.2-21 and 2.2-22,
respectively.

The RR antenna performs within the operational limits with optimum accuracy and mini-
mum degradation. The operational limits are the LGC program limits and operational slewing limits.
For antenna orientation No. I and II, the antenna mechanical limits are the shaft and trunnion mechanical
coverages, stated in boresight angular degrees, from one hardstop to the other hardstop. The shaded
areas on the vector diagrams of the figures denote the mechanically restricted areas. The actual
mechanical limits are 90° counterclockwise from the boresight mechanical limits. The hardstops act
against the trunnion and shaft axis. The hardstops prevent damage to the RR antenna and LM body.

Antenna Orientation No. I. This orientation is used for transponder tracking during
rendezvous operation. With reference to the +Z axis, orientation No. I provides LOS operational shaft
coverage from -70° to +60° and LOS operational trunnion coverage from -55° to +55°

Antenna Orientation No. II. This is an overhead orientation, used during lunar stay (lunar
mission) and subsequent rendezvous. With respect tc the +Z axis, orientation No. II provides LOS
operational shaft coverage from +45° to +155° LOS operational trunnion coverage from - 55° to +55° is
with respect to the X-axis. In orientation No. I, the antenna is rotated 180° about the trunnion axis to
obtain the required angle coverage.

2.2.:3.5 RR Transponder. (See figure 2.2-23.)

The RR transponder consists of an antenna assembly and an electronics assembly. The
electronics assembly contains the following functional subassemblies: microwave, receiver, carrier
lock loop, tone modulation detector, and power supply. The transponder antenna receives the 9832. 8-
mc phase-modulated signal transmitted from the RR. The received signal is routed through a waveguide
to the microwave subassembly. A unidirectional circulator in the microwave subassembly transfers
the received signal to a mixer, where it is mixed with an internally generated 9792-mc signal. The
output of the mixer is the difference frequency of 40.8 mc, which is fed to the receiver subassembly.
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Figure 2.2-21. Rendezvous Radar - Antenna Orientation No. 1
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Figure 2.2-22. Rendezvous Radar Antenna Orientation No. II
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The receiver subassembly mixes the 40.8-mc signal generated in the carrier lock loop sub-
assembly, to provide a tone-modulated difference frequency of 6.8 mc. This signal is applied to a
coherent detector in the tone modulator detector subassembly, along with a 6.8-mc reference signal from
a VCO in the carrier lock loop subassembly. Only two range tones, either 200 cps and 6. 4 kc or 6.4 ke
and 204. 8 ke, are extracted by coherent demodulation. When the RR is in the process of acquiring the
transponder signal, the transponder receives a RR signal which is unmodulated. In RR tracking, the
transponder receives a RR signal which is modulated by the 6.4 kc and 204. 8 kc or only the 204. 8 kc tone,
depending on the range. After the range tones are removed, they are filtered, amplified, and sent to a
phase modulator in the microwave subassembly. Simultaneously the phase modulator receives a 9792-mc
unmodulated signal, derived from the 6.8-mc reference signal in the carrier lock loop subassembly by
frequency multiplication.

The phase modulator of the microwave subassembly modulates the transponder transmitter
9792-mc signal with the same range tones from the tone modulation detector subassembly, that were pre-
viously removed from the received RR signal. The two range tones are kept phase coherent with the two
range tones of the received RR signal. The transponder phase-modulated transmitter signal goes through
a circulator to the antenna, where it is propagated for interception by the RR.

2.2.3.5.1 Modes of Operation.
The transponder operates in three basic modes: transponder, beacon and self-test.
Transponder Mode. The transponder operates in this mode during the time it is receiving
RR transmitter signals. In this mode, the transponder provides continuous-wave, phase-modulated sig-

nal whose frequency (9792 mc) is 40. 8 mc lower than that of the RR transmitted signal. The transponder
phase-modulating tones are the same as the RR phase-modulating tones: 200 cps, 6.4 ke, and 204. 8 ke.

Beacon Mode. The transponder is in this acquisition mode when it is operational and no
signal is received from the RR. A sweep generator and an acquisition logic portion of the carrier lock
loop subassembly cause a frequency sweep scan of +104 kc about the transponder nominal frequency
(9792 mc). When the transponder antenna receives RR transmitter signals that exceed minimum signal
strength, a threshold detector in the carrier lock loop subassembly provides a d-c level to stop the sweep
generator and permit tracking to take place.

Self-Test Mode. The self-test mode enables the astronauts to check the transponder per-
formance. The self-test mode is initiated by application of an external self-test signal. This test verifies
frequency lock-on and AGC response at a 200-nm simulated range. A self-test oscillator (see figure
2.2-23) in the microwave subassembly provides a 40-mc test signal for the 1st mixer preamplifier. When
the 40-mc test signal is applied, the 1st mixer stage is bypassed. When the self-test mode is not used,
the self-test oscillator is deenergized.

2.2.3.5.2  General Operation. (See figure 2.2-24.)

After it is energized and placed in operation, the transponder performs automatically in
conjunction with the RR. Transponder turn-on, monitoring and self-test capabilities are provided by the

.CSM cabin controls and indicators. Figure 2.2-24 shows the transponder signal flow through switches

and indicators and the location of these switches and indicators in the CSM cabin.

To place the transponder in operation, the RNDZ XPNDR FLT BUS circuit breaker is closed,
then the RNDZ XPNDR switch is set to HEATER. This action feeds 28 volts dc to the oven in the tone
modulation detector subassembly. The oven brings the 204. 8-kc and 6. 4-kc bandpass filters to the
operating temperature (+160/F). A waiting time of 1, 000 seconds is necessary before the RNDZ XPNDR
switch should be set to PWR. This minimum waiting time prevents degradation in RR range accuracy due
to temperature. With the switch set to power, 28 volts dc is routed to the power supply subassembly.
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Transponder-Functional Flow Diagram

The SYSTEM TEST switches (S1 and S2) and the SYSTEM TEST dc voltmeter permit monitor-
ing of transmitter power, AGC and frequency lock. The proper dc voltage readouts for those parameters

are:
SYSTEM TEST Switch (S2) Parameters DC Voltage Readout
Position A Transmitter Power 2.7 volts
Position B AGC 2.0 to 3.5 volts
Position C Frequency Lock 3.5 to 4.5 volts

At the output of the microwave assembly, a power monitor provides a d-c readout proportional to the
transmitter output power.

The astronauts use the RNDZ XPNDR TEST SW switch to initiate the self-test enable signal
for transponder self-test. This signal energizes a self-test oscillator in the microwave subassembly (see
figure 2.2-23) and bypasses the 1st mixer stage. The astronauts then verify the transponder performance
by using the SYSTEM TEST switches and SYSTEM TEST dc voltmeter to monitor for the proper dc voltage
indications as designated in the preceding paragraph.
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Figure 2.2-25. Deleted

2.2.3.6 Landing Radar. (See figure 2.2-26.)

During the LM-4 earth-orbital mission, the LR, designed for a lunar-landing mission, is
checked on its ability to reject spurious signals, detected by its antenna four-separate, highly directional
arrays. These spurious signals are likely to emanate, or be reflected, from the LM body or engine
plumes. The four receiving arrays are structurally aligned to detect incoming spurious signals within
their separate, narrow-beamwidth, RF fields-of-view.

By severing or rerouting certain internal signal-flow lines (figure 2.2-26), the LR is
modified as three velocity beam channels and an altimeter beam channel for the four-separate, receiving
arrays of the LR antenna. Spurious signals, not rejected by dual preamplifiers (LR antenna assembly)
or dual AF amplifiers (LR electronics assembly), are processed by the LR electronics assembly into
LGC computer words. By keying the DSKY, these computer words are telemetered on the LGC downlink
to the MSFN.

During a lunar-landing mission, the frequency trackers enable velocity and range data-good
discretes to the LGC, when they are locked on to discrete Doppler frequencies at the centers of four
received microwave beams (three velocity and one altimeter). Because the frequency trackers are not
likely to track anything during the LM-4 mission, the tracker lock-on discrete lines (TL1, TL2, TL3,
and TLR) are severed and +4 volts dc is used to simulate tracker lock-on discretes to tracker lock-on
(TL) logic gates. These enabled logic gates then send range and velocity data-good signals to the LGC
to enable normal LGC acceptance of data.

During a lunar-landing mission, the frequency deviation rate of the altimeter transmitter
signal (9. 58 gc) is changed from +4mc/sec to +20mc/sec when the LM altitude is 2, 500 feet or less with
respect to the lunar surface. Because the change in frequency deviation rate would compromise the
spurious signal frequencies that may be acquired and tracked by the range frequency tracker, the fre-
quency deviation control line to the frequency modulator is severed. The altitude scale factor line, that
would provide the LGC with a low-altitude indication, is also severed. The blanking-signal line from the
frequency modulator to the range frequency tracker is severed, because the blanking signal is a function
of the frequency-deviation control signal.
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Figure 2.2-26. Landing Radar - Block Diagram
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‘ During a lunar-landing mission, several frequency tracker outputs are fed in different
combinations to the three computers within the velocity data computer subassembly. From these different
combinations of frequency tracker outputs, the computers derive the LM altitude rate and LR antenna
coordinate velocities, forward and lateral, with respect to the LM axes. For the LM4 mission, the inputs
to the three computers are wired so that each computer will derive a computer word, in PRF form, from
one of the three velocity frequency tracker outputs (D1, D2, and D3). Computer word Vxa is derived from
the output of the D1 frequency tracker, which scans any spurious signal on returning velocity beam No. 1;
computer word Vya, from the D2 frequency tracker, which scans, velocity beam No. 2; computer word
Vza, from the D3 frequency tracker, which scans velocity beam No. 3.

When a receiver channel rejects all spurious signals received by its corresponding receiver
array, the frequency tracker output, fed to the computer in the same receiver channel, is a center fre-
quency (CF=614.4 kc), varied across h predictable frequency range above and below the normal CF. When
a receiver channel allows a frequency tracker to acquire and track a spurious signal, the computer re-
ceives, from the frequency tracker output, the CF plus offset frequencies. These offset frequencies are
either the same as, or proportional to, the spurious signal frequencies. Therefore, when a receiver
channel rejects all spurious signal frequencies, the frequency of the corresponding computer word varies
in a predictable manner. When a frequency tracker in a receiver channel is allowed to acquire and track
a spurious signal, the corresponding computer word represents, in PRF form, the spurious signal fre-
quencies. When the contents of a computer word varies in a predictable manner, this indicates that the
corresponding receiver channel has rejected all spurious signals from its receiving array. When the
contents of a computer word remain relatively fixed at a constant quantity, this indicates that correspond-
ing receiver channel has permitted a spurious signal to be tracked by its frequency tracker. This
relatively quantity represents the spurious signal frequencies in PRF form.

The three velocity computer outputs (Vxa, Vya, and Vza) and the range computer output are
fed to the signal data converter. The velocity computer outputs are represented by these terms: Vza=
CF/4+D1/2, Vya=CF/4+D2, and Vza=CF/4+D3. The symbol D denotes frequency tracker output offset
frequencies. The signal data converter puts each computer word into the LGC 15-bit serial word format.
In response to communative velocity and range strobe commands from the LGC, the signal data converter
shifts out, in sequence, each computer word (Vxa, Vya, Vza, and altitude) to the LGC. The contents of
computer word Vxa represent the output of the velocity beam No. 1 receiver channel; the contents of
computer word Vya, the velocity beam No. 2 receiver channel; the contents of computer word Vza, the
velocity beam No. 3 receiver channel; and the computer word for altitude (range), the altimeter beam
receiver channel.

The astronauts can program the LR spurious test, also known as the RF view factor test,
via the DSKY by keying V78E (VERB, 7, 8, and ENTR). Keying V78E sends the computer words, repre-
senting the four receiver channel outputs, to the IS. From the IS, the computer words are telemetered,
on the LGC downlink, to MSFN. Velocity beams No. 1, 2, and 3, and the altimeter beam receiver
channels, as computer words, are sampled at a computer word/sec rate for the duration of the LR
spurious test routine. The astronauts terminate this test routine by keying V79E into the DSKY. The LM
displays do not provide the astronauts with the capability of monitoring the LR spurious signal test.

In the lunar-landing configuration, LR senses the velocity and altitude of the LM relative
to the lunar surface by means of a three-beam Doppler velocity sensor and a radar altimeter. Velocities
are calculated by measuring the Doppler shift along three beams of microwave energy. LM altitude
from the lunar surface is derived from slant range. Slant range is calculated from the frequency-
deviation difference between the altimeter transmitted and received signals, resulting from frequency
modulation of the transmitted signal and the time delay between the transmitted and received signals.
Velocity and range data are made available to the LGC as 15-bit binary words. The velocity data are
also made available to LM displays as d-c analog voltages, and the range data, to LM displays as
high- or low-altitude, pulse repetition frequencies (PRF).

The LR antenna consists of an antenna assembly and an electronic assembly. During a
lunar-landing mission, the antenna assembly forms, directs, transmits, and receives four microwave
beams (three velocity and one altimeter), reflected from the lunar surface. Transmission frequency
for the three velocity beams is 10. 51 gc; for the altimeter beam, 9.58 gc. Two interlaced phased
arrays (see figure 2.2-52) transmit the three velocity beams and one altimeter beam, and four broad-
side arrays receive these microwave beams. Concurrently, the electronics assembly searches, tracks,
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processes, converts, and scales the Doppler and FW/CW returns, which provide the velocity and slant
range data for the LGC and LM displays.

2.2.3.6.2 General Operation. (See figure 2.2-27.)

Using the LM controls and indicators, the astronauts can monitor the LR critical voltages
and temperatures, apply power to heat the antenna and power to the LR, initiate LR self-test, and place
the antenna in position No. 1 (descent) or position No. 2 (hover). The LR self-test permits operational
checks of the LR without radar returns from external sources.

The HEATERS: LDG RDR circuit breaker (panel 11) is closed at the launch pad and left
closed for the mission duration. This circuit breaker activates an antenna temperature control which
applies power to antenna heaters to protect antenna components against the spatial cold when power is
not applied to the LR. Closing the PGNS: LDG RDR circuit breaker applies power to the LR voltage
power supply and to the antenna pedestal motor driver, and removes heater power from the antenna.
The activated LR furnishes the antenna with 30 watts minimum of dissipated power.

The astronauts can initiate a self-test of the LR four separate receiver by setting the RADAR
TEST switch (panel 3) to LDG and observing two indicators and two scales on panel 1. The indicators and
scales and the corresponding receiver channels are: ALT RATE indicator, for velocity beam No. 1; LAT
VEL scale of the X-pointer indicator, for velocity beam No. 2; FWD VEL scale of X-pointer indicator,
for velocity beam No. 3; and ALT indicator, for the altimeter beam. The normal indications for the
velocity beams No. 2 and 3 are for the LAT VEL and FWD VEL needles (X-pointer indicator) to swing
and peg over at predictable oscillatory rates. When the LDG ANT switch is set to DES, the readout on
the ALT indicator should be approximately 8276 feet; ALT RATE indicator readout, -450 fps. When
the LDG ANT switch is set to HOVER, the ALT indicator readout should be approximately 7994 feet; the
ALT RATE indicator readout, -450 fps.

The LR is first turned on and self-tested for 5 minutes, during LM checkout before
separation from the CSM. The self-test is accomplished by activating the LR with the PGNS; LDG RDR
circuit breaker, waiting 2 minutes for adequate warmup, and initiating self-test by setting the RADAR
TEST switch on panel to LDG. An initiated self-test bit command activates self-test circuits, which
apply simulated Doppler signals (9. 6 kc) to the LR velocity sensors and simulated lunar range signals
(19. 2 kc) to the altimeter sensor.

To monitor the LM simulated forward and lateral velocities with the X-pointer indicator
on panel 1, switches on panel 1 are placed in these positions; MODE SEL to LDG RADAR, RATE/ERR
MON to LDG RDR/CMPTR, and X-POINTER SCALE to either HI MULT or LO MULT. The HI MULT
position provides a 200-fps scale and lights the X10 multiplier placard on the X-pointer indicator. The
LO MULT provides a 20-fps scale and lights the X1. 0 multiplier placard on the X-pointer indicator.
To monitor the LM simulated altitude and altitude rate, the RNG/ALT MON switch on panel 1 is placed
in ALT/ALT RT and the MODE SEL switch is left in LDG RADAR.

Altimeter transmitter and velocity transmitter power is monitored by placing the TEST/
MONITOR selector switch on panel 3 to ALT XMTR and VEL XMTR and observing the SIGNAL STRENGTH
meter. A half-scale reading indicates an acceptable minimum power output level. LR antenna tem-
perature is monitored by setting the TEMP MONITOR selector switch to LDG and observing the TEMP
indicator for an indication within the operating temperature range of +50° to +150°F. When the antenna
temperature exceeds +148.8°F or drops below 15. 6°F, the HEATER caution light on panel 2 goes on.

2.2.3.6.3 Antenna Positions. (See figure 2.2-28.) ‘

The LR antenna is oriented to antenna position No. 1 (powered descent) or 2 (hover).
Antenna position No. 1 orients the antenna boresight 24° with respect to the LM X-axis. In antenna
position No. 2, the antenna boresight is parallel to the LM X-axis and perpendicular to the Z-axis;
the angle between the antenna boresight and the altimeter beam is 21°.
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Figure 2.2-27. Landing Radar - Functional Flow Diagram
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During the LM-4 mission, the beam configurations of antenna positions No. 1 and 2 are used
to detect spurious signals that may reflect or emanate from LM body or engine plumes.

In a lunar-landing mission, the antenna beam configuration provides the LR with velocity
Doppler and range information relative to LM and the lunar surface. The Doppler shift along each
velocity Doppler beam (D1, D2 and D3) is directly proportional to velocity between the LM and the lunar
surface. A closing velocity beam conveys positive Doppler sense; an opening velocity beam, negative
Doppler sense. By linearly frequency-modulating the altimeter beam carrier frequency, the frequency-
deviation difference between the transmitted and received altimeter beams becomes the range frequency
with Doppler component. The Doppler component is removed later, leaving a Doppler compensated range
frequency which is porportional to the beam transit time.

The Doppler velocity sensor transmitting array (figure 2.2-52), consisting of parallel wave-
guides with E-plane slots, forms and propagates the velocity beam microwave energy for detection by
three-separate Doppler velocity sensor (DVS) receiving arrays. FEach receiving array is structurally
positioned for a maximum gain in the field of view coinciding with the reflected beam of microwave energy.
The altimeter beam transmitting array consists of parallel waveguides with H-plane slots. Each return-
ing velocity two-way beam width is 3.7° E-plane and 7.3° H-plane. The returning altimeter two-way
beam width is 3.9° E-plane and 7.5° H-plane.

The LR antenna position is determined by the setting of the LDG ANT switch (panel 3).
Antenna position No. 1 is selected with LDG ANT switch (figure 2. 2-27) placed in DES position and antenna
position No. 2 with the switch in HOVER position. In a lunar-landing mission, the switch is set to AUTO
so that the LGC can automatically command the antenna to position No. 2 when LM executes its ""High Gate"
pitch-up maneuver at 12, 000 to 10, 000 feet above the lunar surface. The antenna must be in position
No. 1 before the LGC can command it to position No. 2.

With the LDG ANT switch set to AUTO, the LGC commands the LR antenna to antenna posi-
tion No. 2 when the LM pitch indicates that the LM is ready to execute the high gate pitch-up maneuver.
The LR antenna position command energizes a DSKY relay solenoid thereby applying an antenna position
No. 2 discrete to a pedestal motor switch which switches a pedestal motor driver to the position No. 2
activate command line. From the antenna pedestal motor driver, a current-amplified signal is routed
through a closed cam-limit switch to drive the tilt-actuator (d-c reversible motor). The driven motor
tilts the LR antenna to position No. 2.

When the antenna reaches antenna position No. 2, a cam mechanism cuts off the motor drive
signal by opening the position No. 2 activate command limit switch. Any movement of the antenna, out of
position, closes a cam-limit switch, causing the LR antenna to be driven back. In antenna position No. 2,
only the position No. 1 activate command and position No. 2 indication switches are closed. A position
No. 2 indication discrete is sent to the LGC which uses this discrete to transform radar data into inertial
coordinates for guidance computations. Only an antenna position No. 1 command can actuate the tilt-
actuator motor to drive the LR antenna to antenna position No. 1.

The LR antenna is commanded manually by setting the LDG ANT switch to DES or HOVER.
In the DES position, an antenna position No. 1 antenna command causes the tilt-actuator motor to drive
the antenna to position No. 1. Only the position No. 2 activate command and position No. 1 indicator cam
switches are closed. A position No. 1 discrete is sent to the LGC which uses this discrete to transform
radar data into inertial coordinates for guidance computations. Only an antenna position No. 2 command
can actuate the tilt-actuator motor to drive the LR antenna to antenna position No. 2. In the HOVER
position, the antenna position No. 2 discrete causes the tilt-actuator motor to drive the antenna to
position No. 2.

2.2.3.7 Control Electronics Section. (See figure 2.2-29.)

The CES processes attitude and translation signals when operating in the primary guidance
mode or the abort guidance mode.
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When operating in the primary guidance mode, the CES performs the following functions:

e Converts RCS commands to the required electrical power to operate the RCS
solenoid valves

e Accepts discrete (on and off) descent engine gimbal commands and, upon
receipt of an on command, causes the descent engine to move about its
gimbal axes

e Accepts LGC and manual engine on and off commands and routes them to the
MPS to fire or stop the descent or ascent engine

e Accepts LGC and manual thrust commands to throttle the descent engine
10% to 92.5% of its range

e Provides manual attitude and translation commands to the LGC.
When operating in the abort guidance mode, the CES performs the following functions:
o Accepts attitude error signals from the AGS, or manual attitude rate commands
from the ACA's and rate-damping signals from the RGA, and fires the RCS

TCA's to achieve attitude control

e Accepts manual translation commands and fires the TCA's to accelerate the
LM in the desired direction

e Automatically gimbals the descent engine for trim control in accordance with

‘ signal polarity
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Figure 2.2-32. Attitude and Translation Control Assembly - Simplified Block Diagram
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Trim Control. Descent engine trim is controlled automatically during the primary guid-
ance and abort guidance modes, to compensate for center-of-gravity offsets during descent engine

operation. In the primary guidance mode, the LGC routes trim on and off signals in two directions,

for each gimbal axis, to the DECA. These signals operate power control circuitry, which drives the

GDA's. In the abort guidance mode, Y- and Z-axis error signals that drive the GDA's are routed from

the ATCA to the DECA. The GDA's tilt the descent engine along the Y-axis and Z-axis a maximum of

+6° or -6° from the X-axis.

Ascent Engine Control. (See figure 2.2-35.) Ascent engine ignition and shutdown can be
initiated by the PGNS, AGS, or the astronaut. Automatic and manual commands are routed to the S&C
control assemblies. These assemblies provide logically ordered control of LM staging and engine on
and off commands. The S&C control assemblies provide a positive command for fail-safe purposes
if the engine-on command is interrupted. In the event of an abort stage command while the descent
engine is firing, the S&C control assemblies provide a time delay before commanding LM staging and
ascent engine ignition. The time delay ensures that descent engine thrusting has completely stopped
before the LM is staged.

2.2:3.8 Power Distribution. (See figure 2.2-36.)

Each section of the GN&CS receives its power independently of the other sections, from
the CDR's and the LMP's buses through the circuit breakers on panels 11 and 16, respectively. The
flight displays associated with the GN&CS receive power from CDR's a-c and d-c buses. When power
is supplied to a particular display, a power-on indicator is energized. For the X-pointer, THRUST,
RANGE, and RANGE RATE indicators, the power-on indicator is a lamp; for the FDAI, a flag is used.
The MISSION TIMER and the EVENT TIMER do not have power-on indicators.

2.2.3.8.1 PGNS Power Distribution.

The LGC receives 28-volt d-c primary power from the PGNS: LGC/DSKY circuit breaker.
The primary power is used by power supplies within the LGC to develop +14- and +4-volt d-c power.
These outputs are used for logic power within the LGC. The +14-volt d-c power supply also provides
an input to the DSKY power supplies. The +4-volt d-c power supplies (2) of the LGC provide power
for the standby and operate modes of LGC operation.

The standby mode of operation is initiated by a verb-noun entry on the DSKY. I
During standby, the LGC is put into a restart condition and the +4- and +14-volt d-c supplies are
switched off. This places the LGC in a low-power mode in which only the LGC timer and a few auxil-
iary assemblies are operative. The DSKY power supply receives +28 and +14 volts dc and an 800-pps
sync signal from the LGC. The power supply develops 275-volt, 800-cps power, which provides power
for the DSKY electroluminescent displays.

The power and servo assembly (PSA) receives input power from the PGNS: LGC/DSKY,
IMU STBY, and IMU OPR circuit breakers. The input voltage is 27.5 £2.5 volts dc, with transient
limits between 24.0 and 31.8 volts dc. In addition to the d-c input from the EPS, the PSA power supplies
require clock pulses (800 pps, 3.2 kpps, and 25. 6 kpps) from the LGC. The PSA power supplies are as
follows:

28-volt, 800-cps, +1% power supply, 10 I
28-volt, 800-cps, +5% power supply, 20

-28-volt, d-c power supply

28-volt, 3,200-cps power supply

The 800-cps power supplies provide the PGNS with 1% 0°@, 5% -90°@, and 5% 0° @ power.
The 28-volt, 800-cps, 1% power supply provides the IMU resolver excitation, stabilization amplifier
demodulator reference, a reference signal to the FDAI, a reference to the coupling data unit, RR resolver
excitation, ACA excitation, and a reference to the SCA for demodulating 800 cps measurements. The 28- I
volt, 800-cps, 5% power supply provides the -90° and 0° excitation power for the gyro wheels, the IMU
blowers, PIPA fixed heater power and bias heater power. The -28-volt d-c power supply provides
negative d-c inputs to the d-c amplifiers used in the inertial loops and power to the three gimbal
servoamplifiers in the stabilization loops and to the pulse torque assembly power supply to generate
-20 volts dc for use in the accelerometer loops. The 28-volt 3,200-cps power supply provides the
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IMU with 28-volt power, which is then reduced through a transformer to 2- and 4-volt levels. The
power supply provides excitation voltages (2 and 4 volts) for signal ducosyn signal-generator excitation
and for magnetic suspension winding excitation for the torque and signal ducosyns of the IRIG's and
PIPA's. The 3,200-cps output is also used as a reference for the demodulator of the gimbal servoampli-
fier in all modes of operation, except the coarse-alignment mode.

The pulse torque assembly (PTA) receives input power from the PSA when the IMU OPR
circuit breaker is closed. The PTA power supply is synchronized by a 12. 8-kpps clock pulse from the
LGC. The PTA power supply provides +28 volts d-c to the three binary current switches in the PIPA
loops and to the binary current switch and d-c differential amplifier in the fine-alignment electronics
associated with the stabilization loops of the IMU.

The CDU power supply receives 28-volt, 800-cps power and +28 volts dc (IMU operate
signal) from the PSA, and a sync pulse from the LGC. The power supply provides a regulated output
voltage for use in the CDU logic circuitry. Under full load conditions, the power supply is required to
provide +4 volts dc +1%, at 2.5 to 3.0 amperes.

The signal conditioner assembly (SCA) receives its operating power from the PSA. The
operating power includes +28 volts dc used for B+ voltage in the SCA circuits, and reference voltages
consisting of 800-cps and 3, 200-cps 1% feedback voltage from the IMU. Three additional reference
voltages, (2.5 volts dc for bias, and 800-cps square wave, and a 3, 200-cps square-wave) are generated
in the SCA.

The AOT receives 115 volts ac for illumination of the reticle, from the AC BUS A and the
AC BUS B: AOT LAMP circuit breakers. The heaters in the AOT receive power from the CDR's d-c bus
through the HEATERS: AOT circuit breaker.

2.2.3.8.2 AGS Power Distribution.

All power (ac and de) required by the ASA is provided by the ASA power supply, which
receives 28-volt d-c power from the STAB/CONT: ASA circuit breaker (panel 16). The power supply
provides regulated 28 volts dc for current regulators, +12 volts dc to bias amplifiers in the accelerom-
eters, +4 volts dc for use in a frequency countdown subassembly and the gyros, -12 volts dc for use in
the gyros, -6 volts dc for use as bias for the gyros, and -2 volts dc for use as bias in the frequency
countdown subassembly. A-C voltages are provided for the accelerometer gyros and pulse torquing
servo assemblies by 28 volt 800-cps inputs from the ATCA.

The AEA uses two power supplies. One operates in the standby and operates modes. It
supplies power to clock countdown circuits and for the three integrating registers of the input-output
subassembly. The other power supply operates in the operate mode and supplies power to the re-
mainder of the AEA. These power supplies receive 28-volt d-c power from the STAB/CONT: AEA
circuit breaker (panel 16) and 115-volt, 400-cps power from the AC BUS B: AGS circuit breaker
(panel 11). They also receive 28-volt 800-cps power from the ATCA power supply for synchronization.
The operate power supply provides -2, +4, +6, +13.5, +14, -13.5, and -18 volts dc.

The DEDA operating power consists of +4 and -2 volts dc supplied by the operate power
supply of the AEA.

2.2.3.8.3 Radar Power Distribution.

The RR and LR receive 28-volt d-c power for the antenna heaters from the HEATERS:
LDG RDR, RNDZ RDR STBY, and RNDZ RDR OPR circuit breakers (panel 11). Refer to paragraph
2.11 for a detailed description of the heaters.

The RR receives power from the CDR's d-c and a-c buses through the PGNS: RNDZ RDR
and the AC BUS A: RNDZ RDR circuit breakers (panel 11), respectively. The 28-volt d-c power,
applied to the RR power supply subassembly, provides regulated outputs of +26, +25, +12, -12, +6, and
+4. 3 volts de. The 115-volt a-c power drives the servo electronics associated with the antenna
assembly.
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‘ Incremental transmissions occur in the form of pulse bursts from the output channels to GN&CS

the CDU, the gyro fine alignment electronics, the RCS, and the radars. The number of pulses and the
time at which they occur are controlled by the LGC program. Discrete outputs originate in the output
channels under program control. These outputs are sent to the DSKY and other subsystems. A con-
tinuous pulse train at 1. 024 mc originates in the timing output logic and sent as a synchronization signal
to the timing electronics assembly in the IS.

mental pulse to priority control. As this word is received, priority control produces the address of the
uplink counter in memory and requests the sequence generator to execute the instructions that perform
the serial-to-parallel conversion of the input word. When the conversion is completed, the parallel
word is transferred to a storage location in memory by the uplink priority program. The uplink priority
program also retains the parallel word for subsequent downlink transmission. Another program con-
verts the parallel word to a coded display format and transfers the display information to the DSKY.

. The uplink work from MSFN via the digital uplink assembly (DUA) is supplied as an incre-

The downlink operation of the LGC is asynchronous with respect to the IS. The IS supplies
all the timing signals necessary for the downlink operation. (Refer to paragraph 2. 2.2 for interface
discussion. )

Through the DSKY, the astronaut can load information into the LGC, retrieve and display
information contained in the LGC, and initiate any program stored in memory. A key code is assigned
to each keyboard pushbutton. When a DSKY pushbutton is pressed, the key code is produced and sent
to an input channel of the LGC. A signal is also sent to priority control, where the signal produces the
address of a priority program stored in memory and a priority request signal. The priority request
signal is sent to the sequence generator. This results in an order code and initiates an instruction for
interrupting the program in progress and for executing the key interrupt No. 1 priority program stored
in memory. This program transfers the key code temporarily stored in an input channel, to the central
processor, where it is decoded and processed. A number of key codes are required to specify an
address or a data word. The program initiated by a key code also converts the information from the
DSKY keyboard to a coded display format. The coded display format is transferred by another program
to an output channel of the LGC and sent to the DSKY for display. The display is a visual indication that
the key code was received, decoded, and processed properly by the LGC.

Timer. The timer generates the timing signals required for operation of the LGC. It is
the primary source of timing signals for all subsystems.

The master clock frequency, generated by an oscillator, is applied to a clock divider logic
circuit. The clock divider logic divides the master clock frequency into gating and timing pulses at
the basic clock rate of the LGC (1. 024 mpps). This basic clock rate is also applied to a scaler and a time [j
pulse generator. The scaler further divides the output of the clock divider logic into pulses and signals
which are used for gating, for generating rate signal outputs, and for accumulating time. The time
pulse generator produces a recurring set of time pulses which define a specific memory cycle during
which access to memory and data flow take place within the LGC.

Sequence Generator. The sequence generator executes the instructions stored in memory,
processes instruction codes and produces control pulses that regulate data flow of the LGC. The control
pulses control the operations assigned to each instruction and the data stored in memory.

The sequence generator consists of an order code processor, a command generator, and a
control pulse generator. The sequence generator receives order code signals from the central proces-
sor and priority control. These signals are coded by the order code processor and supplied to the com-
mand generator. Another set of control pulses are used for gating the order code signals into the
sequence generator at the end of each instruction. The command generator decodes the input signals and
produces instruction commands which are supplied to the control pulse generator.

The control pulse generator receives 12 time pulses from the timer. These pulses occur
in cycles and are used for producing control pulses in conjunction with the instruction commands. There
are five types of control pulses: read, write, test, direct exchange, and special purpose. Information
in the central processor is transferred from one register to another by the read, write, and direct ex-

‘ change control pulses. The special purpose control pulses regulate the operation of the order code
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processor. The test control pulses are used within the control pulse generator. Branch test data from
the central processor change the control pulse sequence of various functions.

Central Processor. The central processor performs all arithmetic operations required
of the LGC, buffers all information coming from and going to memory, checks for correct parity on all
words coming from memory, and generates a parity bit for all words written into memory. The central
processor consists of flip-flop registers; write, clear, and read control logic; write amplifiers; a
memory buffer register; a memory address register; a decoder; and parity logic.

Primarily, the central processor performs operations dictated by the basic instructions of
the program stored in memory. Communication within the central processor is accomplished through
write amplifiers. Data flow to or from memory to the registers, between individual registers, or into
the central processor from external sources. Data are placed on the write lines and are routed to a
specific register or to another part of the central processor under control of the write, clear, and read
logic. This logic accepts control pulses from the sequence generator and generates signals to read the
contents of a register onto the write lines and to write the contents into another register of the central
processor or another area of the LGC. The particular memory location is specified by the contents of
the memory address register. The address is fed from the write lines into this register, the output of
which is decoded by the address decoder logic. Data are subsequently transferred from memory to the
memory buffer register. The decoded address outputs are also used as gating functions within the LGC.

External inputs through the write amplifiers include the contents of the erasable and fixed
memory bank registers, all interrupt addresses from priority control, control pulses associated with
specific arithmetic operations, and the start address for an initial start condition. Information from
the input and output channels is placed on the write lines and routed to specific destinations within or
external to, the central processor.

Priority Control. The priority control establishes a processing priority for operations
that are performed by the LGC. Priority control is related to the sequence generator in that it controls
the instructions to the LGC. The priority control processes input-output information and issues order
code and instruction signals to the sequence generator and a 12-bit addresses to the central processor.

The priority control consists of start, interrupt, and counter instruction control circuits.
The start instruction control circuit initializes the LGC if the program works itself into a trap, if a
transient power failure occurs, or if the interrupt instruction control is not functioning properly. The
LGC is initialized with the start order code signal, which not only commands the sequence generator to
execute the start instruction, but resets other circuits. When the start order code signal is being used,
issued, a stop signal is sent to the timer. This signal stops the time pulse generator until all essential
circuits have been reset and the start instruction has been initiated by the sequence generator.

The interrupt instruction control forces execution of the interrupt instruction by sending the
interrupt order code signal to the sequence generator and the 12 bit address to the central processor.
There are 10 addresses, each of which accounts for a particular function that is regulated by the inter-
rupt instruction control. The interrupt instruction control links the DSKY, telemetry, and time counters
to the program. The interrupt addresses are transferred to the central processor by read control
pulses from the sequence generator. The input-output circuits are the source of the DSKY, telemetry,
and time counter inputs. The interrupt instruction control has a built-in priority chain which allows
sequential control of the 10 interrupt addresses. The decoded interrupt addresses from the central
processor control the priority operation.

The counter instruction control is similar to the interrupt instruction control in that it
unites input-output functions to the program. It also supplies 12-bit addresses to the central processor
and instruction signals to the sequence generator. The instruction signals cause a delay (not an inter-
ruption) in the program by forcing the sequence generator to execute a counter instruction. The addresses
are transferred to the central processor by read control pulses. The counter instruction control also has
a built-in priority of the 29 addresses it can supply to the central processor. This priority is also con-
trolled by decoded counter address signals from the central processor. The counter instruction control
contains an alarm detector, which produces an alarm if an incremental pulse is not processed properly.
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‘ 2.2.4.1.10 Display and Keyboard. (See figure 2.2-47.)

The DSKY consists of a keyboard, display panel, condition indicators, and a relay package.
The keyboard enables the astronauts to insert data into the LGC and to initiate LGC operations. Through
the keyboard, the astronauts can also control ISS moding. The DSKY display panel provides visual indi-
cations of data being loaded into the LGC, LGC condition, and LGC program. The display panel also
provides the LGC with a means of displaying or requesting data. The condition indicators display PGNS
status and malfunctions. The controls and displays associated with the DSKY are discussed in section 3.

Keyboard. The DSKY keyboard is used to manually insert or read out LGC data. The
keyboard consists of 10 numerical pushbuttons (0 to 9), two sign pushbuttons (+ and -), and seven instruc-
tion pushbuttons (ENTR, CLR, VERB, NOUN, RSET, STBY, and KEY REL). All the pushbuttons, ex-
cept the STBY pushbutton, have five-bit codes associated with them; they convey information to the LGC.
The STBY pushbutton is hardwired into the LGC power supplies.

Displays and Indicators. There are two types of displays on the DSKY: control displays
and data displays. Each display can display any decimal character or remain blank. The indicators on
the DSKY are referred to as condition lights; they represent various PGNS operating conditions. Each
control display (VERB, NOUN, and PROG) can display two decimal characters or remain blank. The
VERB and NOUN displays can also flash. The data displays are three separate registers, referred to as
R1, R2, and R3. Each register can display as many as five decimal characters, with or without a plus
or minus sign, or remain blank. Each of the 11 condition lights on the DSKY is labeled with the PGNS
condition it represents; it goes on if that condition occurs. The condition lights and the conditions they
represent are described in section 3.

Relay Package. The relay package consists of a relay matrix and decoding circuits.

The inputs entered from the keyboard, as well as other information, appear on the dis-
plays after processing by program. Display of information is accomplished through the relay matrix.
A unique code for the characters to be displayed is formed by 15 bits from output channel No. 10 in the
LGC. Bits No. 12 through 15 are decoded by the decoding circuits, and, along with bits No. 1 through
11, energize specific relays in the matrix, causing appropriate characters to be illuminated. The in-
formation displayed is the result of a key code punched in by the astronaut, or is LGC-controlled
information. The display characters are formed by electroluminescent segments, which are energized
by a voltage from the power supply, routed through relay contacts. Specific inputs from the PGNS are
also applied, through the LGC, to certain relays in the matrix through output channel No. 10 of the LGC.
The resulting relay-controlled outputs are caution signals to the PGNS.
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Figure 2.2-47.

To be supplied

Display and Keyboard - Block Diagram
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‘2. 2.4.2 Abort Guidance Section.

2.2.4.2.1  Abort Sensor Assembly. (See figure 2.2-48)

The abort sensor assembly comprises three gyros, accelerometers, and pulse-torquing
servoamplifiers, a power supply, a frequency countdown subassembly, and temperature control circuits.
Only the X-axis gyro and accelerometer are shown in figure 2.2-51; the other gyros and accelerometers
receive identical signals from the frequency countdown subassembly and power supply. The accelerom-
eters and gyros (one each for each LM axis) sense LM body axis motion with respect to inertial space.
The accelerometers sense acceleration along the LM orthogonal axes. The gyros sense motion around
the orthogonal axes. The gyros and accelerometers are securely fastened to each of the LM X, Y, and
Z axes so that motion along or around one or more axis is sensed by one or more gyros oraccelerometers

Accelerometers. Each accelerometer is used in a closed servo loop in which the sensing mass (pendu-
lum) is displaced by acceleration along the input axes. Fluid between the pendulum and housing provides
damping for the servo loop.

An inductive pickoff device of the accelerometer detects pendulum displacement. This displacement
produces an a-c error signal, which is fed to a pulse torquing servoamplifier, where it is demodulated
and changed to a d-c voltage. The d-c voltage is fed to a pendulum torquer, which produces a force
equal and opposite to the acceleration force. The pendulum torquer output returns the pendulum to its
null position. A d-c voltage proportional to acceleration is obtained from a precision resistor in series
with the pendulum torquer. This d-c voltage is a direct measure of acceleration.

Gyros. (See figure 2.2-49.) The gyros are of the single-degree-of-freedom type; they can precess in
only one phase of three orthogonal axes. The spin axis is the axis of rotation for the gyro spin motor.
For any force exerted at right angles to the spin axis (in the plane of the input axis), a precession
occurs because the gyro flywheel resists changes in the position of the plane in which it develops its
angular momentum. The developed opposing force acts in a third plane and tends to cause rotation of
the gyro float. Therefore, for any rotation about the gyro input axis, force is developed to cause
rotation about the gyro output axis. Each gyro comprises two major assemblies: a primary structure
and a spin motor assembly.

Primary Structure. The primary structure is formed by two machined castings, which support a float
and a pickoff and torquer. Two sapphire endstones in the primary structure support the float pivots.
Part of the primary structure is filled with a high-density viscous fluid that supports the float and com-
pletely fills the space between the primary structure and the float. A bellows at one end of the primary
structure expands and contracts with changes in gyro temperature to prevent damage to primary struc-
ture. The float provides structural support for the gyro spin motor and wheel, and a frictionless support
for the output pickoff. The specific gravity of the viscous fluid in the gyro changes with changes in tem-
perature; for this reason, the temperature of the gyros must be closely maintained. An advantage of
floatation is viscous damping, which provides an integrating action that makes the gyro float less suscep-
tible to vibration and shock along its input axis and cushioning of the float against shock and vibration
along its output axis.

Each gyro has thermistors mounted on its case to sense temperature. Thermistor resistance is
5,376 £ 100 ohms at a nominal gyro temperature of +120°F; the temperature gradient, 112 ohms/°F at
120°F. The thermistor leads are routed to the ASA test connector.

differential transformer that has a four-pole primary and a two-pole secondary winding. The torquer is

The pickoff and torquer are installed in one end of the primary structure. The pickoff is an air-core
.an eight-pole, D'Arsonval-type torque generator.

I GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM
Mission LM 4 Basic Date 15 June 1968 Change Date 15 September 1968 Page 2. 2-159




LMAT90-3-LM 4
APOLLO OPERATIONS HANDBOOK
SUBSYSTEMS DATA

64 - KPPS QUANTA
1 - KC RAMP
EARLY BLANKING GATE
LATE BLANKING GATE X - AXIS RATE
- X - AXIS GYRO PULSES TO AEA
1-KC UTILITY PULSE TORQUING =
e
PULSE SERVOAMPLIFIER
6.3 VAC, 8-KC REF
‘ 6.3 VAC, 8- KC ANTIREF
‘ D-C VOLTS
| \
\ DITHER ERROR
| SIGNAL SIGNAL
22 - VAC,
8- KC REF
29 -VAC, X - AXIS GYRO
400 - CPS, 3¢
LM PRIMARY POWER ——=
8-KPPS SYNC ol
400 - PPS REF -
128 KPPS
FROM AEA FREQUENCY 400 - PPS_ANTIREF POWER
— COUNTDOWN
400 - PPS QUAD SUPPLY
SUBASSEMBLY 00-f¥S O >
400 - PPS ANTIQUAD
D-C VOLTS
o 1.5 - VAC,
8- KC REF
X - AXIS
ACCELEROMETER
D-C VOLTS
A
DITHER ERROR
SIGNAL SIGNAL
6.3 VAC, 8-KC QUAD
6.3 VAC, 8-KC ANTIREF
D-C VOLTS -
64 - KPPS QUANTA X - AXIS
X - AXIS ACCELEROMETER
1-KC RAMP o ACCELEROMETER PULSES TO AEA -
PULSE TORQUING o
EARLY BLANKING GATE (0 TO 3) b cErvoamPLiFER
LATE BLANKING GATE (61 TO 64) -
ASA TEMPERATURE VARIATION
Y
TEMPERATURE HEATER
FAST CONTROL FAST
THERMAL ANALOG ~ WARMUP WARMUP
SENSOR CONTROLLER HEATERS
| J
TEMPERATURE HEATER
FINE FINE
THERMAL CONTROL
SENSOR et {  TEMPERATURE > TEMPERATURE
CONTROLLER HEATERS
3001 M4.250

Figure 2.2-48. Abort Sensor Assembly - Detailed Block Diagram
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Figure 2.2-49. Abort Guidance Section - Gyro Assembly

The pickoff can be considered as a transformer that has a stationary primary winding and a rotatable
secondary winding. The primary, attached to the primary structure, is excited by a 22-volt, 8-kc signal
from the ASA power supply. The secondary consists of an unexcited winding within the torquer core;

the secondary rotates with the float. Because of its position relative to the excited primary, no voltage
is induced in the secondary when the float is in its null position. When the float is rotated in either direc-
tion, the relative position of the secondary to the excited primary changes and the excited primary in-
duces an a-c voltage in the secondary. The magnitude of this voltage is proportional to the amount of
float displacement, and its phase is indicative of the direction of float displacement. This voltage is
phase-demodulated by pulse torquing servoamplifier electronics, quantized, and converted to a torquing
signal that is fed back to the torquer to return the float to the null position. The current flowing in the
torquer, which is attached to the float and rotates with it, sets up a magnetic field that reacts with the
field produced by a permanent magnet attached to the primary structure. The reaction between the mag-
netic field produced in the torquer coil and the magnetic field produced by the permanent magnet creates
sufficient torque to return the float to its null position. Heat produced by current flow through the
torquing coil adversely affects temperature-sensitive components of the gyro. The resultant errors ap-
pear in the output as displacing forces, which are minimized by the forced limit cycle mode. The forced
limit cycle mode keeps the average heat around the gyro equal, which enables gyro drift to be predict-
able.

Spin Motor Assembly. The spin motor assembly is a four-pole, synchronous, hysteresis motor that is
housed within the float. The assembly includes a wound-pole stator secured to the gyro float by stator
shaft supports. Three-phase excitation of the stator produces a rotating magnetic field. The motor
maintains at synchronous speed any load that it can accelerate from a dead standstill. The float chamber
housing is filled with helium, which carries heat away from the motor. Each gyro has an auxiliary induc-
tive pickoff near its motor. The pickoff is excited by a small magnet on the flywheel, each time the mag-
net passes the pickoff; for each revolution of the motor flywheel, a pulse is induced in the pickoff. The
output from the pickoff is routed to the test connector so that, during test, motor velocity can be mea-
sured.

Frequency Countdown Subassembly. The frequency countdown subassembly controls timing functions.

It receives a 1-microsecond pulse, with a repetition rate of approximately 7.8 microseconds (128 kpps),
as the basic clock signal from the AEA. The subassembly processes these 1-microsecond pulses to
generate signals for control of the timed functions of the other assemblies in the ASA. The following
seven fundamental signals are generated by the frequency countdown subassembly:
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e 64-kpps, l-microsecond signal

e 1-kc ramp signal

e Early blanking gate (0 to 3 blocking gates)
e Late blanking gate (61 to 64 blocking gates)
e 8-kpps synchronizing signal

e 400-pps signals

e 1-kc utility pulse.

64-KPPS, 1-Microsecond Signal. The 64-kpps, 1-microsecond-wide signal is the fundamental digit or
bit representing the quantized analog signals from the gyros or accelerometers. These pulses (herein-
after called quanta) are gated through the pulse torquing servoamplifiers by a time-modulated signal pro-
duced in the gyro or accelerometer torquing loops. The number of quanta permitted as outputs from
each pulse torquing servoamplifier during each forced limit cycle is dependent on the magnitude and di-
rection of the force displacing the gyro or accelerometer sensors and the time this force is acting. If

a force providing a 50 per second displacement of the referenced axis acts for one-half second, the gyro
output magnitude indicates a total change of 2.5° in the angular position of the referenced axis. Similar-
ly, if a force providing an accelerometer displacement equivalent to 5 feet per second acts for one-half
second, the magnitude of the accelerometer output indicates a change in speed of 2.5 feet per second
along the referenced axis.

For the gyros and their respective pulse torquing servoamplifiers, after algebraic manipulation of the
nominal quanta count of 32 pulses per limit cycle, each quantum has the weight of 0.00088049°, For the
accelerometers and their respective pulse torquing servoamplifiers, each quantum has the weight of
0.003125 foot per second. Thus, for a positive output angle of 2.5°, the referenced gyro pulse torquing
servoamplifier provides a total of 18,840 pulses (out of a possible maximum of 30,500) during the one-
half second that the force acts on the gyro input (or reference) axis. For an output velocity of +2.5 feet
per second, the referenced accelerometer pulse torquing servoamplifier provides 16, 800 pulses (out of
a possible maximum of 30,500) during the one-half second that the displacing force acts on the accel-
erometer sensitive axis. For a gyro sensed negative output angle of 2.5°, the gyro pulse torquing
servoamplifier provides a total of 13,160 pulses (out of a possible minimum of 1,500). For a velocity
of -2.5 feet per second, the accelerometer pulse torquing servoamplifier provides 15, 200 pulses (out of
a possible minimum of 1,500).

1-KC Ramp Signal. The 1-kc ramp signal provides the basic timing functions for the dither signal used
to retorque the accelerometers and gyros. This signal is applied to all pulse torquing servoamplifiers.

Early Blanking Gate (0 to 3 Blocking Gate). The early blanking gate is a pulse that occurs at the start

of each forced limit cycle and whose width is equal to the width of three quantized pulses (approximately
46,8 microseconds). The early blanking gate provides a quanta-limiting function when the dither signal
duty cycle is three or less pulses wide, to prevent occurrence of a 0% duty cycle. A 0% duty cycle is
equivalent to maximum negative torque acting on the sensors and produces scale factor nonlinearities,
which are suppressed by a three-pulse limit. When the dither signal duty cycle is three or less pulses
wide, the limiting function is enabled. Less than three pulses from a gyro pulse torquing servoamplifier
represents an angular displacement about the gyro input axis of (3 - 32) x 103 x 8.805 x 10'4, or approxi-
mately -25.6°., Three or less pulses from an accelerometer pulse torquing servoamplifier represents an
angular displacement about the accelerometer input axis of (3 - 32) x 103 x 3.125 x 10-3, or approximate-
ly -90. 625 feet per second.

Late Blanking Gate (61 to 64 Blocking Gate). The late blanking gate is a pulse that occurs at the end of
each forced limit cycle and whose width is equal to the width of three quanta periods (approximately 46. 8
microseconds). The late blanking gate is used to prevent occurrence of a 100% duty cycle. The output
from a gyro pulse torquing servoamplifier represents an angular displacement of (61 - 32) x 103 x

8.805 x 10‘4, or approximately +25.6°. When the duty cycle is more than 61 pulses wide, the output from
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an accelerometer pulse torquing servoamplifier represents a velocity of (61 - 32) x 103 x 3.125 x 10'3,
or +90. 625 feet per second.

8-KPPS Synchronizing Signal. The 8-kpps synchronizing signal synchronizes the dc-to-dc converter in
the ASA power supply. The converter contains a Royer oscillator, which drives the main output power
stage of the converter. When power is applied, the oscillator free-runs at approximately 6 kc. When the
d-c outputs come up to the proper voltage, power is supplied to the frequency countdown subassembly,
which then provides an 8-kpps synchronizing signal for the oscillator. The oscillator then drives the
main power stage of the converter at an 8-kc rate. Use of a separate oscillator driver and a power output
stage reduces the starting power requirements.

400-PPS Signals. The 400-pps signals generated in the frequency countdown subassembly are used to
develop the gyro spin motor drive. There are four of these signals, one primary and three secondary.
The primary signal is developed from the basic 8-kc synchronizing signal and is used as a reference for
comparing the secondary signals. The three secondary signals are: a 400-pps signal 180° out of phase
with the reference (antireference), a 400-pps signal 90° out of phase with the reference (quadrature),
and a 400-pps signal 180° out of phase with the quadrature signal (antiquadrature). All these signals are
applied to the ASA power supply for further signal processing.

1-KC Utility Pulse. The 1-kc utility pulse has a 50% duty cycle at the forced limit cycle rate. This
pulse triggers the ramp generator in the ASA, and synchronizes test equipment to the forced limit cycle
period during test.

Fast Warmup Controller. The fast warmup controller provides heater power to bring the ASA up to
operating temperature within the allotted warmup time. The controller comprises a thermal sensor, two
flat-pack resistive networks, four transistor matched pairs, two zener diodes, and three ordinary diodes.
Three heater control transistors and three heaters mounted on the controller housing are also part of the
fast warmup circuitry. The thermal sensor senses the internal ASA temperature and provides a propor-
tional d-c analog to the regulation and heater driver electronics that maintain the total fast warmup power
constant,

Fine Temperature Controller. The fine temperature controller maintains ASA operating temperature at
a nominal 120°+0.2°F. For maximum operating efficiency, the controller is supplied directly with
28-volt d-c power from the LM primary power source. The controller has two thermal sensors, which
sense ASA internal temperatures and provide a proportional d-c analog to the detecting electronics. The
controller provides switched, rather than continuous, power to the fire temperature heaters. It com-
prises four transistor matched pairs, three resistive flat-pack networks, two integrated circuit ampli-
fiers, and a unijunction transistor operated as a ramp generator. A transistor matched pair and a
single transistor used as a heater control device, mounted on the housing, are also part of the fire tem-
perature controller.

Power Supply. All a-c and d-c power required by ASA is provided by its power supply, which receives
28-volt primary power and synchronizing signals from the frequency countdown subassembly. In addition
to the d-c voltages for use by ASA subassemblies, other d-c voltages are produced by the power supply
for its internal use. The a-c voltages are used by the accelerometers, gyros, and pulse torquing servo-
amplifiers. The subassemblies of the ASA that use a-c and d-c power are as follows:

e The +28-volt d-c power is used by the current regulators and budget drivers
in each pulse torquing servoamplifier.

e The +12-volt d-c power is used to bias the amplifiers in the accelerometers
and to bias integrated circuit amplifiers in the pulse torquing servoamplifiers.

e The +4-volt d-c power is used in the frequency countdown subassembly and the
pulse torquing servoamplifiers to bias logic integrated circuit modules.

e The -12-volt d-c power is used as bias voltage in the pulse torquing servo-
amplifiers.
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e The -6-volt d-c power is used as bias voltage in the pulse torquing servo-
amplifiers.

e The -2-volt d-c power is used as bias in the frequency countdown sub-
assembly and to bias logic integrated circuit modules in the pulse
torquing servoamplifiers.

e The 6.3-volt, 8-kc power is used by the demodulators in the pulse
torquing servoamplifiers.

e The 22-volt, 8-kc power is used to excite the pickoffs in the gyros.

e The 1,5-volt, 8-kc power is used to excite the pickoffs in the
accelerometers,

e The 29-volt, 400-cps, three-phase power is used to drive the gyro spin
motors.

B 2.2.4.2.2 Abort Electronics Assembly. (See figure 2.2-49A.)

The AEA comprises a memory, central computer, input-output subassemblies and power
subassemblies.

Memory. The memory is divided into two sections: temporary memory and permanent memory. In the
temporary memory, each core is threaded by a sense winding, an inhibit winding, an X-selection winding,
and a Y-selection winding. All windings, except the inhibit winding, are single turn. There are 18 sense
and inhibit windings. They thread all cores in a single bit plane. Each bit phase has an associated sense
amplifier and inhibit driver. In the permanent memory, each core is threaded by a sense winding and
Y-selection winding. An X-selection winding is present only if the core is to contain a 0. The sense
windings, Y-selection windings, and sense amplifiers are common to the temporary and permanent mem-
ories.

The binary state of a core is read by applying equal pulses to the X and Y drive lines that cross the
desired bit. This applies an effective full-select current +Ig to the selected core and drives it to the 1
state. All other cores threaded by the pulsed X and Y drive lines receive +Is/2. If, while reading, the
selected core is changing from the 0 state to the 1 state, a signal is present across the sense winding.
This signal is read by the sense amplifier as a 0. If the core is in the 1 state at the start of reading, no
signal appears across the sense winding. Absence of a signal is read by the sense amplifier as a 1. In
the permanent memory, a selected core that is threaded by both an X-selection and a Y-selection winding
switches from the 0 state to the 1 state and is, therefore, read as a 0. A selected core that is not
threaded by an X-selection receives only a pulse of +Is/2 and is thereby always read as a 1.

When a bit is read, the core is left in the 1 state, To achieve nondestructive readout, the word read
must be written back into the memory. When writing, equal pulses (-Ig/2) are applied to the X- and
Y-selection lines. Because the polarity of these selection currents is opposite to that used in reading,
the X- and Y-drivers must be bidirectional. Applying -Is/2 to an X- and Y-selection line causes the
selected bits to switch to the 0 state. If a 1is to be written in the temporary memory, +Is/2 is applied
to the inhikit line simultaneously with pulsing of the X and Y lines. The inhibit current pulse overlaps the
X- and Y-selection currents to preclude partial switching of the selected core to the 0 state.

The system logic is such that only 0's can be written into the memory. The 1 state is brought about by
inhibiting the writing of 0's. Therefore, the cores of the word selected must be set to the 1 state before
information can be written into the cores. This core setting is accomplished by performing the read
operation, which sets all cores to the 1 state, before the write operation. No inhibit current is required
in the permanent memory because all cores that were in the 0 state can be restored to 0 by applying X and
Y write currents (-Ig/2 each). Cores that were in the 1 state remain 1's because they were subjected to
a total current of only -Ig/2.
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The memory operates in three modes: read-restore, read-clear, and clear-write. At the beginning of a
memory cycle, the central computer supplies the memory with an initiate-memory-cycle signal, a mode
signal, and an address. Address information is in a 12-bit address register in the central computer. De-
coding is performed within the memory. The address register always contains the address location at the
beginning of a memory cycle. During the read-restore mode, the contents of the location specified by the
address register are read from the memory into the memory register (M-register). The read-restore
mode is used for the temporary and permanent memories. The read-clear mode is similar to the read-
restore mode, except that the information is not restored to the memory. This mode applies only to the
temporary memory and when it is unnecessary to restore information after reading. In the clear-write
mode, the contents of the M-register are written into the location specified by the address register. The
word to be written is transferred into the M-register during the second microsecond of the memory cycle.

Central-Computer. The central computer consists of eight data and control registers (L, R, P, A, Q,

M, X, and C), a data bus, an 18-bit parallel adder, and two timing and control registers. The data and
control registers are interconnected via the parallel data bus. There are, however, some nondata-bus
parallel paths through the adder. Operations are executed by appropriately timed transfer of information
between these registers, between memory and the M-register, and between the A-register and a specified

input or output register. The functions of the eight data and control registers are discussed in paragraph
2.2.3.3.

Data Bus. The data bus consists of gates through which data (up to 18 bits in parallel) may transfer from
one register to another, A typical transfer consists of 18 bits of data from the A-register to the M-regis-
ter. When this occurs, the timing and control logic generates two control signals. The first control
signal gates all 18 bits of the A-register onto the data bus for 2 microseconds (some data bus transfers
take 3 microseconds); at the same time, the second control signal gates the contents of the data bus into
the clocked set input of the 18 M-register flip-flops. At the end of the second microsecond, the M-regis-
ter is clocked and the information transfer is complete.

For several transfers from the data bus, both true and complement information is gated into the receiving
register. However, for transfers into the P-register only selected true signals are gated; therefore,

this register must always be cleared to 0's before receiving new information. For transfers into X-, C-,
and M-registers, only selected complement signals are gated; these registers must be cleared to 1's
before receiving new information. Information transfer into most registers is via the clocked set-reset
inputs at the appropriate clock time; however, the three registers (C, P, and X) connected as ripple
counters are loaded from the data bus via the flip-flop direct set-reset inputs.

Adder. The 18-bit parallel adder changes the contents of the A-register by adding or subtracting informa-
tion (true or complement data, respectively) from the M-register. Three microseconds are required for
the carry to propagate and the correct sum to be available at the adder outputs after the M-register in-
formation is gated into the adder. At the end of the 3-microsecond period, the sum is clocked into the
A-register, replacing its previous contents (augend). A one-bit shift (either left or right) may be imple-
mented simultaneously by gating the output of the adder into adjacent bits of the A-register. The data bus
is not used to intercennect the adder with the A-register or M-register.

Timing and Control Registers. The timing and control registers generate 11 signals, which are logically
combined to produce all the timing required for all operations of the central computer.

Input-Output Subassembly. The input-output subassembly consists of special registers, counters,
amplifiers, and gates, which operate independently of the central computer, except when specifically
accessed by a particular input or output order. There are basically four types of registers in the input-
output section. The PNGS angles are accumulated in three integrator registers, each of which consists
of a 15-flip-flop shift register, a half-adder/subtractor, and control logic. The registers shift 15 bit
positions at 512 ke upon receipt of each new pulse input, to serially add or subtract one from the previous
count. The counting is inhibited momentarily when an input transfer to the A-register via thz data bus is
required. The registers are reset to zero by a 51.2-kc pulse input on the CDU zero line. Data from the
ASA gyros and accelerometers are accumulated in six 11-bit flip-flop ripple counters. The inputs to
these counters are inhibited when they are accessed by the central computer; they are reset to 0 after
each access. The four-bit DEDA register, the 18-bit input telemetry register, the 24-bit output tele-
metry register, and the 15-bit register that is time shared for altitude and altitude rate are all imple-
mented as shift registers. The first three of these registers are asynchronous (shifted by an external
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shift clock); the other one has associated shift controls and generates shift clocks in the AEA. In each
case, shifting is inhibited during parallel access by the central computer. All the other registers are
static flip-flop registers. The D/A registers are loaded in parallel, via the data bus, from the A-regis-
ter. The discrete register is changed by setting or resetting a specific flip-flop within the register with
a specific output order (unique address); the A-register is not involved in changing the discrete register.

Combinations of certain individual input-output addresses can be made, within an input or output instruc-
tion, to facilitate setting or resetting a group of registers or discretes. Only addresses that have the
same most significant octal character can be combined. To combine one or more addresses, each
address (excluding the most significant character) is added numerically. For example, combining the
addresses of all six 11-bit counters would result in an address of 6177, An input instruction with the
address 6177 would reset all the counters.

Integrator Registers. Three integrator registers accumulate PGNS angles 6, ¢, and ¥. The PGNS
angles are represented by asynchronous pulse train signals, with a frequency range of 0 to 6.4 kpps.
Each integrator register has two input lines: one for positive pulses and one for negative pulses. These
registers operate during the standby mode, when the central computer logic is off.

The integrator registers are up-down counters that serially add or subtract one count per pulse input.
Each integrator register consists of an input buffer section, a shift control section, and a 15-bit shift
register section with half-adder and control logic. The input buffer section synchronizes incoming PGNS
pulses with the AEA clock and provides temporary storage for one pulse. The shift control section allows
the register to shift the appropriate number of times for each pulse input from the input buffer.

Input Counters. Six input counters accumulate ASA gyro and accelerometer data. These data (AVy,
AVy, Vg, AQ, AR, and AP) are represented by pulse trains with a frequency range of 0 to 64 kpps.
These pulses are asynchronous to the AEA. The input counter consists of an input buffer section and an
11-bit ripple counter with control logic.

Downlink Telemetry Register. The downlink telemetry register is an 18-bit input register. It receives
a serial 40-bit PGNS downlink telemetry word. The first 18 bits are retained in the register. The 40-bit
word is shifted into the register by externally controlled shift pulses at a rate of 51,2 kpps. These shift
pulses are asynchronous to the AEA. A 1 in the input data is represented by a pulse (coincident with a
shift pulse); a 0, by lack of a pulse. A stop pulse from the external control indicates the end of a trans-
mitted word. The register is used by GSE to enter data into the central computer, but cannot be used by
GSE and telemetry simultaneously. An 18-bit word is used by the GSE. The register consists of a shift
pulse buffer section and a 18-bit shift register section with shift control logic. The shift pulse buffer
section synchronizes the input shift pulses with the AEA and provides a delay between data pulses re-
ceived and shift pulses received.

Altitude-Altitude Rate Register. The altitude-altitude rate register is a 15-bit output register. It is
used to output, serially, altitude and altitude rate data. A 1 in the output data is represented by a pulse;
a 0, by lack of a pulse. There are separate output data and output shift pulse lines for the altitude and
altitude rate. An output discrete selects the data and shift pulse lines to be used. Before data are
entered into the register, the output discrete corresponding to the desired output must be set.

Output Discretes. There are 11 output discrete flip-flops in the AEA. Each discrete can be used inde-
pendently of the others. Except for the two DEDA discrete flip-flops, all the output discrete flip-flops
are set and reset by different addresses. The DEDA output discrete flip-flops are automatically reset by
the hardware; they cannot be reset by the program. The DEDA discrete flip-flops are clock-set by the
appropriate output instruction, and clock-reset 1 microsecond later. These discretes output a single
pulse, nominally 1-microsecond wide, each time the flip-flop is set. The test mode failure output dis-
crete is automatically set if the 20-millisecond timing pulse occurs during any instruction other than the
delay instruction. The engine-on output discrete flip-flops are automatically reset during the power turn-
on sequence. The altitude and altitude rate output discretes have a common reset address. These dis-
cretes are used for internal control of the altitude-altitude rate register. They enable the desired serial
data and shift pulse output lines. The GSE output discretes are used to gate out a 128-kpps pulse train.
The ripple carry inhibit output discrete is used internally to test the adder carry mechanism,
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‘ Output Telemetry Register.
serial data or GSE serial data.

pulse; a 0, by lack of a pulse.

The output telemetry register, a 24-bit output register, outputs telemetry
The telemetry data word is 24 bits long; the GSE data word, 18 bits long.
Telemetry and GSE cannot use the register simultaneously. A 1 in the output data is represented by a
Each data word is shifted out with the most significant bit first. Data in
the register are shifted out by asynchronous, externally controlled, shift pulses at a rate of 51.2 kpps.
Twenty-four shift pulses are sent for telemetry data; 18, for GSE data. The external control sends a stop

pulse to the output telemetry register when all shift pulses have been sent.

try word comprises 24 bits (a six-bit identification (ID) code followed by an 18-bit central computer word).

. The telemetry word list comprises a 50-word block of data. (Refer to table 2.2-19.) Each output teleme- I

Table 2.2-19. Abort Electronics Assembly - Telemetry Word List
Earth Least
Word ID Code Equation | Binary Significant
No. (Octal) Symbol Scaling | Bit Weight | Unit Description
1 01 841 - - DEDA readout mode flag; 1 in sign bit indicates
DEDA processing is in readout mode.
2 02 DD - - - Most recent DECA data word in computer units
3 03 838 - - - DEDA clear mode flag; 1 in sign bit indicates
DEDA processing is in clear mode.
4 04 aq
5 05 a, 1 2_16 - Row No. 1 of direction cosine matrix
‘ 6 06 al3
T 07 ADST = - - Octal address associated with most recent DEDA
communication
8 10 aqq
9 11 ag, 1 546 - Row No. 3 of direction cosine matrix
10 12 agq
11 13 h 25_3 28 feet | LM altitude above mean earth (lunar) surface
12 14
13 15 T 25_3 28 feet | Components of LM inertial position
14 16
15 17 EONS10 - - - Engine-on indicator and GUID CONT switch
16 20
17 21 I, 25—3 28 feet Components of CSM inertial position
18 22
-3 8 . ; .
19 23 re 25 2 feet |Predicted value of LM radius at comnletion of current
guidance routine, except in external Av
20 24 Av
X
21 25 AVy 3 2_14 fps Compensated incremental velocity components accumu-
lated per 20 milliseconds along X, Y, or Z-body-axis by
‘ 22 26 AVZ corresponding X, Y, or Z accelerometer
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i Table 2.2-19. (Cont.)
I Earth Least
Word | ID Code Equation | Binary | Significant
No. (Octal) Symbol Scaling | Bit Weight | Unit Description
23 27 t2 1 2—16 sec | Least significant half of AGS absolute time
24 30 Ao
X
25 31 Aet -6 2_16 rad | Compensated incremental components per 20 milliseconds
y of vehicle rotation about X, Y,.or Z body axis, measured
26 32 Ao, by X, Y, or Z gyro.
27 33 TB 9 2—8 sec | Time to LM engine burnouy
28 34
B |29 35 A% 15 2_2 fps | Components of present LM inertial velocity vector
30 36
31 37 kg ity 1 = Ullage counter for telemetry
T
32 40
\
! . 33 41 c 15 2.2 fps | Components of CSM inertial velocity vector
|
34 42
| 35 43 h 15 272 fps | LM altitude rate
36 44 A 15 272 fps | Magnitude of velocity to be gained
VPO 15 2—2 fps ||Predicted velocity to be gained in CDH burn
il 45 Vr 15 94 fps ||Total velocity to rendezvous in TPI
38 46 S12T 3 = - 812 for telemetry
Tao 18 2 $€C¢ |lTime from nominal CSI burn to CDH burn corres-
39 47 ¢ 18 9 Soc ponding to best cost function for this computing cycle
igC Time from present to TPI maneuver
40 50
41 51 }—(bD 1 2_16 - Components along X, Y, and Z inertial axes of unit
vector commanding desired pointing direction for
42 52 LM X body axis
43 53 tl 18 21 sec |Most significant half of AGS absolute time
44 54 S . . L
00 = - = Function selector by which submode logic is selected
via DEDA
45 55 B1s = = = Discretes that make up discrete word one
46 56 Ar 25 22 feet ||Differential LM-CSM altitude after CDH burn
qQq 25 2 feet [\Transfer orbit perifocus altitude in TPI
47 57 a7 25 28 feet |Perifocus altitude of present LM orbit
48 60 ‘l
B |4 61 N d 15 2_2 fps |Sensed velocity increments along LM body axds
50 02 l
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‘The identification code represents the sequential position of the telemetry word in the word list GN&CS
(01g to 628). The data "equation symbol" are the same as those used in the AGS software program. The

central computer word contains codes or numeric data. The numeric data are in binary 2's complement
format. The most significant bit (bit No. 0) is a sign bit (0 for positive data; 1 for negative data). The
remaining bits are numbered (1 through 17), from most significant to least significant.

DEDA Register. The DEDA register is a four-bit input-output register, which receives or sends four
bits of serial data. A 1 in the serial data is represented by a pulse; a 0, by lack of a pulse. Data are
shifted in or out by asynchronous, externally controlled, shift pulses at a rate of 64 kpps. These input
shift pulses are gated out as data pulses when the DEDA register is in an output mode. Bits No. 1 through
4 of the DEDA Register are transferred to bits No. 1 through 4 of the accumulator during an input instruc-
tion and loaded with bits No. 14 through 17 of the accumulator during an output instruction. The DEDA
register consists of a shift pulse buffer section and a four-bit shift register with control logic.

Clock Countdown Subassembly. The clock countdown subassembly develops 512-k, 128-k, and 64-kpps and
50-pps timing signals from the 1.024-mc system clock. The clock countdown subassembly consists of a
toggle flip-flop, three counter sections, and associated gating.

Power Subassemblies. Two independent power supplies are associated with the central computer. One
functions in the standby and operate mode; it supplies power to clock-countdown circuits and to three in-
tegrating registers. The other power supply functions only in the operate mode; it supplies power to the
remainder of the central computer. The outputs of the latter power supply are available in sequence so
as not to compromise the memory, monitors the input voltage and output voltages and provides a control
signal (PS13). The control signal is true if the central computer is in the operate mode, the input voltage
is at least 20 volts dc and all output voltages are at the proper levels.

Startup. To place the central computer in operation, the operator sets the AGS STATUS switch from
STANDBY to OPERATE. The power subassemblies then apply power to the central computer in a pre-
determined sequence. When all operate voltages are at their proper levels, power supply signal PS13
remains 0 for at least 10 microseconds. During this 10-microsecond period, certain initial conditions

‘are established in the central computer. These conditions are such that the central computer automatically
accesses an instruction from a predetermined memory location. Central computer operation then con-
tinues under normal program control.

Shutdown. The central computer shuts down if the power supply input voltage drops below 20 volts dc; it
restarts automatically when the proper input voltage is restored. If the central computer shuts down
after reading from memory, but before restoring memory, information is lost. This is prevented by
completing the current memory cycle while preventing initiation of additional memory cycles during
shutdown. When the power supply input voltage is restored (20 volts dc) and the current memory cycle
is completed, the central computer is ready to go through its startup sequence.

2.2.4.2.3 Data Entry and Display Assembly. (See figure 2.2-49B.) |

DEDA operation involves the display; shift register; bit, digit and cycle counters; a data
transfer sequencer; pushbutton entry, and data-AEA transfer.

Display. The three most significant digit positions (1, 2, aad 3) of the shift register are decoded to form
the address display. The next position (4) is decoded to form the sign display. The remainder of the
digit positions (5, 6, 7, 8, and 9) are decoded to form the data display. The decoded digit for each
numeric display provides an output for each segment of the display. The display segments for eachdigit
are activated, via drivers, by outputs from the decoding logic associated with the respective four-bit digit

‘positions of the shift register. The all 1's code in any digit position of the shift register deactivates the
decode outputs, blanking the digit display.

Shift Register. The shift register accumulates and holds all information entered with the pushbuttons

or transferred from the central computer for display. The shift register contains 36 bits comprising

nine digits. Codes presented from the pushbuttons are entered directly into the four least significant bits

of the register and positioned for display. Address and data bits transferred from the central computer

are entered into the least significant bit position of the register. Address and data bits to be transferred
.to the central computer are taken from the most significant bit position of the register.
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Bit, Digit, and Cycle Counters. The bit counter is a six-bit ripple counter. The counter accumulates
the number of clock pulses gated to the shift register and, in conjunction with the digit and cycle counter,
controls positioning of digit codes in the shift register as they are entered with the pushbuttons. The

bit counter also controls the transfer sequence as information is transferred to or from the central
computer. The digit counter, a five-bit shift register counter that is incremented on the final count of
the bit counter, detects operator errors. Error's arise when pushbuttons are pressed out of sequence,
while entering data into the shift register. Such errors cause the OPR ERR light to go on. The cycle
counter is a four-bit shift register whose main purpose is to control the cycling of inputs to the shift
register.

Data Transfer Sequencer. The data transfer sequencer consists of a two-step counter and flip-flops that
buffer and control data transferred from the central computer. The sequencer controls the timing of shift
pulses and information bits transferred to or from the central computer and provides control for shifting
the contents of the shift register during the transfer.

Pushbutton Entry. To enter data with the pushbuttons, the CLR pushbutton must be pressed. This action
sets the entire shift register, which blanks the display and resets the digit, bit, and cycle control counters,
and operator error logic circuits. A flip-flop that enables the keyboard (pushbutton) control logic is also
set. This flip-flop is reset when the ENTR or READOUT pushbutten is pressed.

As the pushbuttons are pressed, binary coded decimal (BCD) signals are fed to gates, which, in parallel,
set or reset the four least significant flip-flops of the shift register. These gates are controlled by the
pushbutton strobe, a delayed pulse generated in the keyboard control logic. The pushbutton strobe also
sets bit counter enable flip-flop and cycle control flip-flop. The bit counter enable flip-flop enables a
gate, which feeds clock pulses to the shift register. When clock pulses add up to 31, as counted by the
bit counter, another gate is enabled. This gate resets the bit counter enable flip-flop on the next clock
(pulse 32), terminating the shift register clocks, and enables a clock pulse that is fed to the digit counter,
incrementing the counter by one.

egister is clocked. The first digit is positioned in the most significant end of the shift register, the

.?igit codes entered into the shift register are positioned in their proper location by the cycle counter as the

second digit in the next most significant digit location, and so on until the ninth (last) digit is entered.

The cycle counter positions the digit codes by enabling gates, which cause the information in the shift
register to circulate out of the most significant end into the eighth digit position in the register while hold-
ing the current pushbutton input in the least significant digit position. At a time determined by the current
state of the digit and bit counters, a gate that resets the cycle control flip-flop to allow the current input
to shift through the register, behind the information previously entered, is enabled.

If pressing the ENTR or READOUT pushbutton results in an operator error or if either pushbutton is
pressed during an operator error condition, the central computer recognizes the error by detecting 1's
in positions that normally contains 0's., Pressing the CLR pushbutton resets the operator flip-flop.

Data AEA Transfer. Upon entering nine digits into the shift register with the pushbuttons, and visual
verification that an operator error condition does not exist, the ENTER pushbutton may be pressed to

start the data transfer sequencer. The central computer responds to the enter signal by sending a shift-in
discrete to the DEDA. This discrete sets a flip-flop, which initiates data transfer to the central computer.
Data are transferred in a two-step operation controlled by the data transfer sequencer. During the first
step of the shift-in sequence, the most significant bit of the shift register is gated with a 2-microsecond-
wide clock pulse and fed to an output circuit. During the second step of the shift-in sequence, a shift

pulse is fed to the central computer, the contents of the shift register are shifted one bit position, and the

.l;it counter is incremented by one.
ach shift-indiscrete results in four cycles of the data transfer sequencer or transfer of one digit. The

central computer sends shift-in pulses until the entire word is transferred. As the contents of the register
are shifted from the most significant end, 1's are shifted into the least significant end. The display is
blank after all digits have beentransferred. Because of the datatransfer sequencer four-cycle operation, the
address digits, which are coded in three bits (octal), and the sign digit, which is coded in one bit, are
allotted four bits in the shift register. The extra bits are used to provide redundant codes for blanking

the respective displays or detection of an operator error by the central computer.
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2.2.4.3 Rendezvous Radar.

2.2.4.3.1 Antenna Assembly. (See figure 2.2-19.)

The RR antenna is an amplitude-comparison, simultaneous lobing, directional device that
provides accurate angle and angle rate tracking information. The 24-inch-diameter parabolic primary
reflector of the radar antenna has a conventional four-port Cassegrainian feedhorn. The radiation from
the feedhorn illuminates a hyperbolic secondary reflector located to reflect the feedhorn-radiated RF
energy back to the primary reflector. Use of the hyperbolic reflector uniformly illuminates the parabolic
reflector with RF energy and results in the formation of a highly narrow directional beam. The antenna
operates in the X-band region of the microwave spectrum and possesses an overall power gain of 32 db.
The signal radiated from the antenna is circularly polarized to minimize signal losses due to variations in

B attitude that occur between the LM and CSM. The antenna beamwidth is nominally 3.5°.

The antenna pedestal and the base of the antenna assembly are mounted on the external
structural members of the LM. The antenna pedestal supports the shaft axis members, including the
shaft resolver and servo motor. The trunnion axis is perpendicular to, and intersects the shaft axis.
The trunnion axis members, including the trunnion resolver and servo motor, are vertically supported
in a cascade arrangement. The antenna reflectors and the microwave and RF electronics components
are assembled at the top of the trunnion axis. This assembly is counterbalanced by the trunnion-axis
gyroscope package, mounted below the shaft axis. The plane of the trunnion axis is determined by the
angular position of the shaft axis. Both groups of components, mounted opposite each other on the
trunnion axis, revolve about the shaft axis forming a balanced arrangement which enables balanced
driving torques and reduces the servo requirements and weight. The microwave, radiating, and gim-
balling components, and other internally mounted components, have flexible cables that connect the
outboard antenna components to the inboard electronics assembly. A flexible cable wrap-up system is
used at the trunnion and shaft bearing joints.

The RR shaft and trunnion axes resolvers transmit angular position to the LGC via the RR
CDU Channel 3. The LGC uses these angular position data in conjunction with range and range rate to
update the state vector. The RR also provides data to LM cabin displays for use by the astronauts in
evaluating the rendezvous phase of the mission.

2.2.4.3.2 Electronics Assembly. (See figure 2.2-18.)

The electronics assembly consists of the following subassemblies: receiver, frequency
synthesizer, frequency tracker, self-test, antenna control amplifier, range tracker, signal data con-
verter, and instrumentation converter.

Receiver Subassembly. The receiver subassembly is an amplitude-comparison, triple-
conversion, three-IF-channel unit that provides shaft and trunnion error signals to an antenna servo loop
when angle-tracking the target with the radar antenna. It also functions as an intermediate signal path
for received signals, which are then processed before being picked off by the frequency tracker and range
tracker. An AGC loop in the receiver subassembly maintains a constant signal output to the other sub-
assemblies despite variation in signal input. This ensures that the angle error is a function of the angle
error signals, not a function of signal amplitude. The receiver subassembly consists of three channels:
sum channel (reference), trunnion-axis difference channel, and shaft-axis difference channel.

The receiver subassembly also contains phase-sensitive detectors for generating angle
error signals, an IF distribution amplifier unit for supplying reference channel signals to the range and
frequency trackers, and a local oscillator- mixer for generating the second local oscillator signal. The
second local oscillator frequency is obtained by heterodyning the frequency tracker VCO output and a
reference frequency. This produces a sum frequency that is 6.8 mc lower than the incoming 40. 8- mc
Doppler-shifted frequency. A feedback loop removes the Doppler frequency shift; all subsequent signal
processing is accomplished at fixed carrier frequencies.

Frequency Synthesizer Subassembly. The frequency synthesizer subassembly supplies the
other RR subassemblies and the antenna assembly with coherent reference frequencies, which provide
extreme accuracy and a high degree of stability. Multiplying and dividing circuits, local oscillators,
amplifiers, and mixers are used in the frequency synthesizer to provide five output frequencies whose
function and destination are listed in table 2.2-21.
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' Table 2.2-21, Frequency Synthesizer - Output Frequencies GN&CS

Frequency (mc) Function Destination
5.1 Third mixer excitation Receiver
' 6.8 Reference signal Frequency tracker, and range
tracker analog processor
7.0125 Doppler bias mixer excitation Frequency tracker
27.2 Second mixer reference Receiver
102,425 Transmitter excitation Antenna assembly, multiplier chain

The frequency synthesizer subassembly contains two oscillators. One oscillator operates
at 102. 425 mc; it provides an input to a chain multiplier in the antenna assembly. The chain multiplier
multiplies the input by a factor of 96 to produce the radar transmitter frequency (9832.8 mc). The
other oscillator produces a frequency of 1.7 mc. Multiplication and division of this frequency provides
the other frequencies required for RR operation. (The 1.7-mc oscillator is locked in frequency to the
102. 425- mc oscillator.)

Frequency Tracker Subassembly. The frequency tracker subassembly is a phase-lock
loop that detects, acquires, and phase-tracks the received signal in the receiver subassembly sum
channel. In addition, the frequency tracker provides Doppler frequency and sense outputs, and frequency
lock-on indication.

the VCO frequency across the expected Doppler frequency range (-100 to +100 kc). The presence of a
carrier signal within the locking range, when sensed through a narrow 1 kc filter by a threshold circuit,
stops the sweep and permits the VCO to phase-lock. The phase detector has a 6. 8-mc reference signal,
supplied by the frequency synthesizer subassembly. An error signal from the receiver subassembly
drives the VCO to a frequency, which, when mixed with a 27. 2- mc signal at the receiver second IF mixer
produces a 1.7 mc signal which passes through another 1 kc filter. A feedback loop removes the Doppler
frequency shift from all signals in the succeeding IF stages. When the sweep generator stops sweeping
the VCO, the acquisition logic and the threshold detector produce a frequency tracker lock-on discrete.
When present together this discrete and the auto-track enable discrete, the range tracker subassembly
and the servo mechanisms are enabled.

‘ The frequency tracker phase-locks a VCO with the return signal. A sweep circuit varies

Self- Test Subassembly. The self-test subassembly is used to perform a qualitative test to
verify proper operation of the RR electronics. The test provides range, range rate, and angle error
data for a simulated 200-nautical-mile signal. Basically, the self-test subassembly provides a means of
inserting, into the antenna assembly, signals that simulate RF inputs to the RR. Range rate information
is contained in fixed IF offset of 10 ke, corresponding to a velocity of 500 fps. Range information is |
placed on the crystal oscillator frequency by a varactor phase modulator driven by three-tone phase
shifters. Angle error information is simulated by square-wave phase modulation of the difference
channel signals, which switches the phase of the difference channels between 90° and 270° with respect
to the sum channel signal.

The self-test circuits are enabled when the RADAR TEST switch is set to RNDZ. The
RANGE and RANGE RATE indicators should read 200 nm in range and -500 fps in range rate and the
antenna should be driven in alternate directions, as indicated by the FDAI error needles.
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Antenna Control Amplifier Subassembly. The antenna control amplifier subassembly con-
tains amplifiers for driving the antenna shaft-and trunnion-axis servomotors,amplifiers for driving the
gyro torquer coils, and voting logic for switching between the redundant and primary gyros in the event
of a malfunction of the pair in gyros in use. The amplifiers, in conjunction with the antenna components
and receiver subassembly, form inner and outer closed lcops for each axis. The inner (stabilization)
loop maintains the antenna boresight axis fixed in inertial space in the presence of vehicle motion, as
sensed by the gyros. The outer (tracking) loop further maintains the antenna boresight on the target,
using the tracking error signals from the receiver. In the designate mode, the tracking loop is open and
LGC-designated antenna position data, or manual slew data, are accepted by the subassembly. The LGC
designates the antenna boresight to the target, and supplies an automatic tracking enable signal for the
RR when within 0.5° of the computer target LOS. The possibility of side-lobe lock-on is made negligible
by limiting the antenna boresight displacement from the computed target LOS to within 0.5° before
closing the tracking loop. Allowing for a 1° error in the computer LOS with respect to the actual LOS
to the CSM and a 1° boresight error for the RR-to-IMU alignment, the total initial misalignment is lim-
ited to 2.5°, which is adequate to prevent an antenna side-lobe lock-on. The first side-lobe is 6° off
boresight. The antenna then continuously tracks the target by maintaining the monopulse receiver angle
error signals at null. The antenna may also be slewed manually, at either of two selected LOS rates.

In this case, the enable signal required to close the automatic tracking loop is supplied by setting the
RENDEZVOUS RADAR selector switch (panel 3) to AUTO TRACK.

The antenna shaft and trunnion are positioned by 32-pole, brushless, permanent- magnet-
rotor-type motors. The motors are driven by pulse-width- modulated drive signals applied to their sine
and cosine windings. The direction of motor rotation is reversed by reversing the motor winding across
the pulse-width- modulated drive voltage.

A gyro voting circuit consisting of performance comparison and logic-switching circuits,
automatically detects a malfunctioning gyro and removes it from the control loop. There are two pairs
of gyros; one pair at a time is used to stabilize the antenna. Either pair can be used. The voting sys-
tem determines whether the active pair contains a failed gyro by comparing the output of each of the
gyros, three at a time. If a failure or degradation occurs, the redundant pair is switched automatically
into the antenna-stabilizing network.

Range Tracker Subassembly. The range tracker subassembly determines the range to the
transponder by measuring the relative phase delay between the transmitted signals and the received sig-
nals modulating tones. The transponder reply signal, after undergoing dual frequency conversion in the
RR antenna assembly, and receiver subassembly is applied as a 6. 8-mc signal to the coherent detector of
the range tracker subassembly. This signal is demodulated in the coherent detector, which uses a 6. 8-mc
quadrature reference. The individual sine-wave range tone signals are extracted from the receiver
noise by use of bandpass filters. The range phase delay, proportional to range, is measured independ-
ently on each of the three tone signals in a closed tracking loop, using three locally generated reference
square waves each of which has variable phase with respect to the transmitted signals. The phase of
the reference square waves is adjusted until they have matching phase with respect to each of the
received signals. The matching phase is when the reference square wave is in quadrature with the phase
of the received signals. The reference square waves are produced digitally by comparison between a
running high-speed counter and a low-speed range counter. The low-speed range counter is driven
upward or downward until phase null is achieved in each of three phase detectors by incremental range
pulses obtained from a voltage-to- PRF converter. The converter is controlled above 50.6 nm by
weighted integration of the medium and high tone phase-detector error signals, and by the high tone
error below 50.6 nm.

Signal Data Converter Subassembly. (See figure 2.2-50.) The signal data converter sub-
assembly consists of a computer interface board and an input-output amplifier board; it provides the
electrical interface between the RR and the LGC for range and range-rate data. It also supplies an
18-bit range word for the displays and routes the RR control signal from the control panel. The com-
puter interface board contains a 15-bit binary counter, a 15-bit shift register, two strobe gate generators
and associated data transfer logic, and six discrete interface circuits. The input-output amplifier
board contains relay drivers, pulse shapers, a signal shaper, and antenna servo control logic. Depend-
ing on the control signals from the LGC, the computer interface board provides either range or range
rate data to the LGC.
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Figure 2.2-50. Rendezvous Radar Digital Data Transfer - Flow Diagram

The LGC requests range data by sending strobe pulses on three lines at a rate of 3, 200 pps.
One strobe line supplies a continuous train of reset pulses for timing. A burst of 256 pulses is sent on
a second strobe line to read the range. After a strobe interval of 80 milliseconds (read time), the LGC
sends a burst of readout pulses on a third line to obtain the data. In this operation, the range data are
transmitted to the LGC in true and complement forms on two separate lines, one line for one bits and I
the other line for zero bits.

The LGC requests range rate data by sending pulses on the reset strobe line and a burst

of pulses on the range rate gate strobe line at a rate of 3,200 pps. Both sets of pulses are routed
through a gate generator to provide three outputs, as follows:

‘ e Reset pulses to clear the 15-bit binary counter

e Range rate pulses to control the duration of the counting period [ |

e Transfer pulses to activate the 15-bit transfer logic.
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The range data routed to the LGC can have either of two different scale factors. Range
low scale factor switching is implemented automatically by the RR at ranges of 50. 58 nautical miles or
less. The RR has an 18-bit accumulator (counter) for transferring range data to the 15-bit shift regis-
ter. Only 15 of 18 bits are gated to the shift register, to be sent to the LGC. At ranges greater than
50. 58 nautical miles, the 15 most significant bits are transferred. At ranges less than 50.58 nautical
miles the least significant bits are transferred. The range scale factor determines whether the 15 least
significant bits or 15 most significant bits from the counter are gated to the shift register. The RR
sends a discrete signal (RR range low scale factor) to inform the LGC that low-scale-factor radar
operation is in effect. The low scale factor of the transferred range data is 9. 38 feet/bit; the high
scale factor, 75.04 feet/bit. RR scale factor switching does not occur during range data transfer.

Instrumentation Converter Subassembly. The instrumentation converter subassembly pro-
vides the following signals:

e Transmitter power output to cabin display (SIGNAL STRENGTH indicator on
panel 3)

e Data-no-good signal to telemetry
e No-track signal to cabin display (NO TRACK light on panel 3).

The instrumentation converter subassembly consists of a power monitor converter and a
data no good and no track converter. The power monitor converter output indicates the RR transmitter
‘power output. A dc analog voltage from a directional coupler in the antenna assembly is chopped by a
20 ke square wave. This signal is amplified, demodulated, and rectified. The rectified dc analog
signal is filtered and then routed to the RADAR: SIGNAL STRENGTH indicator (panel 3) where it
indicates RR transmitter power output.

The data no good and no track converter monitors the signal data converter subassembly
for a data no good condition. A data-no-good condition exists when range, range-rate or both are not
locked up. This converter generates data no good and no track signals upon detection of a data no good
condition. Routed to the IS, the data no good signal enables the lighting of the RNDZ RDR caution light
(panel) and the telemetering of the no track condition to MSFN. The no track signal enables the lighting
of the RNDZ RADAR: NO TRACK light (panel 3).

2,2.4.4 Rendezvous Radar Transponder.

2.2.4.4.1 Antenna Assembly (See figure 2.2-51.)

The transponder antenna assembly is mounted tilted upward (+X direction) at a 15° angle
from the CSM Service module surface. The antenna assembly, located close to the transponder elec-
tronic assembly, is approximately 159 inches forward of the Service module aft section with CSM axis
coordinates of 40° from +Z-axis, 50° from +Y-axis, and 75° off +X-axis. The antenna, a wide angle of
coverage horn, has an on-axis gain of approximately +7 db. Out to the limits of antenna coverage (+60°),
the antenna gain is never less than 0 db.

The antenna part of the assembly consists of a Y-type, two porthole, waveguide horn with a
circular ground plane. The antenna is protected by, and isolated from, an aluminum-phosphate radome
connected to a cork-insulated fiberglass housing, mounted on the Service module fairing. The radome
and housing protect the antenna from dust and thermal and abrassive-blastoff effects. The radome
composition permits optimum microwave reception and transmission with minimum deterioration of
signal strength and characteristics.

The antenna is coupled, by waveguide section, to the transponder electronics assembly.
A waveguide flange is used to connect the antenna base to an antenna waveguide flexible adapter. A
coupling flange connects the flexible adapter to a waveguide transmission line.
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Figure 2.2-51. Transponder Antenna Assembly
2.2.4.4.2 Electronics Assembly. (See figure 2.2-23.)
The electronics assembly consists of the following subassemblies: microwave, receiver

carrier lock loop, tone modulation detector, and a power supply.

Microwave Subassembly. The microwave subassembly couples the antenna to the receiving
and transmitting circuits of the transponder. A circulator in the microwave subassembly permits dual
use of the antenna for both transmitting and receiving without significant leakage of the transmitted signal
into the receiver circuits. The signals transmitted from the RR are routed through the circulator to the
mixer. The circulator permits signal transfer in the direction of the mixer only. The mixer combines
the received signal with a 9792- mc signal developed in the X96 frequency multiplier. The mixer output,
a 40. 8-mc IF signal, is amplified by the preamplifier and routed to the receiver subassembly. The X96
frequency multiplier develops the 9792-mc signal by multiplying the 102- mc output of the carrier lock
loop subassembly by 96. The 9792-mc signal is used as the carrier frequency for the transponder
transmitter signal. The 9792-mc signal is applied to the tone phase modulator where the range tones [ |
from the originally received signal are phase modulated onto the newly generated transponder carrier
signal (9792-mc plus Doppler); this signal is transmitted for RR acquisition.

The modulated output of the tone phase modulator is coupled to the antenna waveguide through the
circulator. The modulated transmitted energy enters one port of the circulator whose magnetic and RF
fields cause it to be rotated clockwise to the output port and out to the antenna.

When enabled, the self-test circuit applies 12 volts dc to an oscillator. The oscillator provides a 40. 8-
mc test signal, which is applied to the preamplifier of the first mixer. This self-test signal takes the
‘ place of the 40-8-mc output of the mixer and is used to self-test the receiver subassembly.
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Receiver Subassembly. The 40. 8-mc IF signal from the microwave subassembly is ampli-
fied by the 1st IF amplifier and applied to the 2nd mixer. The amplifier output is mixed with a 34-mc
signal from the carrier lock loop subassembly to produce a 6. 8- mc output.

The 6. 8-mc signal is routed through an 8-kc band-pass filter to produce a narrow-band
signal and through a 200-kc band-pass filter to produce a wide-band signal. The narrow-and- wide-
band signals are both fed to the threshold detector of the carrier lock loop subassembly to permit com-
parison of the noise levels of the two signals. The 6.8-mc IF signal is also routed to the tone modulation
detector subassembly through an output buffer and gating circuit.

The receiver subassembly also provides an AGC loop for the transponder electronics as-
sembly. The AGC loop controls the preamplifier of the 1st mixer in the microwave subassembly and
the 1st IF amplifier in the receiver subassembly. The narrow-band output of the 8-kc band-pass filter
is passed, through a 1-kc filter, to the AGC amplifier and detector. By filtering out the noise, the
narrow-band filter assures that AGC response is mostly determined by the received signal level. The
AGC loop maintains the 6.8 mc receiver output signal constant despite the variation of the signal input
from the RR.

Carrier Lock Loop Subassembly. By use of a difference amplifier, the lock-up and thres-
hold detector compares the respective signal powers of a 6. 8-mc wide-band (100 kc¢) signal with a 1-ke
limited-band signal (+10 db), extracted from the wide-band signal. When the signal power of the +500 cps
signal (1-kc limited-band) exceeds the 6.8-mc wide-band signal, a stop sweep signal is sent to the
acquisition logic and sweep generator. The sweep generator stops its sawtooth sweep of the VCO. The
VCO phase positioning is now controlled by an error signal generated by the modulator, which derived
this signal by comparing the VCO output with the 6. 8-mc narrow-band signal. The difference amplifier
switches in a notch filter to remove the 200-cps phase modulation from the error signal. The error
signal enables a relay to produce the VCO tune signal. Through the acquisition logic and sweep
generator, the VCO tune signal drives the VCO phase positioning to make and keep the VCO output phase-
coherent with the 6. 8-mc narrow-band signal.

The lock-up detector also compares the 6.8 mc narrow-band signal with the output of the
VCO. When the two signals are phase-locked, the detector produces a frequency lock-on discrete, which
is used to gate the 6.8-mc signal out of the receiver subassembly. The acquisition logic and sweep
generator circuit produces a sawtooth output, which sweeps the VCO linearly with time during search.
The 6. 8-mc output of the VCO is used as a reference signal in the tone modulation detector subassembly.
This 6. 8-mc signal is also multiplied by five in a frequency multiplier to produce a 34-mc signal, which
is routed to the 2nd mixer in the receiver subassembly and to the X3 frequency multiplier. The 102 mc
output of the X3 frequency multiplier is applied to the microwave subassembly.

Tone Modulation Detector Subassembly. Routed from the output buffer and gate (receiver
subassembly), the 6. 8-mc signal, with RR transmitted tones and Doppler is compared with the 6. 8-mc
reference signal at the coherent detector (tone modulation detector subassembly). The coherent detector
uses the reference signal to ensure that the transponder transmitter signal will be phase coherent with the
received signal. The output of the coherent detector is routed to three parallel band-pass filters and
amplifier and phase adjust circuits, one each for 200-cps, 6.4-kc and 204. 8-kc. The 6. 4-kc and 204. 8-
ke tone filters are in an oven whose temperature is controlled to 160+1°/F to stabilize tone phase shift.
Each strip of circuits filters, amplifies and phase adjusts its respective tone before it is routed to the
phase modulator in the microwave subassembly.

Power Supply Subassembly. The power supply subassembly provides all the secondary
power (+25, +12, and -12 volts dc) required by the transponder electronics assembly.
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‘ 2.2.4.5 Landing Radar.

2.2.4.5.1 Antenna Assembly. (See figure 2.2-52.)

The LR antenna assembly is mounted on an antenna pedestal which is bolted to the underside
of the descent stage. In antenna position No. 2 (hover), the antenna transmitting and receiving arrays
face directly downward; the antenna is parallel to the LM-axis and perpendicular to the LM X-axis. Two
interlaced transmitting phased arrays propagate cross-polarized (90° out-of-phase) velocity (10.51 gc)
and altimeter (9.58 gc) microwave energy. Four receiving broadside arrays (DVS beams No. 1, 2, and
3, and the altimeter beam) are each structurally positioned so that their maximum-gain field of view
coincides with the center of the corresponding received microwave beam. To effect this cross-polariza-
tion, the velocity sensor transmitting and receiving arrays have E-wall slots in their multiwaveguides,
and the altimeter transmitting and receiving arrays have H-wall slots in their multiwaveguides. A
non-absorbtive finish, thermal blanket and external thermal shield partially protect the antenna assembly
against the effects of blastoff and the thermal conditions of space.

Inside the antenna assembly, four microwave mixers, four dual audio frequency preampli-
fiers, a velocity sensor transmitter, an altimeter transmitter and a frequency modulator are mounted on
a platform, underneath the interlaced transmitting arrays. Specially cut waveguide sections, phase
shifters, isolators, and waveguide couplers provide optimum matching, minimize VSWR, and obtain
proper phase relationships between the transmitters and transmitting phased arrays and between the four
microwave mixers and the four receiving arrays. At the back of each receiving array and at right angles
to its parallel waveguides, a coupling waveguide is positioned to collect received microwave energy equal-
ly from each of the multiple waveguides. The microwave energy is routed through specially cut wave-
guide sections to a microwave, quadrature-pair balanced mixer. Phase shifters and isolators within the
waveguide sections maintain the ¥ 0/¥90 phase relationships and thereby retain the Doppler velocity sign
sense of the received microwave energy. At a dual preamplifier (figure 2. 2-26), this Doppler sign sense
is further retained by quadrature-pair lines (<0° and <+90). When the received microwave energy con-
veys a closing Doppler velocity, the <+90° line leads the <0° line by +90°. A microwave leveler,
between the altimeter transmitting array and the altimeter transmitter multiplier, minimizes amplitude
modulation of the frequency- modulated transmitter signal by smoothing the amplitude fluctuations.

Velocity Sensor Transmitters. The velocity sensor transmitter is a continuous-wave radar
velocity transmitter. It operates at 10.51 gc (X-band) in conjunction with an electronically tilted,
transmitting, four-beam, broadside-array antenna. The reflected X-band energy in each beam is fre-
quency shifted in proportion to the relative velocities and beam angles of the LM and the reflecting sur-
faces. The velocity sensor transmitter has a self-contained, crystal-controlled oscillator.

Altimeter Transmitter. The altimeter transmitter is an FM/CW transmitter, which does
not contain an oscillator. The transmitter receives its input, which is a sawtooth frequency modulated
at a repetition rate of 130 cps, from the frequency modulator. The altimeter X-band (9.58 gc) micro-
wave energy is applied to the antenna. The transmitted energy is continuously sampled, and mixed with
any returned energy. The resultant difference of the mixing process (range frequency) is proportional
to the sawtooth frequency deviation rate and twice the distance to the reflecting surface. In addition to
range frequency, there is a frequency component (Doppler) due to relative velocity along the altimeter
beam. This Doppler component (D4) is proportional to velocity along the altimeter beam and adds to, or
subtracts from, the range frequency, depending on the velocity. A closing velocity results in a positive
Doppler signal.

Frequency Modulator. The frequency modulator output is an FM signal that is sawtooth
modulated at a repetition rate of 130 cps. The average center frequency of the modulator is 99. 8 mc;
average output is 14 millivolts. One of two FM deviation magnitudes are used, depending on the altitude
at which the LR is used.

Antenna Heaters and Temperature Control. (See figure 2.2-27.) The antenna assembly, [ |
designed for a temperature range of 0° to 185°F, is mounted off a surface whose temperature can vary
from -260° to +260°F during translunar and lunar-orbital periods. An external thermal shield, thermal
blankets, and a non-absorptive finish partially protect the antenna from spatial temperature extremes.
When the LR is operating, sufficient heat is dissipated to maintain antenna temperature within +55° and

.+150°F.
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Figure 2.2-52. Landing Radar Antenna Assembly

When the LR is not operating, an antenna temperature control and antenna heaters are used
to maintain antenna temperature within +55° and +70°F. The antenna heaters are cal-rod heating
elements that are imbedded in the antenna transmitting array support structure. With the HEATERS:
LDG RDR circuit breaker closed and the PGNS: LDG RDR circuit breaker open, +28 volts dc is applied
to the antenna heater control, which then furnishes heater power, through a power amplifier, to the
antenna heaters. Using thermistors to monitor the antenna temperature and controlling switch circuits,
the antenna heater control switches in the power amplifier to apply power to the heaters when the antenna
temperature drops below +55°F; it switches out the power amplifier when antenna temperature exceeds
+70°F.

To assure accurate LR frequency tracking, the monitored antenna temperature when the LR
is not operating, must not be less than +50°F and should not exceed +70°F. With the LR turned on, the
antenna temperature must be within +50° to +150°F to assure velocity and range data accuracy. When
the PGNS: LDG RDG circuit breaker is closed, the LR is activated and antenna heater power is turned
off.

An antenna temperature sensor conveys antenna temperature signals to the TEMP indicator
(panel 3) and to the CWEA (IS) through the SCEA (IS). When antenna temperature is not within -15.6°
and +148.8°F, the CWEA causes the HEATER caution light to go on. Setting the TEMP MONITOR switch
to LDG causes the HEATER caution light to go off.
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) Antenna Pedestal Tilt Mechanism. The antenna pedestal tilt mechanism serves as the GN&CS

electrical and mechanical interface between the antenna assembly and the LM. The mechanism places
the antenna in either of two operating positions. The antenna is positioned by a tilt actuator, which is
controlled manually by setting the LDG ANT switch to the desired position, or automatically by an LGC
command if the LDG ANT switch is set to AUTO.

power once the extreme of either position is reached. Travel time of the actuator is approximately 10
seconds. Antenna position No. 1 or 2 is indicated by closing of a set of antenna pedestal switch contacts,
which generate antenna position No. 1 or 2 discrete signal. This signal is routed to the LGC and to the
IS for telemetering to MSFN.

‘ The tilt actuator is a reversible d-c motor with internal limit switches that remove drive

2.2.4.5.2 Electronics Assembly. (See figure 2.2-26.) |

The electronics assembly contains frequency trackers (one for each velocity beam), a
range frequency tracker, a velocity converter and computer, a range computer, a signal data converter,
and a data-good/no-good logic circuit. The electronics assembly for lunar-landing LR provides the
LGC with digital outputs that correspond to the range along the altitude beam and velocity in relation to
LM coordinates.

Velocity Frequency Trackers. The velocity trackers convert the broadband outputs of
the dual AF preamplifiers (antenna assembly) to discrete frequency components. By use of a variable
oscillator and a narrow-band filter, each frequency tracker acquires and tracks the center of each
doppler spectrum of the returned radar beam. The resultant AF Doppler is mixed with a 614.4 kc
subcarrier for further processing in a velocity data converter. Doppler sense representative of opening
or closing velocity is interpreted and preserved through the frequency trackers, and a tracker lock-on
indication is given to the LGC when a signal of proper characteristics and amplitude is acquired. (For
LM-4, this lock-on signal is hardwared to be present at all times.) The velocity frequency trackers
comprise three identical subassemblies; each one tracks one of the three Doppler velocity sensor

eams.

Range Frequency Tracker. The range frequency tracker operates in a manner similar
to that of the velocity frequency trackers. The preamplifier output is the sum of the range signal and
the Doppler signal. This output is processed by the range frequency tracker to produce two outputs:
a tracker lock signal and a range signal that is routed to the range computer.

Velocity Converter and Computer. The velocity converter contains three identical
Doppler-processing circuits (D1, D2 and D3 converters). These circuits process the Doppler signals,
indicate Doppler sense, and, based on Doppler sense, provide an output to the velocity computer. In
addition to the D1, D2, and D3 converters, the velocity converter contains a velocity sensor bandwidth
control circuit. This circuit, basically a frequency comparator, switches each velocity frequency
tracker to its narrow band-pass mode when tracker output frequency is less than 1. 47 ke and switches
all these trackers to the narrow band-pass mode when the altitude is less than 2,500 feet.

The velocity computer normally converts the beam Doppler products into antenna velocity
coordinate outputs (an, Vyav and V,,) and applies them to coordinate computers. There are three
coordinate computers, one’associated with each coordinate. The outputs of these computers are pulse
trains whose repetition rates are directly proportional to the measured velocity. During the LM-4
mission, the velocity computer converts the stray beam returns into pulse trains proportional to the
stray returns.

Range Computer. The range computer calculates the range from the LR to the lunar sur-
face and removes the Doppler effect along the altimeter beam. The Doppler effect is removed by an
adder -subtractor circuit in the computer. The velocity-compensated range signal is then routed to a
frequency comparator and to a pulse shaper and gating circuit. The output of the range computer is
routed to the signal data converter and to the RANGE indicator.

Signal Data Converter. The basic function of the signal data converter is to convert the LR
.computer outputs to the 15-bit format required by the LGC. To accomplish this, the signal data con-

verter uses a 15-bit counter, transfer gates, and a 15-bit shift register. (See figure 2.2-54.) The LGC
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Figure 2.2-53. Deleted (See figure 2.2-26.)
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Figure 2.2-54. Landing Radar Digital Data Transfer - Functional Diagram

provides the timing signals that sequentially select the PRF input to be counted, determine the counting
time, and provide the data readout command required to shift out the contents of the shift register.
Before the LGC issues transfer commands, range (altitude) data-good and velocity data-good discretes
must be received from the radar. During the LM-4 mission, these two discretes are present as soon
as the LR is turned on. Upon receipt of these discretes, the LGC issues strobe pulses, alternately, to
the 15-bit accumulator or counter in the dignal data converter. This permits stray return data to
accumulate in the counter, depending upon which strobe line is used. The data are then transferred to
the 15-bit shift register by an internal timing pulse. The LGC initiates a readout command, consisting
of a train of 15 pulses, to the shift register. Each bit in the shift register is then transferred to the
LGC input registers over a data line (0 or 1). The 15-bit data word is shifted out, most significant
digit (MSD) first. The two data lines permit a parity check of the transfer (serial) functions to be made
by the LGC, because both lines (1 and 0) are not simultaneously high or low.

2.2.4.6 Control Electronics Section.

‘ 2.2.4.6.1 Attitude Controller Assemblies. (See figure 2.2-55.)

The ACA is used for closed-loop proportional rate commands in the attitude hold mode and
for open-loop acceleration commands in the pulse, direct, and hardover modes (see figure 2. 2-56).

For ACA proportional control, a 28-volt, 800-cps signal is applied to the primary coil of
three proportional transducers. The secondary voltage of each transducer is proportional to ACA dis-
placement about its input axis (one each for the roll, pitch, and yawaxes). When ACA displacement
exceeds 0.5°, two sets of switch contacts close. One set of contacts sends an out-of -detent discrete to

' the LGC and a followup discrete to the AEA if the PGNS MODE CONTROL switch is set to ATT HOLD.
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Figure 2.2-55. Attitude Controller Assembly

The other set of contacts sends a proportional secondary voltage to the LGC or the ATCA. The output
voltages are 0. 28 volt degree of displacement (1° to 11°). Positive rotation commands generate in-
phase voltage; negative commands, 180° out-of -phase voltage.

During attitude control (ROLL, PITCH, or YAW ATTITUDE CONTROL switch set to MODE
CONT) when the minimum pulse mode is selected via the DSKY and the PGNS is in control, the LGC
common applied to the plus and minus switches of the ACA is returned to the LGC when the ACA is dis-
placed more than 2.5°. When the AGS is in control and the pulse mode is selected for a given axis
(ROLL, PITCH, or YAW ATTITUDE CONTROL switch set to PULSE), positive or negative d-c voltages
are applied to the plus and minus switches of the ACA. When the ACA is displaced 2.5° or more from
neutral, a positive or negative d-c voltage is applied to the ATCA. A positive voltage commands a
positive acceleration (pulsed) about the selected axis; a negative voltage commands negative accelera-
tion. With the ROLL, PITCH, or YAW ATTITUDE CONTROL switch set to DIR, 28 volts dc is applied
to two RCS secondary solenoids when the ACA is displaced more than 2.5°.

In any attitude control operation, if the ACA is moved 12° or more in any axis (hardover
mode), the ACA activates four TCA's via the secondary coils. With either the PGNS or AGS MODE
CONTROL switch set to ATT HOLD and the ROLL, PITCH, and YAW ATTITUDE CONTROL switches
(one or more) set to MODE CONT, the ACA can command LM attitude changes about the selected axis
or about as many as three axes simultaneously.

2.2.4.6.2 Thrust/Translation Controller Assemblies. (See figures 2.2-57 and 2.2-58.)

A pair of detent switches and a pair of limit switches are located about each TTCA axis;
a nonlinear potentiometer is located along the longitudinal axis. The detent switches provide a discrete
to the LGC when the astronaut operates the TTCA 0. 25 inch out of its detent (neutral) position. The
discrete commands the LGC to issue translation change commands in accordance with the TTCA motion.
When the AGS is controlling the vehicle, the limit switches issue on and off translation commands
directly to the RCS jet logic and driver circuitry. The nonlinear potentiometer provides an electrical
output, which is proportional to TTCA displacement, when the THROTTLE -JETS select lever is set to
THROTTLE. These signals are routed to the DECA to command proportional control of thrust (magni-
tude). The nonlinear characteristic provides increased servo characteristics.
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Figure 2.2-56. Attitude Controller Assembly - Functional Diagram
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Figure 2.2-57. Thrust/Translation Controller Assembly

2.2.4.6.3 Attitude and Translation Control Assembly. (See figure 2.2-58A.)

The ATCA consists of an attitude error signal conditioner-limiter, rate signal summation
amplifier, demodulator -filter network, deadband circuits, jet select logic, pulse ratio modulators, and
solenoid driver preamplifiers and jet solenoid drivers.

Attitude Error Signal Conditioner-Limiter. To provide the proper scale factor, impedance
match, and limiting, the 800-cps attitude error signal is passed through a signal conditioner-limiter
before summation with the rate gyro signal. Limiting the attitude error prevents command of excessive
vehicle rates during narrow deadband operation only. The limiting action of the limiter is eliminated
during wide deadband operation.

Rate Signal Summation Amplifier. The attitude error and rate and ACA signals are a-c
summed and amplified before demodulation by the amplifier, because they are all synchronized to the
800-cps power source. Amplification and sum<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>