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GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM.

2. 1. 1

INTRODUCTION.

The primary function of the Guidance, Navigation, and Control Subsystem (GN&CS) is
accumulation, analysis, and processing of data to ensure that the vehicle follows a predetermined flight
plan. The GN&CS provides navigation, guidance, and flight control to accomplish the specific guidance
goal. To accomplish guidance, navigation, and control, the astronauts use controls and indicators that
interface with the various GN&CS equipment. (See figure 2.1-1.) Functionally, this equipment is contamed in a primary guidance and navigation section (PGNS), an abort guidance section (AGS), and a control electronics section (CES). (See figure 2.1-2.)
The PGNS provides the primary means for implementing inertial guidance and optical navigation for the vehicle. When aided by either the rendezvous radar (RR) or the landing radar (LR), the
PGNS provides for radar navigation. The PGNS, when used in conjunction with the CES, provides automatic flight control. The astronauts can supplement or override automatic control, with manual inputs.
The PGNS acts as a digital autopilot in controlling the vehicle throughout the mission. Normal guidance requirements include transferring the vehicle from a lunar orbit to its descent profile,
achieving a successful landing at a preselected or crew-selected site, and performing a powered ascent
maneuver that results in terminal rendezvous with the CSM.
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Figure 2. 1-1. GN&CS - Major Component Location
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The PGNS provides the navigational data required for vehicle guidance. These data include
line-of-sight (LOS) data from an alignment optical telescope (AOT) for inertial reference alignment, signals for initializing and aligning the AGS, and data to the astronauts for determining the location of the
computed landing site.
The AGS is primarily used only if the PGNS malfunctions. If the PGNS is functioning
properly when a mission is aborted, it is used to control the vehicle. Should the PGNS fail, the lunar
mission would have to be aborted; thus, the term "abort guidance section. " Abort guidance provides only
guidance to place the vehicle in a rendezvous trajectory with the CSM or in a parking orbit for GSM-active
rendezvous. The navigation function is performed by the PUNS and the Radar Subsystem, but the navigation information also is supplied to the AGS. In case of a PGNS malfunction, the AGS uses the last navigation data provided to it. The astronaut can update the navigation data by manually inserting RR data
into the AGS.

The AGS is used as backup for the PGNS during a vehicle mission abort. It determines the
vehicle trajectory or trajectories required for rendezvous with the CSM and can guide the vehicle from
any point in the mission, from separation to rendezvous and docking, including ascent from the lunar
surface. It can provide data for attitude displays, make explicit guidance computations, and issue commands for firing and shutting down the engines. Guidance can be accomplished automatically, or manually by the astronauts, based on data from the AGS. When the AGS is used in conjunction with the CES,
it functions as an analog autopilot.
The AGS is an inertial system that is rigidly strapped to the vehicle rather than mounted on
a stabilized platform. Use of the strapped-down inertial system, rather than a gimbaled. system, offers
sufficient accuracy for lunar missions, with savings in size and weight. Another feature is that it can be
updated manually with radar and optical aids.
The CES processes Reaction Control Subsystem (RCS) and Main Propulsion Subsystem
(MPS) control signals for vehicle stabilization and control. To stabilize the vehicle during all phases of
the mission, the CES provides signals that fire any combination of the 16 RCS thrusters. These signals
control attitude and translation about or along all axes. The attitude and translation control data inputs
originate from the PGNS during normal automatic operation, from two hand controllers during manual
operations, or from the AGS during certain abort situations.
The CES also processes on and off commands for the ascent and descent engines and routes
automatic and manual throttle commands to the descent engine. Trim control of the gimbaled descent
engine is also provided to assure that the thrust vector operates through the vehicle center of gravity.
These integrated sections (PGNS, AGS, and CES) allow the astronauts to operate the vehicle
in fully automatic, several semiautomatic, and manual control modes.
2.1.1. 1

Primary Guidance and Navigation Section.

The PGNS includes three major subsections: inertial, optical, and computer. (See figure
2.1-3.) Individually or in combination they perform all the functions mentioned previously.
The inertial subsection (ISS) establishes the inertial reference frame that is used as the
central coordinate system from which all measurements and computations are made. The ISS measures
attitude and incremental velocity changes, and assists in converting data for computer use, onboard display, or telemetry. Operation is started automatically by a guidance computer or by an astronaut using
the computer keyboard. Once the ISS is energized and aligned to the inertial reference, any vehicle
rotation (attitude change) is sensed by a stable platform. All inertial measurements (velocity and attitude)
are with respect to the stable platform. These data are used by the computer in dete,rmining solutions to
the guidance problems. The ISS consists of a navigation base, an inertial measurement unit (IMU), a
coupling data unit (CDU), pulse torque assembly (PTA), power and servo assembly (PSA), and signal
conditioner assembly (SCA).
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The optical subsection (OSS) is used to determine the position of the vehicle using a catalog
of stars stored in the computer and celestial measurements made by an astronaut. The identity of
celestial objects is determined before earth launch. The AOT is used by the astronaut to take direct
visual sightings and precise angular measurements of a pair of celestial objects. The computer subsection (CSS) uses this data, along with prestored data, to compute position and velocity and to align the
inertial components. The OSS consists of the AOT and a computer control and reticle dimmer (CCRD)
assembly.
The CSS, as the control and data-processing center of the vehicle, performs all the guidance
and navigation functions necessary for automatic control of the flight path and attitude of the vehicle. For
these functions, the GN&CS uses a digital computer. The computer is a control computer with many of
the features of a general-purpose computer. As a control computer, it aligns the stable platform, and
, the
positions both radar antennas. It also provides control commands to both radars, the ascent engine
descent engine, the RCS thrusters, and the vehicle cabin displays. As a general-purpose computer, it
solves guidance problems required for the mission. The CSS consists of a LM guidance computer (LGC)
and a display and keyboard (DSKY), which is a computer control panel.
2.1.1.1.1 Navigation Base.
The navigation base is a lightweight (approximately 3 pounds) mount that supports, in
accurate alignment, the IMU AOT, and an abort sensor assembly (ASA).
,

2.1.1.1.2 Inertial Measurement Unit.
The IMU is the primary inertial sensing device of the vehicle. It is a three-degree-offreedom, ,, stabilized device that maintains an orthogonal, inertially referenced coordinate system for
vehicle attitude control and maintains three accelerometers in the reference coordinate system for
accurate measurement of velocity changes. The IMU contains a stable platform, gyroscopes, and
accelerometers necessary to establish the inertial reference.
The stable platform serves as the space-fixed reference for the ISS. It is supported by
three gimbal rings (outer, middle, and inner) for complete freedom of motion. Three Apollo inertial
reference integrating gyroscopes (IRIG's) sense attitude changes; they are mounted on the stable platform,
mutually perpendicular. The gyros are fluid- and magnetically-suspended, single-degree-of-freedom
types. They sense displacement of the stable platform and generate error signals proportional to displacement. Three pulse integrating pendulous accelerometers (PIPA's) (fluid- and magnetically-suspended devices) sense velocity •changes.
2.1.1.1.3 Coupling Data Unit.
The CDU converts and transfers angular information between the GN&CS hardware. The unit
is an electronic device that performs analog-to-digital and digital-to-analog conversion. The CDU
processes the three attitude angles associated with the inertial reference and the two angles associated
with the RR antenna. It consists of five almost identical channels: one each for the inner, middle, and
outer gimbals of the IMU and one each for the RR shaft. and trunnion gimbals.
The two channels used with the RR interface between the RR antenna and the LGC. The LGC
calculates digital antenna position commands before acquisition of the CSM. These signals, converted to
analog form by the CDU, are applied to the antenna drive mechanism to aim the antenna. Analog
tracking-angle information, converted to digital form by the unit, is applied to the LGC.

■

The three channels used with the IMU provide interfaces between the IMU and the LGC and
between the LGC and the AGS. Each of the three IMU gimbal angle resolvers provides its channel with
analog gimbal-angle signals that represent vehicle attitude. The CDU converts these signals to digital
form and applies them to the LGC. The LGC calculates attitude or translation commands and routes
them through the CES to the proper thruster. The CDU converts attitude error signals to 800-cps analog
signals and applies them to the flight director attitude indicator (FDAI). Coarse- and fine-alignment
commands generated by the LGC are coupled to the IMU through the CDU.
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2. 1. 1. 1. 4 Pulse Torque Assembly.
The PTA supplies inputs to, and processermtputs from, the inertial components in the IN.
2.1.1.1. 5 Power and Servo Assembly.
The PSA contains power supplies for gemellse of internal power required by the PONS,
and servomechanisms and temperature control circa) fir the IMU.
2. 1. 1. 1. 6 Signal Conditioner Assembly.
The SCA provides an interface between Ikencte3 and the Instrumentation Subsystem (IS).
The SCA preconditions PGNS measurements to a 0- to Ewalt d-c format before the signals are routed to
the IS.
2. 1. 1. 1. 7 Alignment Optical Telescope. (See figeee3L1 ,-4.)
The AOT, an L-shaped periscope, is umiak the astronaut to take angular measurements of
celestial objects. These angular measurements are relpised for orienting the platform during certain
periods while the vehicle is in flight and during pre"preparations while an the lunar surface.
Sightings taken with the AOT are transferred to the Ligrig the astronaut, using the CCRD assembly.
This assembly also controls the brightness of the telesseps reticle pattern.
2.1.1. 1. 8 Computer Control and Reticle Dimmer Amenably. Wee figure 2.1-5.)
The CCRD assembly is mounted on an Ant ward. The MARK X and MARE Y pushbuttons are
used by the astronauts to semi discrete signals to the 111111:when star sightings are made. The REJECT
pushbutton is used if an invalid mark has been sent tsar LGC. A thumbwheel on the assembly adjusts
the brightness of the telescope reticle lamps.
2. 1. 1. I.9 LM Guidance Ciemputer.
The LGC is the central data-processinvielfee of the GN&CS. The LGC, a control computer
with many of the features of ,a general-purpose compels% processes data and issues discrete control signals for various subsystems. As a control computer, Maligns the IMU stable platform and provides RR
antenna drive commands. The LGC also provides cambetcommands to the LR and RR, the ascent and
descent engines, the RCS thrusters, and the cabin dimes. As a general-purpose computer, it solves
guidance problems required for the mission. In midis, the LGC monitors the operation of the PGNS.
The LGC stores data pertinent to the aossiand descent flight profiles that the vehicle must
assume to complete its mission. These data (positiss, velocity, and trajectory information) are used by
the LGC to solve flight equations. The results of varion equations are used to determine the required
magnitude and direction of thrust. The LGC establiskssoarrections to be made. The vehicle engines are
turned on at the correct time, and steering commandeme controlled by the LGC to orient the vehicle to a
new trajectory, if required. The MS senses acceleralimand supplies velocity changes, to the LGC, for
calculating total velocity. Drive signals are supplied
the LGC to the CDU and stabilization gyros in
the ISS to align the gimbal angles in the IMU. Position Minas are supplied to the LGC to indicate
attitude changes.
The LGC provides antenna-positioning ellipsis to the RR and receives, from the RR channels
of the CDU, antenna angle information. The LGC unsafe information in the antenna-positioning calculations. During lunar-landing operations, star-sightiougMermation is manually loaded into the LGC, using
the DSKY. This information is used to calculate MI alfgetnent commands. The LGC and its programming
help meet the functional requirements of the missies. i1e functions performed in the various mission
phases include automatic and semiautomatic operatiam est are implemented mostly through the execution
of the programs stored in the LGC memory.
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Figure 2.1-4. Alignment Optical Telescope
2.1.1.1.10 Display and Keyboard. (See figure 2.1-5.)

■

Through the DSKY, the astronauts can load information into the LGC, retrieve and display
information contained in the LGC, and initiate any program stored in memory. The astronauts can also
use the DSKY to control the moding of the 1SS. The exchange of data between the astronauts and the LGC
is usually initiated by an astronaut; however, it can also be initiated by internal computer programs.
The DSKY is located on panel 4, between the Commander and LM Pilot and above the forward hatch. The upper half is the display portion; the lower half comprises the keyboard. The display
portion contains five caution indicators, six status indicators, seven operation display indicators, and
three data display indicators. These displays provide visual indications of data being loaded in the LGC,
the condition of the LGC, and the program being used. The displays also provide the LGC with a means
of displaying or requesting data.
2.1.1.2

Abort Guidance Section. (See figure 2.1-6.)

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
I 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 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 five distinct guidance routines: orbit insertion, coelliptic sequence
initiate, constant delta (a) altitude, terminal phase initiate, and change in LM velocity (external AV).
Page
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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 submode, 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 blowup 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 the ullage maneuver
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.
2. 1. 1. 2. 1 Abort Sensor Assembly.
The ASA, by means of gyros and accelerometers, provides incremental attitude information
around the vehicle X, Y, and Z axes and incremental velocity changes along the vehicle X, Y, and Z axes.
Data pulses are routed to the AEA, which uses the attitude and velocity data for computation of steering
errors. The ASA is mounted on the navigation base above the astronauts' heads, between the crew compartment and the thermal and micrometeoroid shield.
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The ASA consists of three strapped-down pendulous accelerometers, three strapped-down
gyros, and associated electronic circuitry. The accelerometers and gyros (one each for each vehicle
axis) sense body-axis motion with respect to inertial space. The accelerometers sense acceleration
along the vehicle orthogonal axis. The gyros and accelerometers are securely fastened to the vehicle X,
Y, and Z axes so that motion along or around one or more axis is sensed by one or more gyros or
accelerometers.
2.1.1.2.2 Data Entry and Display Assembly. (See figure 2.1-'1.)
The DEDA (panel 6) is used by the astronauts to select the desired mode of operation, insert the I
desired targeting parameters, and monitor related data throughout the mission. Essentially, the DEDA
consists of a control panel to which electroluminescent displays and data entry pushbuttons are mounted
and a logic enclosure that houses logic and input-output circuits.
2.1.1.2.3 Abort Electronics Assembly.
The AEA is a general-purpose, high-speed, 4,096-word digital computer that performs
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. 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 (attitude hold, guidance steering,
Z-axis steering, PGNS-to-AGS alignment, lunar align, gyro and accelerometer calibration, and bodyaxis 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, 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 indicators (panels 1 and 2). Velocity and position data are routed to the guidance
computational section, for computing LM orbital parameters.
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Figure 2.1-7. Data Entry and Display Assembly - Pictorial
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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. The state vector is the vehicles attitude and velocity for a given mission time. 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 selec
ted
guidance maneuver, including steering, attitude, and engine control computations. 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).
2. 1. 1. 3

Control Electronics Section. (See figure 2. 1-8.)

The CES processes attitude and translation signals when operating in the primary guidance
mode or the abort guidance mode.
When operating in the primary mode, the CES converts RCS commands to the required
electrical power to operate the RCS solenoid valves. The CES 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 axis. The CES accepts LGC and manual engine on and off commands and routes them to the
MPS to fire or stop the descent or ascent engine. The CES accepts LGC and manual thrust commands to
throttle the descent engine (10% to 92. 5% of maximum thrust). The CES also provides manual attitude
and translation commands to the LGC.
When operating in the abort guidance mode, the CES accepts attitude error signals from the
AGS, or manual attitude rate commands from the attitude hand controller or rate-damping signals from a
gyro assembly, and fires the RCS thrusters to achieve attitude control. The CES accepts manual translation commands and fires the appropriate thrusters to accelerate the LM in the desired direction. The
CES automatically gimbals the descent engine for trim control in accordance with signal polarity. The
CES accepts AGS and manual engine on and off commands and routes them to the descent or ascent engine.
The CES accepts manual throttle commands to control descent engine thrust and accepts manual rota■ tional, low-amplitude acceleration, open-loop commands.

•

The CES comprises two attitude controller assemblies (ACA's), two thrust/translation controller assemblies (TTCA's), an attitude and translation control assembly (ATCA), a rate gyro'assembly
■ (RGA), descent engine control assembly (DECA), two gimbal drive actuators (GDA's), an ascent engine
arming assembly (ARAM, and three stabilization and control (S&C) control assemblies.
2.1.1.3.1 Attitude Controller Assemblies. (See figure 2.1-9.)
The ACA's are right-hand pistol grip controllers, which the astronauts use to command
changes in vehicle attitude. Each ACA is installed with its longitudinal axis approximately parallel to the
X-axis. Each ACA supplies attitude rate commands proportional to the displacement of its handle, to the
LGC and the ATCA; an out-of-detent discrete each time the handle is out of its neutral position; and a
followup discrete to the AGS each time the controller is out of detent. A trigger-type push-to-talk switch
on the pistol grip handle of the ACA is used for communication with the CSM and ground facilities.
As the astronaut uses his ACA, his hand movements are analogous to vehicle rotations.
Clockwise or counterclockwise rotation of the controller commands yaw right or yaw left, respectively.
Forward or aft movement of the controller commands vehicle pitch down or up, respectively. Left or
right movement of the controller commands roll left or right, respectively.
The ACA's are also used in an incremental landing point designator (LPD) mode, which is
available to the astronauts during the final approach phase. In this mode, the angular error between the
designated landing site and the desired landing site is nulled by repetitive manipulation of an ACA. LPD
signals from the ACA are directed to the LGC, which issues commands to move the designated landing
site incrementally along the Y-axis and Z-axis.
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Figure 2.1-9. ACA Manipulations
2.1.1.3.2 Thrust/Translation Controller Assemblies. (See figure 2.1-10.)
The TTCA's control LM translation in any axis; they are functionally integrated translation
and thrust controllers. The astronauts use these assemblies to command vehicle translations by firing
RCS thrusters and to throttle the descent engine between 10% and 92.5% thrust magnitude. The controllers are three-axis, T-handle, left-hand controllers, mounted with their longitudinal axis approximately 45 ° from a line parallel to the LM Z-axis (forward axis).
A lever on the right side of the TTCA enables the astronaut to select either of two control
functions: (1) translation control in the Y-axis and Z-axis, using the RCS thrusters, and descent engine
throttling to control X-axis translation and (2) translation control in all three axes, using the RCS thrusters.
Due to the TTCA mounting position, vehicle translations correspond to astronaut hand movements when
operating the controller. Moving the T-handle to the left or right commands translation along the Y-axis.
Moving the T-handle inward or outward commands translation along the Z-axis. Moving the T-handle
upward or downward commands translation along the X-axls, using the RCS thrusters, when the select
lever is in the down position. When the lever is in the up position, upward or downward movement of the
TTCA increases or decreases, respectively, the magnitude of descent engine thrust. Regardless of the
select lever position selected, the TTCA can command translation along the Y-axis and Z-axis, using the
RCS thrusters.
2.1.1.3.3 Attitude and Translation Control Assembly.
The ATCA controls vehicle attitude and translation by issuing on-off commands to the RCS
thrusters. In primary guidance control, attitude and translation commands are generated by the LGC
and applied directly to jet drivers within the assembly. In the abort guidance path, the ATCA receives
translation commands from a TTCA, rate-damping signals from the RGA, and attitude rate commands
and pulse commands from the ACA. The ATCA combines attitude and translation commands in its logic
network to select the proper thruster to be fired for the desired translation and/or rotation.
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Figure 2.1-10. TTCA Manipulations
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The ATCA routes the RCS thruster on and off commands from the LGC to the thrusters, in
the primary control mode. During abort guidance control, the ATCA acts as a computer in determining
which RCS thrusters are to be fired.
2.1.1.3.4 Rate Gyro Assembly.
The RGA supplies the ATCA with damping signals to limit vehicle rotation rates and facilitates manual rate control during abort guidance control.
2.1.1.3.5 Descent Engine Control Assembly.
The DECA processes engine-throttling commands from the astronauts (manual control) and
the LGC (automatic control), gimbal commands for thrust vector control, preignition (arming) commands,
and on and off commands to control descent engine operation.
The DECA accepts engine-on and engine-off commands from the S&C control assemblies,
throttle commands from the LGC and the TTCA, and trim commands from the LGC or the ATCA.
Demodulators, comparators, and relay logic circuits convert these inputs to the required descent engine
commands. The DECA applies throttle and engine control commands to the descent engine and routes
trim commands to the gimbal drive actuators.
2.1.1.3.6 Gimbal Drive Actuators.
The GDA's, under control of the DECA, tilt the descent engine along the pitch and roll axes
so that the thrust vector goes through the LM center of gravity.
2.1.1.3.7 Ascent Engine Arming Assembly.
The AEAA provides a means of arming and firing the ascent engine under remote control.
Under remote control, MSFN can select PGNS or AGS control of ascent engine firing through uplink commands processed by the Communications Subsystem. The AEAA performs this function by duplicating
the functions of the ENG ARM and GUM CONT switches (panel 1), using relay logic.
2.1.1.3. 8 381C Control Assemblies.
The three S&C control assemblies are similar assemblies. They process, switch, and/or
distribute the various signals associated with the GN&CS.
2.1.1.4

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 attitude during circular orbits around
the earth.
2.1.1.5

LM Vehicle, and Guidance, Navigation, and Control Subsystem Axes. (See figure 2.1-11.)

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 2.1-11 shows the relationships of various sets of axes
when the IMU gimbal angles are 0 ° .
2.1.1.5.1

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.
2.1.1.5.2 Navigation Base Axes.
The navigation base (NB) is mounted to the LM structure so that a coordinate system is
formed by its mounting points. The YNB axis is parallel to the vehicle Y-axis. The XNB axis is parallel
to the vehicle X-axis. The ZNB axis is perpendicular to the XNB-YNB plane and parallel to the vehicle
Z-axis.
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Figure 2.1-11. LM Vehicle and GN&CS Axes
2.1.1.5.3 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 ° .

•

Inertial Reference Integrating Gyro Axes. The inertial reference integrating gyro (TRIG) axes, designated
Xg, Yg, and Zg, are parallel to the LM vehicle axes. If the attitude of the stable member is changed with
respect to inertial space, the gyro senses the change about its axis and provides an error signal to the
stabilization loop of the IMU.
Pulse Integrating Pendulous Accelerometer Axes. The pulse integrating pendulous accelerometer (PIPA)
I axes, designated Xa, Ya, and Za, are parallel to the LM body-axes. Velocity changes are measured
along the PIPA axes.
2.1.1.5.4 Alignment Optical Telescope Axes. (See figure 2.1-12.)
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 80 ° intervals. All
six positions (forward, right, right rear, rear, left rear, and left) are 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) and right rear (RR) detent positions place the LOS 60 ° and
120° , respectively, to the right of the X-Z plane. Similarly, the left (L) and the left rear (LR) detent
positions place the LOS 60° and 120°, respectively, to the left of the X-Z plane. The rear (CL) detent
position places the LOS in the X-Z plane, looking aft as one would look from inside the LM. In addition,
the CL position (180 ° from the F position) is the stowage position. Each position maintains the LOS at
45° from the LM + X-axis.
2.1.2

SUBSYSTEM INTERFACES. (See figure 2.1-2.)

2.1.2.1

GN&CS - MPS Interfaces.

The GN&CS provides a 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,

Page

2.1-18

GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM
Mission LM Basic Date 1 February 1970 Change Date 15 June 1970

•

LMA790-3-LM
APOLLO OPERATIONS HANDBOOK
SUBSYSTEMS DATA
GN&CS
+X

+Y
-`,

+X
240'

270'

300'
I

+3
+Z-AXIS 0'

180"

SIM VIM
•
•
120'

or
+1' - AXIS
or

L4OCIM1- 143

Figure 2.1-12. Alignment Optical Telescope Axes
this involves setting the ENG ARM switch 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 actuator isolation valves for descent engine operation. Under abort or emergency
conditions, the ABORT and ABORT STAGE pushbuttons (panel 1) are 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 pushbutton (panel 5) and stop pushbuttons (panels 5 and 6). With the AGS in control, on and off commands are generated automatically by
the AEA (an abort guidance computer) 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 automatically completed through use of the ABORT STAGE pushbutton. 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 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
either computer (dependent on the guidance mode selected), or the START and stop pushbuttons, through
the DECA to actuate the descent engine pilot valves.
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Throttle commands to the descent engine are generated automatically by the LGC under
■ program control, or manually with a 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 quantity 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 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. 1. 2. 2

GN&CS - RCS Interface.

The GN&CS provides on and off commands to the 16 TCA's (referred to as thrusters or jets)
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 ATCA in the CES uses these
inputs to select the proper thruster for attitude and translation control.
■

•

The thrusters are controlled manually with an ACA and a 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 thrusters directly during the pulse, direct, and hardover modes, bypassing the LGC or AEA,
■ and the ATCA. The four downward-firing thrusters may be fired by pressing the +X TRANSL pushbutton
(panel 5). The on and off commands supplied to the thruster take the form of a step function. The duration of the signal determines the firing time of the selected thruster, which ranges from a pulse (less than
1 second) to steady-state (1 second or longer).
Each thruster 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.
2.1.2.3

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). An additional battery has been added in the ascent stage for LM 10 and subsequent. 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 2.1.3.6 for a functional description of power distribution.
2. 1. 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
1 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. The heat that is removed from the equipment is
vented overboard by the ECS sublimators.
...1■■11■11.1
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2. 1. 2. 5

GN&CS - CS Interface.

GN&CS

The Communications Subsystem (CS) interfaces directly with the GN&CS when the astronaut
uses a 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 processed by the CS. Automatic remote control of the LGC is provided through use of a digital uplink assembly (DUA). Uplink commands
from MSFN, processed by the DUA, are used for program control. The CS interfaces 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
Instrumentation Subsystem (IS), issues a 1-kc tone to the astronaut headsets as an indication of a subsystem malfunction.
2. 1. 2. 6

GN&CS - EDS Interface.

The GN&CS interfaces with the Explosive Devices Subsystem (EDS) by supplying a descent
engine on signal to the supercritical helium explosive valve and an ascent engine on signal, which initiates
the staging sequence. When the descent engine is operated for the first time, the MASTER ARM switch
(panel 8) is set to ON so that the supercritical helium explosive valve is blown when the descent engine on
signal is issued. All other normal pressurization and staging sequences are initiated by the astronauts.

■

During an emergency situation, the ABORT STAGE pushbutton when pushed, shuts down the
descent engine and pressurizes the APS, blowing the helium tank explosive valves that are selected by the
ASC He SEL switch (panel 8). After a time delay, the GN&CS generates an ascent engine on signal which
initiates the staging sequence as the ascent engine begins to fire. 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.
2. 1. 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 signalconditioning 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 outof-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 subsystems. 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. 1. 3

FUNCTIONAL DESCRIPTION.

The GN&CS comprises two functional loops, each of which is an independent guidance and
control path. The primary guidance path contains elements necessary to perform all functions required
to complete the lunar mission. If a failure occurs in this path the abort guidance path can be substituted.
2. 1. 3. 1

Primary Guidance Path. (See figure 2.1-13.)

The primary guidance path comprises the PGNS, CES, LR, RR, and the selected propulsion
section required to perform the desired maneuvers. The CES routes flight control commands from the
PGNS and applies them to the descent or ascent engine, and/or the appropriate thrusters.
The IMU, which continuously measures attitude and acceleration, is the primary inertial
sensing device of the vehicle. The LR senses slant range and velocity. The RR coherently tracks the
CSM to derive LOS range, range rate, and angle rate. The LGC uses AOT star-sighting data to align
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the IMU. Using inputs from the LR, IMU, RR, 'rTCA'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
thrusters.
Control of the vehicle, 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 vehicle 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
thruster commands that correspond to the mode of operation selected via the DSKY. These commands
are applied to the primary preamplifiers in the ATCA, which routes the commands to the proper thruster.
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 thruster.

■

In the automatic mode, the LGC generates descent engine throttling commands, which are
routed to the descent engine via the DECA. The astronaut can manually control descent engine throttling
with his TTCA. The DECA sums the TTCA throttle commands with the LGC throttle commands 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 thruster.
2.1.3.2

Abort Guidance Path. (See figure 2.1-14.)

The abort guidance path comprises the AGS, CES, and the selected propulsion section. 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 computation techniques,
in the CES.
The AGS uses a strapped-down inertial sensor, rather than the stabilized, gimbaled sensor
used in the IMU. The ASA is a strapped-down inertial sensor package that measures attitude and acceleration with respect to the vehicle body axes. The ASA-sensed attitude is supplied to the AEA, which is a
high-speed, general-purpose digital computer that performs the basic strapped-down system computations
and the abort guidance and navigation steering control calculations. The DEDA is a general-purpose
input-output device through which the astronaut manually enters data into the AEA and commands various
data readouts.
The CES functions as an analog 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 com-

mands for the descent engine; gimbal commands for the GDA's to control descent engine trim; on and off
commands for the ascent engine; sequencer logic to ensure proper arming and staging before engine
startup and shutdown; on and off commands for the thrusters for translation and stabilization, and for
various maneuvers; jet-select logic to select the proper thrusters for the various maneuvers; and modes
of vehicle control, ranging from fully automatic to manual.
The astronaut uses the TTCA to control descent engine throttling 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 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
commands to the DECA and apply ascent engine on and off commands directly to the ascent engine.
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Figure 2.1-14. Abort Guidance Path - Simplified Block Diagram
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 vehicle attitude.
The ACA generates attitude-rate, pulse, direct, and hardover commands. The attitude-rate and pulse
commands, AEA error signals, RGA rate-damping signals, and TTCA translation commands are applied
to the ATCA. The ATCA processes these inputs to generate thruster 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 thrusters
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 a +X-axis translation pushbutton. Pressing the pushbutton fires all four +X-axis thrusters.
2.1.3.3

General Operation of Primary Guidance and Navigation Section. (See figure 2.1-15.)

This discussion of PGNS operation is limited to astronaut interface with the PGNS, because
PGNS operation is dependent upon the LGC program in process and upon 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.
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
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Figure 2.1-15. Primary Guidance and Navigation Section - Functional Flow Diagram
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flight data that are displayed to assist the astronaut during various phases of the mission are as follows:
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 gimbal angle sequencing transformation
assembly (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
FDA! 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 through the CDU.
The astronauts can select the LR, PGNS, or AGS as the source for the altitude and altituderate 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. 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 (panel 1) 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.
2.1. 3.4

General Operation of Abort Guidance Section. (See figure 2.1-16.)

Control of the LM by the AGS depends on the settings of various cabin switches and on DEDA
entries. Attitude control, using the RCS, must be under mode control [ROLL, PITCH, and YAW
ATTITUDE CONTROL switches (panel 3) set to MODE CONT.)
For the AGS to effect guidance steering (not merely attitude hold) and engine control, the
GUID CONT switch must be set to AGS and the MODE CONTROL: AGS switch must be set to AUTO. For
nominal DPS operation, the ENG ARM switch is set to DES and the engine START pushbutton 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. 1-16, the FDA1's
X-pointer indicators, and the ALT and ALT RATE indicators display the information required to monitor
AGS operations.
The AGS STATUS switch (panel 6) 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.
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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 Apollo Operations Handbook, Volume II, paragraph 4.4 for AGS selector logic list. ) 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 selector) 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 automatically generated 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 fps 2. (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 AGE to sense that
ullage has occurred.
When the LM is not under full AGS control (neither the ABORT nor ABORT STAGE pushbutton 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
ope ration.
Under full AGS control, the ascent or descent engine is automatically commanded off 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 wider full AGS control) is less than 15 fps and the sensed
thrust acceleration level in the +X-direction is greater than 0.1 fps h, 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 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 automatically enters the
attitude hold submode. After a prescribed interval, between zero and 10 seconds (DEDA-controlled,
presently set at 1 second), the ACE automatically enters the normal guidance steering submode.
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 the FDAI's 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 FtDR/CMPTR,
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2.1.3.5

General Operation of the Control Electronics Section.

The PGNS, in conjunction with the CES, provides automatic control of LM attitude, translation, and descent or ascent propulsion maneuvers. Automatic control can be overridden by the astronauts,
with manual inputs. As backup for PGNS control, the AGS, supplemented by manual inputs, can be used
if the PGNS malfunctions. Table 2.1-1 contains a summary of the CES modes of attitude control.
2.1.3.5.1 Attitude Control. (See figure 2.1-17.)
LM attitude is controlled by X, Y, and Z axes. There are five modes of attitude control:
automatic, attitude hold, pulse, direct, and hardover (manual override). The automatic and attitude hold
modes are selected with the MODE CONTROL: PGNS or AGS switch; the pulse and direct modes, with the
ATTITUDE CONTROL: ROLL, PITCH, and YAW switches.
Automatic Mode. The automatic mode provides fully automatic attitude control. During PGNS control,
the LGC generates the required thruster commands and routes them to the ATCA. The jet drivers in the
ATCA provide thruster on and off commands to selected RCS primary solenoids for attitude changes. In
the abort guidance mode, roll, pitch, and yaw attitude error signals are generated in the AGS and sent to
the ATCA. These error signals are passed through limiters and then are combined with damping signals
from the RGA, demodulated, passed through selectable deadband circuits, jet select logic circuits,
PRM's and jet driver amplifiers, which fire the RCS jets. The jet select logic determines which jets fire
to correct the attitude errors. In the primary and abort guidance modes, the astronaut can override
attitude control about all three LM axes by initiating hardover commands with the ACA.

•

Attitude Hold Mode. This is a semiautomatic mode, in which either astronaut can command an attitude
change at an angular rate proportional to ACA displacement. LM attitude is held when the ACA is In the
detent (neutral) position. In the primary guidance mode, rate commands proportional to ACA displacement are sent to the LGC. The LGC operates on these commands and provides signals to the jet drivers
in the ATCA to command rotation rates by means of the thrusters. When the ACA is returned to the
neutral position, LM rotation stops and the LGC maintains the new attitude. In the abort guidance mode,
with the ACA in the neutral position, LM attitude is held by means of AGS error signals. When an ACA
is moved out of the detent position, the attitude error signals from the AGS are set to zero. Rate commands proportional to ACA displacement are processed in the ATCA, and the thrusters are fired until
the desired vehicle rate is achieved. When the ACA is returned to the detent position, the vehicle rate is
reduced to zero and the AGS holds the LM in the new attitude.
Pulse Mode. The pulse mode (minimum impulse control) is selected by a DSKY entry (verb 78) when the
PGNS is in control and operating in the attitude hold mode. For minimum impulse control, the LGC
commands a minimum impulse burn for each movement of the ACA beyond 2.5 ° of the detent position.
The ACA must be momentarily returned to the detent position between each impulse command; The
maximum rate at which minimum impulses can be commanded is approximately five per second. In this
mode, the astronaut performs rate damping and attitude steering. When the AGS is in control, the pulse
mode is an open-loop mode. It is selected on an individual-axis (roll, pitch, and yaw) basis by setting
the appropriate ATTITUDE CONTROL switch (ROLL, PITCH or YAW) to PULSE. When the pulse mode
is selected, automatic attitude control about the selected axis is disabled and a fixed train of pulses is
generated when the ACA is displaced. To change attitude in this mode, the ACA must be moved past 2. 5 °
fromdetn;hisca elrtonbuhscedaxi.TotrmnLMai,opste
acceleration about the same axis must be commanded.
Direct Mode. The direct mode is also an open-loop acceleration mode. It is selected on an individualaxis basis by setting the appropriate ATTITUDE CONTROL switch (ROLL, PITCH or YAW) to DIR.
Automatic AGS attitude control about the selected axis is disabled and direct commands to two thrusters
are routed to the RCS secondary solenoids when the ACA is displaced 2.5 ° . The thrusters fire continuously until the ACA is returned to the detent position.
Hardover Mode. In an emergency, the ACA can be displaced to the maximum limit (hardover position)
to command an immediate attitude change about any axis. This displacement applies signals directly to
the RCS secondary solenoids to fire four thrusters. This maneuver can be implemented in any attitude
control mode.
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Table 2.1-1. Control Electronics Section - Summary of Modes of Attitude Control
_

Switches and
Positions

Guidance
Signals

Automatic
(PGNS
control)

MODE CONTROL: PGNS sw AUTO
GUM CONT sw - PGNS
ATTITUDE CONTROL: ROLL,
PITCH, and YAW sw MODE CONT (normally)

Automatic steering
and translation are
performed by LGC
commands to jet
drivers.

Attitude
hold
(PONS
control)

MODE CONTROL: PONS sw ATT HOLD
GUID CONT sw - PONS
ATTITUDE CONTROL: ROLL,
PITCH, and YAW sw MODE CONT (normally)

Stabilization is
accomplished by
LGC commands
to jet drivers.

Automatic
(AGS
control)

MODE CONTROL: AGS sw AUTO
GUM CONT sw - AGS
ATTITUDE CONTROL: ROLL,
PITCH, and YAW sw MODE CONT

Automatic steering
signals from AGS
are sent to CES to
command changes
in LM attitude.

Mode

Manual Attitude
Control

.

Engine Gimbal
Control

Manual Translation
Control

Attitude
Damping

N/A
(See remarks
for manual
override)

Linear translation of
LM by on-and-off
firing of thrusters
when TTCA is moved
out of detent

Accomplished
in LGC

Pitch and roll gimbal
commands from LGC
applied to DECA

Attitude rate
commands are
proportional to
ACA displacement. LM attihide is held to
value when ACA
is returned to
detent.

Linear translation of
LM by on-and-off
firing of thrusters
when TTCA is moved.

Accomplished
in LGC

Pitch and roll gimbal
commands from LGC
applied to DECA

Linear translation of
LM by on-and-off
firing of thrusters
when TTCA is moved.

Rate gyro
signals summed with
steering
signals

Pitch and roll gimbal
commands derived
from ATCA summed
error channels

• N/A
(See remarks
for manual
override)

-

Attitude
hold
(AGS
control)

Pulse

•
' MODE CONTROL: AGS sw ATT HOLD
GUM CONT sw - AGS
ATTITUDE CONTROL: ROLL,
PITCH, and YAW sw MODE CONT

MODE CONTROL: AGS sw AUTO or ATT HOLD
GUM CONT sw - AGS
ATTITUDE CONTROL: ROLL,
PITCH, and YAW sw PULSE (selected on individualaxis basis)

Automatic stabilization signals,
which maintain
LM attitude.

Applied attitude
rate commands
are proportional
to ACA displacemeat: LM attitude is held to
acquired value
when ACA is returned to detent.

Translation coomends along LM
axes by on-and-off
firing of thrusters
when TTCA is
moved out of
detent

Rate gyro
signals summed with
stabilization
signals

Pitch and roll gimbal
commands derived
from ATCA summed
error channels
.

. Abort guidance
signals interrupted
on individual-axis
basis.

Astronaut coinmends angular
acceleration
through lowfrequency palsing of thrusters
(two jets).

Translation coinmands along LM
axes by on-and-off
firing of thrusters
when TTCA is moved
out of detent

No rate damping in (Ws
selected

No AGS control

Remarks
All thruster commands from LGC go
directly to primary preamplifiers.
Attitude control function is overridden by operating ACA to hardover
position, thereby commanding onand-off four-jet operation through
secondary coils of thruster solenoid
valves. +X-axis translation is
obtained by commanding four-jet
operation direct to RCS secondary
coils, by pressing +X TRANSL
pushbutton on panel S.
Same as for automatic mode (PONS
control). Minimum impulse mode
is made available by entering commend into DSKY. In this mode, LGC
commands one RCS pulse each time
ACA is moved past 2.5" nominally
from detent.

AU thruster commands go through
ATCA jet select logic and PRM. Attitude control function is overridden by
operating ACA to hardover position,
thereby commanding on-and-off fourjetoperation through secondary coils
of thruster solenoid valves andbypassing jet select logic, PRM's, and jet
drivers. +X-aids translation is obtained
by commanding four-jet operation direct
to RCA secondary coils, by pressing
+X TRANSL pushbutton. 2 or 4 jet operation on single axis basis optional
for pitch or roll and X-trtmslation with
no MPS power. High and low gain rate
'depends on ascent/descent condition.
1
Same as for automatic mode (AGS
control). High and low gain rate
depends on ascent/descent condition.

Same as for automatic mode
(AGS control)
.
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Table 2.1 - 1. Control Electronics Section - Summary of Modes of Attitude Control (coat)
Switches and
Positions

Guidance
Signals

Manual Attitude
Control

Manual Translation
Control

Attitude
Damping

MODE CONTROL: AGS sw AUTO or ATT HOLD
GUID CONT sw - AGS
ATTITUDE CONTROL: ROLL,
PITCH, and YAW sw DIR (selected on individualaxis basis)

Abort guidance
signals interrupted
on individual-axis
basis,

Astronaut cornmands angular
acceleration
through on-andoff firing of
thrusters (twojet operation

Translation cornmands along LM
axes by on-and-off
firing of thrusters
when TTCA is moved
out of decent

No rate damping in axis
selected

Mode
Direct

direct to
secondary
coils).
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Figure 2.1-17. Attitude and Translation Control Schematic (Sheet 2 of 2)
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2, 1.3.5, 2

Translation Control. (See figure 2. 1-17.)

Automatic and manual translation control are available in all three axes, using the RCS.
Automatic control consists of thruster commands from the LGC to the jet drivers in the ATCA. These
commands are used for translations of small velocity increments and for ullage settling before ascent or
descent engine ignition after coasting phases. Manual control in the primary guidance mode consists of
on and off commands from a TTCA, through the LGC, to the primary preamplifiers. In the abort guidance mode, only manual control is available. Control consists of on and off commands from a TTCA to
the jet selected logic in the ATCA. The voltage is sufficient to saturate the PRM's and provide control
of the thrusters. RCS thrust (+X-axis) is available when the +X TRANSL pushbutton is pressed. The
secondary solenoids of the four downward-firing thrusters (BID, A2D, B3D, A4D) are energized as long
as the +X TRANSL pushbutton is pressed.
2. 1. 3. 5. 3

Descent Engine Control. (See figure 2.1-18.)
Descent engine control accomplishes major changes in LM velocity.

Ignition and Shutdown. Descent engine ignition is controlled by the PGNS and the astronaut through the
CES. Before ignition, the engine must be armed by setting the ENG ARM switch (panel 1) to DES. This
action sends an engine arm discrete to the LGC and to the S&C control assemblies. Engine-on commands
from the LGC or AGS are routed to the DECA through the S&C control assemblies. When it receives the
engine arm and start discretes from the S&C control assemblies, the DECA commands the descent engine
on. The engine remains on until an engine-off discrete is initiated with either stop pushbutton (panels 5
and 6), An engine-off discrete is generated when the A V reaches a predetermined value. The astronauts
can command the engine on or off, using the engine START (panel 5) and stop pushbuttons.
Throttle Control. Descent engine throttle (thrust) can be controlled by the PGNS and/or the astronauts.
Automatic throttle (increase/decrease) signals from the LGC are sent to the DECA. The analog output of
the DECA controls descent engine thrust from 10% to maximum thrust (92. 5%). In the automatic mode
(THR CONT switch set to AUTO), the astronauts can use the TTCA's to increase descent engine thrust.
When the THR CONT switch is set to MAN, the astronaut has complete control over descent engine thrust.
If a TTCA is used for throttle control, X-axis translation capability is disabled.

Trim Control. Descent engine trim is automatically controlled during the primary guidance 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 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.
GDA's are activated during periods when descent engine is armed.
2. I. 3. 5.4

Ascent Engine Control. (See figure 2.1-19. )

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.
2.1.3. 6

Power Distribution. (See figure 2.1-20.)

Each section of 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's, talkbacks are used. The
MISSION TIMER and the EVENT TIMER do not have power-on indicators.
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2. 1. 3. 6. 1 PINS Power Distribution.
The LGC receives 28-volt d-c primary power from the PGNS: LGC/DSKY circuit breaker.

II The primary power is used by power supplies within the LGC to develop +14- and +4-volt d-c power. Thes outp sareusdforlgicpower ithn eLGC.The+14-voltd-cpowersuplyasoprvidesan
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 pressing the PRO pushbutton on the DSKY,
after keying the appropriate setup command (verb-noun combination). 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 auxiliary assemblies are operative. The DSKY
power supply receives +28- and +14-volt dc and an 800-pps sync from the LGC. The power supply develops 275-volt, 800-cps 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

•

28-volt, 800-cps, 0 ° 0 , *5% power supply

•

28-volt, 800-cps, -90 ° 0 , ±5% power supply

• -28-volt d-c power supply
•

28-volt, 3, 200-cps power supply

The 800-cps power supplies provide the PGNS with 1%, 5% -90 ° 0 , and 5% 0° 4, power. The

II 28-volt, 800-cps, 1% power supply provides the IMU resolver excitation, servoamplifier demodulator
reference, a reference signal to the FDAlts, a reference to the coupling data unit, RR resolver excitation,
and ACA excitation. The 28-volt, .800-cps, 5% power supply provides the -90° and 0 ° excitation power for
the gyro wheels, the IMU blowers, PIP fixed heater power, and bias heater power. The -28-volt d-c
power supply provides negative d-c inputs to the a-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 de for use in accelerometer loops. The 28-volt, 3, 200-cps power supply provides the
IMU with 28-volt power, which is then reduced through a transformer to 2- and 4-volt levels. The power
I 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' a and PIPA's. The
3, 200-cps output is also used as a reference for the demodulator of the gimbal servoamplifier in all
modes of operation, except the coarse-alignment mode.

I

The pulse torque assembly (PTA) derives input power from the PSA when the IMU operate
command is generated. The PTA power supply is synchronized by a 12. 8-kpps clock pulse from the LGC.
The PTA power supply provides +20 volts de to the three binary current switches in the PIPA loops and
+120 volts de to the binary current switch and d-c differential amplifier in the fine-alignment electronics
associated with the stabilization loops of the IMU. The PTA also provides three separate +28-volt d-c
precision voltage references to each of the three PIPA d-c differential amplifiers.
The CDU power. supplies (+4 and +14 volts dc) receive 28 volts, 800 cps, and +28 volts de
(IMU operate signal) from the PSA, and a sync pulse from the LGC. The power supplies provide a regulated output voltage for use in the CDU logic circuitry. Under full load conditions, the +4-volt d-c power
supply is required to provide +4 volts dc ±1%, at 2. 5 to 3. 0 amperes.
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The signal conditioner assembly (SCA) receives its operating power from the PSA. The
operating power includes IMU operate and IMU standby +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, an 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.
2.1. 3. 6. 2 AGS Power Distribution.
All power (ac and dc) 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 accelerometers, +4 volts de for use in a frequency countdown subassembly and the gyros, -12 volts de for use in
the gyros, -6 volts dc for use as bias for the gyros, and -2 volts de for use as bias in the frequency
countdown subassembly. A-C voltages are provided for the accelerometer gyros and pulse torquing
servoassemblies 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 remainder
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 de supplied by the operate power
supply of the AEA.
2. 1. 3. 6. 3 CES Power Distribution.
The CDR's and LMP's 28-volt d-c buses and the CDR's 115-volt a-c bus supply power to the
CES. The ACA receives 28-volt d-c power from the CDR's bus for two-jet direct control through the
STAB/CONT: ATT DIR CONT circuit breaker. D-C excitation from the ATCA is used by the ACA to
generate pulse commands. Proportional rate commands are generated from a 28-volt, 800-cps signal
from the ATCA. This input signal to the ACA is also used by the TTCA during AGS control, for generation of throttle commands. During PGNS control, the PSA supplies the excitation voltage for the TTCA.
The TTCA receives ±15 volts de via an S&C control assembly from the ATCA power supply for the generation of translation commands. The STAB/CONT: ATT DIR CONT circuit breaker also provides power
for the secondary coils of the TCA's during the direct mode and when the +X TRANSL pushbutton is used.

■

The ATCA primary power supply receives 28 volts de from the LMP's bus through the
STAB/CONT: ATCA circuit breaker. When the ATCA/AGS circuit breaker is on and GUID CONT switch
is set to AGS and the MODE CONTROL: AGS switch is set to ATT HOLD or AUTO, the thruster drivers II
are enabled. When the BAL CPL switch is set to ON, the 28 volts from the circuit breaker enables the
four upward-firing thrusters. Power from the circuit breakers•is also used to test the RGA, using the
GYRO TEST switches (panel 3).
The ATCA primary power supply provides regulated +15, -15, and +4. 3 volts dc for the
ATCA and other GN&CS equipment, and +6 and -6 volts dc for the ATCA only. The power supply is
synchronized by a 1, 6-kpps signal (square wave) to generate a regulated 28-volt, 800-cps, 10 output
and a regulated, isolated, 28-volt, 800-cps, 30 output for RGA gyro spin motor excitation. Single
phase is also supplied for AEA signal reference excitation. If the synchronizing pulses are lost, the power
supply runs free at 800 cps ±i%. Another ATCA power supply uses the 28-volt d-c input to generate redundant -4.7 volts dc for use within the ATCA, for jet solenoid driver bias. Also, 28-volt, 800-cps
power is supplied to the RR as "backup" power and to the IS and the rate displays as reference.
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The STAB/CONT: DECA PWR circuit breaker supplies +28 volts dc to the descent engine
control circuit in the DECA. When the descent engine is armed, this input power is routed to the actuator isolation valves of the descent engine. The power supply of the DECA consists of a reference power
supply and an auxiliary power supply. The reference supply receives +15 and -15 volts dc from the
±-4.3-volt d-c ATCA power supply. D-C active regulators in the reference supply convert the +15 and -15
volts de to +6 and -6 volts dc, respectively. The 6-volt outputs of these regulators are very stable; they
are used as a source for a volta
ge divider, which supplies the reference voltages to the comparators.
The auxiliary power supply receives 400-cps power from the CDR's a-c bus through the AC
BUS A: DECA GMBL . circuit breaker. The power supply rectifies and filters the a-c power to supply
+22 and -22 volts dc for the DECA manual throttle circuit and +22 volts dc for the power failure timedelay circuit. During an ATCA power failure, the auxiliary power supply provides +6 volts dc to the
descent engine control circuit and enables full thrust of descent engine. In addition, +22- and -22-volt
d-c reference voltages are used for a power failure monitor circuit in the DECA. The +15- and -15-volt
d-c inputs to the reference power supply are also connected with the +22- and -22-volt d-c inputs,
respectively, to supply the manual throttle circuit if the 22-volt d-c supplies fail.
Power from the STAB/CONT: DES ENG CONT circuit breaker enables the engine control
circuits in the DECA. This power is interrupted when the ABORT STAGE pushbutton is used or when the
ABORT or STOP pushbuttons are used. The STAB/CONT: ENG START OVRD, AELD (2), ABORT
STAGE (2), ENG ARM, and DES ENG OVRD circuit breakers are used in conjunction with the relay logic
of the DECA and S&C control assemblies to accomplish ascent or descent engine control.
The GASTA receives 115 volts ac from the CDR's a-c bus through the AC BUS A: GASTA
circuit breaker and 28 volts dc from the CDR's d-c bus through the FLIGHT DISPLAYS: GASTA circuit
breaker. These two inputs energize the computer servo in the GASTA.
2.1.3.6.4 ORDEAL Power Distribution.
The ORDEAL receives 115 volts ac from the CDR's a-c bus through the AC BUS B: ORDEAL
circuit breaker and 28 volts de from the CDR's d-c bus through the FLIGHT DISPLAYS: ORDEAL circuit
breaker. The 115-volt a-c power lights the ORDEAL panel and drives the resolvers. The d-c power is
used for switching.
2.1.3.6.5 800-cps Synchronization Loop. (See figure 2.1-21.)
Because the CES uses 800-cps analog signals as a reference, the various assemblies must
be synchronized. In the primary guidance mode, the ACA's and TTCA s receive 28-volt, 800-cps
signals from the PSA of the PGNS. The proportional attitude commands to the LGC are either
in phase or 180° out of phase with this 800-cps signal. In the abort guidance mode, the ACA's and
TTCA s receive 28-volt, 800-cps signals from the ATCA. The proportional attitude commands fed back
to the ATCA are now synchronized with the ATCA power supply. The AGS and RGA receive 28-volt,
800-cps signals from the ATCA; their outputs, returned to the ATCA, are synchronized. The FDAI's also
receive the 800-cps synchronization voltage to properly display the RGA signals. In turn, the ATCA itself is synchronized to the clock (1, 600 pps) of the PCMTEA; however, it can run free as its own source
should this synchronizing pulse be lost.
'

'

2.1.4

MAJOR COMPONENT/FUNCTIONAL DESCRIPTION.

2.1.4.1

Primary Guidance and Navigation Section - Inertial Subsection.

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 assembly (SCA).
(See figure 2.1-22.)
MS 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
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Figure 2.1-21. 800-cps Synchronization Loop
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 orientation. 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 PIPA's,
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.
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Figure 2.1-22. Inertial Subsection - Functional Diagram
2.1.4.1.1 Navigation Base. (See figure 2.1-23.)
The navigation base is a lightweight mount that supports, in critical alignment, the IMU,
It consists of a center ring with four legs that extend from either side. The IMU is
mounted to the ends of one side of the four legs. The AOT and the ASA are mounted to the opposite ends
of the legs. The navigation base is bolted to the LM structure above the astronauts' head, with three
mounting pads on the center ring. An electrical grounding strap is attached to the center ring and to the
LM structure.

ASA, and AOT.

2.1.4.1.2 Inertial Measurement Unit. (See figure 2.1-24. )
The IMU uses three Apollo 25-inertial reference integrating gyros (IRIG's) to sense changes
in stable member orientation, and three 16-pulse integrating pendulous accelerometers (PIPA's) to sense
velocity changes. The 25-IRIG's are fluid- and magnetically-suspended, single-degree-of-freedom
gyros with a 2.5-inch-diameter case. The 16-PIPA's are fluid- and magnetically-suspended, pendulumtype devices with a 1.6-inch-diameter case. The IMU gimbals consist of an outer gimbal mounted to the
case, a middle gimbal mounted to the outer gimbal, and an inner gimbal (stable member) mounted to the
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Figure 2.1-23. Navigation Base

TORQUE MOTOR
DUPLEX BALL-BEARING
SUPRING (50-CONTACT)

1M
+ )(AXIS
00 AXIS

GYRO ERROR RESOLVE* (IX)
DUPLEX BALL-BEARING
SUPRING (40-CONTACT)
MULTISPEED RESOLVER
(1X AND I6X)

TORQUE MOTOR
DUPLEX BALL-BEARING
SLIMING Oa-CONTACT)

OUTER
GIMBAL

+

LM
Z-AXIS
MG AXIS

MIDDLE
GIMBAL

STABLE
MEMBER

Nobs
X1 X WIG; Us. X PIP
Yr■ Y IMO; Ya ■• Y MP
Z.—ZIRIG, Zama PIP

IG AXIS

IMU CASE
(CUTAWAY)

LM
+ Y-AXIS

-'

TORQUE MOTOR
DUPLEX BALL-BEARING
SUPRING (40 CONTACT)

DUPLEX BALL-BEARING
SUPRING (40-CONTACT)
MULTISPEED RESOLVER (1X AND 16X)

DUPLEX BALL-BEARING
SUPRING (50-CONTACT)
MULTISPEED RESOLVER (1X AND 161Q

Figure 2.1-24, IMU Gimbal Assembly
GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM
Mission LM Basic Date 1 February 1970 Change Date
Page 2.1-47

3001M4•1112

LMA790-3-LM
APOLLO OPERATIONS HANDBOOK
SUBSYSTEMS DATA

•

middle gimbal. All three gimbals are spherical, have 360 degrees of freedom, and are positioned by
torque motors. The IMU also consists of a failure-detection assembly and a temperature control assembly. The complete IMU weighs approximately 42 pounds.
Inertial Reference Integrating Gyros. The IRIG's are the sensing elements of the IMU stabilization loop.
The three gyros are mounted on the stable member, with their input axes mutually perpendicular. Any
change in the attitude of the LM changes the attitude of the stable member and is sensed by one or more
of the gyros. The gyros convert this displacement into an error signal, which is amplified and fed to the
IMU gyro-torquing loop. The gyro-torquing loop repositions the stable member until this error signal is
nulled and the original attitude of the stable member is reestablished.
The gyros tend to maintain their attitude with respect to inertial space. If a gyro is forced to rotate about
I the input axis (which is perpendicular to the wheel spin axis), it responds with a torque about the output axis (which is perpendicular to the spin and input axes). The spin axis is displaced from its normal
(null) alignment with the spin reference axis by an amount equal to the angle through which the output axis
has rotated. The spin reference, input, and output axes are always mutually perpendicular.

I

The construction of the IRIG's is similar to that of conventional single-degree-of-freedom gyros. The
IRIG's consist of a wheel assembly, spherical (sealed) float, cylindrical case, single generator ducosyn,
and torque generator ducosyn. The gyroscopic wheel, mounted within the sealed float on a shaft perpendicular to the axis of the float, spins on preloaded ball bearings. The wheel is driven by a
hysteresiS •synchronous motor in an atmosphere of helium, which prevents corrosion of the ferrous parts
and provides good transfer of heat. The helium in the float IS at'a pressure of one-half atmosphere. The
torque generator ducosyn is mounted on one end of the float shaft; the signal generator ducosyn is mounted
at the other end.
The space between the float and the case is filled with a suspension and damping fluid. This fluid is
maintained at the same density as the float, thereby suspending the float with respect to the case and removing the friction between the float pivot and bearing. The fluid density is kept equal to the density of
the float by maintaining the gyro and its fluid at the proper temperatures. The..fluid also damps the float
'oscillations with respect to the case. The space immediately surrounding the float is entirely filled with
fluid. Most of the nonfunctional space within the gyro case is consumed by damping blocks which assist
in the control of the damping coefficient.

•

The ducosyns consist of a separate magnetic suspension assembly and a separate transducer microsyn
mounted as a single unit. Each ducosyn contains two separate stators, which are mounted to the case,
and two separate rotors, which are mounted on a common ring on the float assembly. The signal generator ducosyn is mounted, in the IRIG's, on the positive output-axis end of the float to provide magnetic
suspension. The transducer microsyn provides an electrical analog signal proportional to the position of
the float. A torque generator ducosyn is mounted on the negative output-axis end of the float to provide
magnetic suspension. The transducer microsyn converts an electrical error signal into torque about the
output axis. The IRIG magnetic suspension assembly and the primary of the signal generator require
4-volt, 3,200-cps, single-phase excitation. In addition to the magnetic and fluid suspension, the IRIG's
have a set of pivots and bearings on the output axis.
Pulse Integrating Pendulous Accelerometers. The PIPA's are the sensing elements of the IMU accelerometer loops. The three accelerometers are mounted with the IRIG's on the stable member, with their
input axes mutually perpendicular. Any change in LM velocity is sensed by one or more of the accelerometers. The PIPA's route the change in velocity through the accelerometer loops to the LGC. The
LGC, in turn, issues accelerometer drive signals to torque the PIPA's back to their null position.
The PIPA is basically a pendulum-type device consisting of a cylinder with a pendulous float pivoted with
respect to a case. The axis of the pivot defines the output axis. The space between the pendulous float
and the case is filled with fluid. A signal generator ducosyn is mounted on the positive end of the output
axis to provide magnetic suspension and output signals indicative of rotational position of the float. A
torque generator ducosyn also acts as a transducer to convert torque signals, in the form of electrical
pulses, into mechanical torque about the output axis. A 2-volt rms, 3, 200-cps, 14 excitation is required
for the PIPA magnetic suspension and the primary winding of the signal generator.
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The float body is a cylinder of beryllium, which is fitted to a shaft on which the float pivots. The rotors 11::
of the ducosyns are mounted on the ends of the float body. The complete float assembly is in the main
housing assembly and the space serves as both a fluid suspension for the float and as a viscous damping
gap for the fluid. The main housing contains a bellows assembly to take up the expansions and contractions of the fluid during heating. The end housings contain the ducosyn stators and the pivot bearing.
The magnetic suspension units have tapered stator poles and a tapered rotor so that magnetic suspension 11
forces are developed in both the axial and radial directions. The main housing assembly is completely
covered by a case, which provides magnetic shielding and hermetically seals the unit. Heating coils
between the main housing and case heat the suspension fluid to the proper temperature. AU electrical
signals are routed through the torque generator end of the case.
When an acceleration is sensed along the input axis of the accelerometer, the float rotates from the null
position. This rotation is sensed by the signal generator ducosyns. The reference excitation voltage of
the signal generator is synchronized with the LGC clock, which is the reference for all GN&CS and loop
timing.
The output of the secondary of the signal generator ducosyn consists of two amplitude-modulated, suppressed-carrier signals: one of zero phase; the other, r phase. These two 180 ° out-of-phase signals
are phase-shifted 45 ° from the reference excitation (by the effect of a resistor in series with the secondary I
winding) and amplified by a preamplifier mounted on the stable member.
Inner Gimbal Assembly. The inner gimbal (IG), referred to as the stable member, is free to rotate 360 °
aboutisx.Thelmbrisacnedfolbkcd-presanitbyllium; holes for mounting the IRIG's, PIPA's and the associated electronics are bored in the block. The
stable member inputs and outputs are routed through a 40-contact slipring on each end of the inner gimbal
axis (IGA). Angular data are transmitted by multispeed transmitter resolvers (1X and 16X), which
supply 800-cps signals to the Call's. A gyro error resolver, mounted on the negative end of the IGA, is
used in the stabilization loop to transform gyro error into gimbal axis error. A d-c torque motor,
mounted on the positive end of the axis, is used in the stabilization loop to position the stable member.
Middle Gimbal Assembly. The middle gimbal (MG) is suspended by two intergimbal assemblies inside the
outer gimbal. The MG supports the inner gimbal. Each intergimbal assembly provides 360 degrees of
freedom. However, to avoid gimbal lock, rotation is restricted within +85 ° and -85 ° . Each intergimbal
assembly contains a duplex-pair ball bearing (one fixed; one floated) and a 40-contact slipring for routing II
electrical inputs and outputs. A multispeed transmitter resolver, mounted on the negative end of the
middle gimbal axis (MGA), transmits angular data. A d-c torque motor is mounted on the opposite end
of the axis.
Outer Gimbal Assembly. The outer gimbal (OG) is similar to the MG; it is suspended inside the supporting
case by two intergimbal assemblies. Each intergimbal assembly provides 360 degrees of freedom for the
outer gimbal axis (OGA). Each intergimbal assembly contains a duplex-pair ball bearing (one fixed, one
floated), and a 50-contact slipring for routing electrical inputs and outputs. A multispeed transmitter
resolver (1X and 16X) is mounted on the negative end of the OGA. A d-c torque motor is mounted on the
opposite end of the axis. Two thermostatically controlled axial-flow blowers mounted in the outer.gimbal
walls move air from the vicinity of the middle gimbal to the walls of the case, where heat is carried
away by water-glycol solution circulating through passages in the case.
IMU Case. The IMU case is a spherical enclosure, which supports the inner, middle, and outer gimbals.
The outside diameter of the case is approximately 12.5 inches. The walls of the case contain coolant
passages through which a water-glycol solution is circulated to dissipate heat generated by inertial
components and electronic modules. Two quick-disconnect fittings connect the coolant passages to the
primary coolant loop of the ECS heat transport section.
IMU Temperature Control Assembly. (See figure 2. 1-25.) The IMU temperature control assembly
maintains the temperature of the three IRIG's and three PIPA's within required limits during IMU
standby and operating modes. The assembly supplies and removes heat, as required, to maintain IMU
heat balance with minimum power consumption. Heat is removed by convection, conduction, and radiation. The natural convection, used during the IMU standby mode, is changed to blower-controlled forced
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Figure 2.1-25. IMU Temperature Control
convection during IMU operating modes. Forced convection between the middle gimbal and the waterglycol-cooled gimbal case is shown in figure 2.1-26. The IMU is sealed to maintain internal air pressure
at 1 atmosphere to provide the required natural and forced convection. The temperature control assembly consists of a temperature control circuit, a blower control circuit, and'a temperature alarm circuit.
The temperature control circuit applies the required nominal heat (430 ° ±4 ° F) to the inertial components.
This circuit includes six IRIG end-mount heaters, three PIPA end-mount heaters, a temperature control
thermostat assembly mounted on the stable member, two stable member heaters, an anticipator heater,
and a temperature control module that turns the heaters on and off, as necessary. There are three additional PIPA end-mount heaters; these are not controlled by the control module, but operate continuously
when 28-volt, 800-cps IRIG power is applied. Power for the other heaters is 28 volts dc.
The blower control circuit removes heat, as required, to maintain heat balance. This circuit includes a
blower control thermostat assembly mounted on the stable member, two axial blowers mounted on the
outer gimbal, and a blower control module that turns the blowers on and off, as necessary. The blowers
I are turned off when temperature exceeds +139 ° ±0. 2 ° F; they do not operate during the IMU standby mode.
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Figure 2.1-26. IMU Forced Convection Cooling
The temperature alarm circuit monitors the temperature control assembly. The alarm circuit contains
an alarm thermostat for high-temperature sensing (>+134 ° ±0.2 °
F), an alarm thermostat for low-temperature sensing (<+126 ° ±0.2 ° F), and a temperature alarm module that provides a discrete to the LGC
during normal-temperature operation (+126 ° to +134 ° ±0.2 °
F). When an out-of-limit temperature occurs,
the TEMP light on the DSKY goes on.
IMU Failure-Detection Assembly. The IMU failure-detection circuits monitor the 800-cps phase B power

supply, 3, 200-cps power supply, inner gimbal servo error, middle gimbal servo error, and outer gimbal
servo error. When a malfunction occurs, the failure-detection circuits provide an IMU failure signal to
the LGC. The LGC processes the failure signal and routes it through the DSKY as an ISS warning indication to the warning indicators on panel 1. An IMU temperature out-of-limit condition routes a signal
through the LGC to the DSKY to turn on the TEMP condition indicator.
2.1.4.1.3 Coupling Data Unit. (See figure 2.1-27.)
The CDU performs analog-to-digital conversion, digital-to-analog conversion, moding, and
failure detection. It is a sealed container, which encloses 34 modules of 10 types. The 10 types of
modules make up five almost identical channels: one each for the inner, middle, and outer gimbals and
one each for the RR shaft and trunnion gimbals. Several CDU modules are shared by all five channels.
Analog-to-Digital Conversion. Analog signals are received by the CDU from the IMU or the RR 1X and
16X resolvers. The magnitude of these signals is indicative of the degree of angular displacement.
The five channel inputs are phase-shifted and attenuated by the switching logic and coarse-fine mixing
circuit. The signals are used as an input to an error-detector circuit. The error detector monitors the
phase and amplitude of the 800-cps error output of the mixing and attenuation circuit. The phase of the
signal determines whether the digital signal to be generated is positive or negative. The amplitude of the
signal determines whether the digital pulses, equivalent to 20 arc seconds of gimbal displacement, are
generated at 800 pps or 12.8 kpps. The digital pulse train is the input to a 16-bit binary read counter.
The read counter, with binary stages designated as 2 0 to 2 15 , counts the pulse train generated by the rate
select and up-down logic circuitry. The 20 (least significant) bit output is transmitted to the LGC as a
gimbal angle change (A 8 c) equivalent to 40 arc seconds. This is the only information pertaining to gimbal
angles or angle changes that is transmitted from the CDU to the LGC. During the ISS coarse-alignment
mode of operation, a o eg of 160 arc seconds per pulse is transmitted from the 2 2 output stage to the error
counter of the CDU. The two stages (2 0 and 25) and the remainder of the read counter permit accumulation of the gimbal angle, with the least significant bit equivalent to 20 arc seconds of gimbal angle and the
most significant bit (215) equivalent to 180 ° of gimbal displacement. The read counter can accumulate a
total gimbal angle of 359 ° 59'40'. The contents of the read counter are not accessible for readout or display at any time.
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Figure 2.1-27. CDU Digital-to-Analog and Analog-to-Digital Conversion - Functional Diagram
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The primary function of the read counter is to provide the incremental angles to be used in the coarsefine mixing and switching logic for mechanization of the trigonometric identity sin (8-0). When the read
counter has accumulated value 'equal to the angle 9s, the input to the error detector is nulled and the read
counter does not receive additional input pulses until a change in gimbal angle occurs. During certain
ISS modes of operation, the read counter receives a reset pulse that sets the counter to zero.
This command is generally given when the system is energized, to permit the gimbals and the read
counter to come into agreement with each other before using the gimbal angle information stored in the
computer.
Digital-to-Analog Conversion. The error counter, a nine-bit (2 0 to 28) counter, is used primarily in the
conversion of digital data to its analog equivalent. With only one exception, coarse alignment, the error
counter is operated solely from LGC input data. Each pulse into the error counter, whether from the
LGC or from the read counter, is equivalent to 160 arc seconds of gimbal angle displacement or attitude
error. The counter must be enabled by an error-counter enable discrete from the LGC. When attitude
error is to be displayed, the counter accumulates the pulse train from the LGC and maintains that value
until the LGC either counts the value down or removes the error-counter enable discrete. In the coarsealignment mode of operation, the read counter, as it accumulates increasing gimbal angles due to a coarse
repositioning of the gimbal, can cause the contents of the error counter to decrease toward zero.
When the binary stages of the error counter are switched, switches in the 800-cps ladder network of the
digital-to-analog converter are opened or closed. As the ladder switches are closed, an 800-cps analog
signal, whose amplitude is proportional to the contents of the error counter and whose phase is determined by a positive or negative value stored in the error counter, is generated in the digital-to-analog
converter. If the LGC moding control has selected a coarse-alignment or attitude error display mode,
the 800-cps signal is used without conversion to dc. If the error counter contents are indicative of an
LGC-calculated forward and lateral velocity signal, the 800-cps, 0- or if-phase signal is converted from
ac to dc for use as a display drive signal.
ModinK. The moding section of the CDU receives the following discretes from the LGC:
•

ISS CDU zero

•

ISS error-counter enable

•

RR CDU zero

•

RR error-counter enable

•

ISS coarse alignment

•

Display inertial data (DID).

I The DID command is routed to the LGC and the CDU moding section by setting the MODE SEL switch to
PGNS. The LGC discretes are buffered and processed, by the moding section, to the proper logic levels
and timing for use in other sections of the CDU. The CDU zero discrete resets the read counter to zero.
Upon termination of the discrete, the read counter again accumulates the number of pulses equivalent to
the actual gimbal angle. The CDU zero discrete, besides being used inthe CDU, is sent to the AGS to
initialize the PGNS angle input registers and start accumulation of PGNS alignment signals.
Failure Detection. Failure-detection circuits monitor CDU circuitry for malfunctions. The failuredetection circuits monitor ISS CDU channel performance and RR CDU channel performance; they operate
identically for both. Upon detection of an out-of-tolerance condition, an ISS CDU failure or RR CDU
I failure discrete is issued to the LGC. The ISS CDU failure discrete causes the LGC to issue a failure discrete to the caution and warning electronics for display. A RR CDU failure discrete causes the TRACKER
condition indicator on the DSKY to go on.
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2.1.4.1.4 Pulse Torque Assembly.
The PTA consists of 17 electronic modular subassemblies mounted on a common base.
There are four binary current switches. One furnishes torquing current to the three IRIG's and the other
three furnish torquing current to the three PIPA's. The four d-c differential amplifier and precision
voltage reference subassemblies regulate torquing current supplied through the binary current switches.
The three a-c differential amplifier and interrogator subassemblies amplify'accelerometer
signal generator signals and convert them to plus and minus torque pulses. The gyro calibration module
applies plus or minus torquing current to the IRIG's when commanded by the LGC. The three PIPA calibration modules compensate for the differences in inductive loading of accelerometer torque generator
windings and regulate the balance of plus and minus torque. A pulse torque isolation transformer couples
torque commands, data pulses, interrogate pulses, switching pulses, and synchronizing pulses between
the LGC and PTA. Power for the other 16 subassemblies is supplied by the pulse torque power supply.
2.1.4.1.5 Power and Servo Assembly.
The PSA provides a central point for the PGNS amplifiers, modular electronic components,
and power supplies. The PSA is on the cabin bulkhead behind the astronauts., It consists of 14 subassemblies mounted to a header assembly. Connectors and harnesses are integral to the header assembly.
A thin cover plate, mounted on the PSA, hermetically seals the assembly. During flight, this permits
pressurization of the PSA to remain at 15 psi.
The three gimbal servoamplifiers supply the torquing signals for the IMU gimbals. IMU
moding is accomplished by the relay module. A -28-volt d-c power supply supplies power to the gimbal
servoamplifiers and pulse torque power supply. The PSA contains one amplifier and one automatic
amplitude control, filter, and multivibrator subassembly for the 3, 200-cps, A power supply. The amplifier supplies 28 volts, 3,200 cps, to the ducosyn transformer on the stable member and to the gimbal
servoamplifiers; the automatic amplitude control, filter, and multivibrator subassembly regulates amplifier operation.
An amplifier and an automatic amplitude control, filter and multivibrator subassembly is
also associated with the 800-cps power supply. This amplifier supplies 28 volts, 800 cps, for IMU resolver excitation and provides a reference signal for an 800-cps, 5% amplifier, which in turn provides a
reference for another 800-cps, 5% amplifier. These two amplifiers, 90 ° apart in phase, supply 28 volts,
800 cps, for the IMU blowers, gyro wheels, and the PIPA heaters. The IMU load compensation subassembly provides power-factor correction for 800-cps, 1%, and 5% supplies.. The 28-volt IMU operate
power from the CDR's 28-volt d-c bus is filtered by the PGNS supply filter subassembly.
The IMU auxiliary subassembly indicates to IS an out-of-tolerance condition of 3, 200-cpa;
the 28-volt, 800-cps, 1%; and the 28-volt, 809-cps, 5%; and the gimbal error signals; provides IMU
turn-on moding discretes; and indicates IMU temperature out-of-tolerance condition to GSE through the
umbilical of the launch tower (LUT).
2.1.4.1.6 Signal Conditioner Assembly.
The SCA preconditions PGNS measurements to a 0- to 5-volt d-c format before the signals
are routed to the IS. There are three types of SCA output signals: PB, PU, and PD. The PB type
are preconditioned analog signals derived from a bipolar signal. The PU type are preconditioned analog
signals derived from a unipolar signal. The PD type are preconditioned bilevel discretes. The PB type
identifies signals that are referenced to the 2. 5-volt d-c bias supply. The SCA consists of four signalconditioning modules, which are listed, with signal description and telemetry number, in table 2.1-2.
The SCA is mounted piggyback on the PSA.
The gimbal resolver signal-conditioning module conditions the inner, middle, and outer
gimbal resolver sine and cosine signals.
The IRIG and PIPA signal-conditioning module conditions the inner, middle, and outer
gimbal IRIG error signals and the X-, Y-, and Z-PIPA error signals. This module also generates a
3, 200-cps, square-wave reference signal required to operate the SCA circuits.
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Table 2.1 2. Signal Conditioner Assembly
-

Signal-Conditioning
Module
Gimbal resolver

-

Signal Conditioning Modules
-

Signal Description
•
Sine of IG IX resolver output
Cosine of 10 1X resolver output

IRIG and PIPA

CDU, PIPA temperature, and 2.5-vdc
bias

Radar resolvers and
120-volt PIPA supply

Telemetry
No.
GG2112V
• GG2113V

Sine of MG 1X resolver output

GG2142V

Cosine of MG 1X resolver output

GG2143V

Sine of CG 1X resolver output

GG2172V

Cosine of OG IX resolver output

GG2173 V

IG IRIG error

GrG2107V

MG IRIG error

GG2137V

OG IRIG error

GG2167V

X-PIPA signal generator output

GG2001 V

Y-PIPA signal generator output

GG2021V

Z-PIPA signal generator output

GG2041V

3,200 cps, 28-volt supply

GG1331V

Pitch CDU digital-to-analog output

GG2219V

Yaw CDU digital-to-analog output

GG2249V

Roll CDU digital-to-analog output

GG2279V

IMU standby/off

GG1513X

PIPA temperature

GG2300T

LGC operate

GG1523X

PCM 2. 5-vdc TM bias

GG1110V

IMU 28-volt, 800-cps, 1%

GG1201V

Sine of RR shaft 1X resolver output

GG3304 V

Cosine of RR shaft 1X resolver output

GG3305V

Sine of RR trunnion lx resolver output

GG3324 V

Cosine of RR trunnion IX resolver output

GG3325V

120-vdc pulse torque reference

GG1040V

The CDU, PIPA temperature, and 2.5-volt d-c bias signal-conditioning module conditions
the pitch, roll, and yaw CDU digital-to-analog converter outputs, the PIPA temperature sensor signal,

ISS 28-volt standby power, and 800-cps 1% amplifier output. This module also supplies the 2.5-volt d-c
bias for the bipolar measurements.
The radar resolvers and 120-volt PIPA supply signal-conditioning module conditions the sine
and cosine signals from the shaft and trunnion 1X resolvers of the RR antenna assembly, and the 120-volt
output of the pulse torque power supply. This module also supplies an 800-cps, square-wave reference
signal to the SCA circuits.
2.1.4.1.

rt

Inertial Subsection - Functional Loops.

There are seven functional loops: three stabilization loops, a gyro-torquing loop, and three
accelerometer loops. The three stabilization loops maintain the stable member rotationally fixed with
respect to inertial space. The stable member is used as the reference to maintain the orientation of the
accelerometers with respect to the inertial frame of reference and as an attitude reference for the LM.
The gyro-torquing loop permits introduction of external driving signals into the stabilization loops during
closed-loop conditions. The three accelerometer loops measure the acceleration of the stable member
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along three orthogonal axes and integrate these data to determine velocity. The LGC uses the velocity
data to compute LM trajectory. The accelerometer loops also generate torquing signals for torquing the
PIPA's back to a null position after sensing an acceleration.
Stabilization Loops. (See figure 2. 1-28,) When the stabilization loops hold the stable member inertially
referenced, any movement of the stable member is sensed by one or more of the three IRIG's. This results in an TRIG-signal-generator, 3, 200-cps, error-signal output, which is proportional to the rotation of
the gyro about its input axis. This error signal is then amplified by a preamplifier, which is an integral
part of the TRIG assembly. The Y-gyro error signal passes directly to the associated gimbal servoamplifier through the normally closed contacts of the coarse-alignment relay. The X- and Z-gyro error signals
are resolved about the IGA by the gyro error resolver before being introduced to the associated gimbal
servoamplifiers. The servoamplifier current output is fed to the appropriate gimbal torque motor to restore the stable member to its original reference position. As the stable member is returned to its original reference position, the movement sensed by the IRIG is opposite in direction but equal in magnitude to
the disturbance input; the result is precession of the float. Due to precession, the float returns to its null
position. Because no signal-generator output is then present, the loop is nulled and no further drive signals are applied until another disturbance is introduced.
Resolution of the X- and Z-gyro error signals is required because motion about the MGA or the OGA, with
the stable member at some angle other than O D , is sensed by the X-gyro and Z-gyro. The resolver then
sums the components of gyro error that lie along the MGA or OGA and directs the gyro errors to the applicable gimbal servoamplifier.

10

When the stabilization loops are initially energized, the stable member is referenced to the LM axes by
driving the gimbals with an error signal inserted at the coarse-alignment input to the gimbal servoamplifiers (coarse-alignment relay energized). If a specific inertial reference is desired, the stable member
is aligned to the desired orientation, using the stabilization loops. The alignment is accomplished in two
steps: coarse-alignment moding and fine-alignment moding. During coarse alignment, the gyro error signals are disconnected from the gimbal servoamplifiers. Instead, 800-cps error signals are injected
through the coarse-alignment relay to torque the gimbals to approximately the desired position. For fine
alignment of the stable member, the coarse-alignment relay is deenergized and gyro error signals are
injected in the loops for additional gimbal torquing. The gyro error signals are generated by torquing the
IRIG's with pulses originating at the LGC and processed through the pulse torque or fine-alignment electronics loop. The stable member is then aligned and the stabilization loops hold it in this final position.
Gyro-Torquing Loop. (See figure 2.1-28.) Using a torque generator to torque the [RIG floats, it is possible to drive the IMU gimbals to new positions. This permits fine alignment of the stable member to a
desired reference with considerable accuracy. When gyro torquing is required during the fine-alignment
mode of operation, the LGC issues pulses, which are controlled by program 52, that:
•

Enable the torquing electronics

•

Select the gyro to be torqued

•

Select the direction of torquing

•

Control the amount of torque applied.

The three IRIG's are sequentially torqued by the LGC during fine alignment; it is possible for all three
gyros to be controlled through one set of torquing electronics. The torquing electronics consists of a
gyro calibration module, a binary current switch, a d-c differential amplifier and precision voltage reference module, and a pulse torque power supply module.
Basically, the gyro-torquing loop operates by applying a constant current to the torque windings in the
IRIG. When torque pulses and gyro select pulses are initiated by the LGC, a constant direct current is
applied to an IRIG and the float is torqued a specific amount; a specific amount of IMU gimbal rotation is
provided. The number or torque (set) pulses applied to the current switch determines how long the torquing current is applied. The gyro select pulses enable a switching network (in the gyro calibration module),
which closes a current path through a specific winding in a specific gyro for positive or negative torquing
of the float. Before and after torquing, the LGC issues no-torque (reset) pulses to the current switch,
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which enables constant current to flow along a dummy path external to the IRIG's. This reduces transients
when torquing is initiated. The torquing loop is enabled by an LGC command, which energizes a relay to
apply power to the loop. The constant-current supply consists of the d-c differential amplifier, the pulse
torque power supply, and a current regulator in the binary current switch.
Accelerometer Loops. (See figure 2.1-28.) The three accelerometer loops are identical. The pulse
torque power supply provides +20, -20, and +120 volts de and +28 volts dc, regulated, to all the loops.
The PIPA signal generator outputs are two 3, 200-cps error signals, which are of opposite phase and proportional to the rotation of the pendulum about its output axis. These error signals are amplified by the
preamplifier and, then, routed to the a-c differential amplifier. There, the two signals are summed; the
resultant is amplified and, then, phase split. The two resulting signals are of opposite phase; they are
fed to the interrogator circuitry, which determines the direction of pendulum movement and generates
positive or negative commands indicative of the direction of movement. The interrogate and switching
pulses from the LGC are used to generate the positive or negative torque pulses to the binary current
switch.
The binary current switch uses the interrogator outputs to generate torquing current (to torque the pendulums back to null) and pulses that represent velocity changes. The velocity pulses are generated by providing data pulses from the LGC such that the velocity outputs are positive or negative increments of velocity. The torquing current is generated in a manner similar to that used in the gyro-torquing loop. The
constant-current supply consists of a d-c differential amplifier and precision voltage reference and a current regulator. Constant current is supplied to the binary current switch. A positive or negative input
command turns on the positive or negative current switch, routing a positive or negative torque signal to
the torque windings in the PIPA. The torquing current is fed to the PIPA torque generator through a loadbalancing network in the calibration module. This ensures that for a given amount of torquing current an
equal amount of torque is developed in the positive or negative direction.
When the accelerometer loops operate, a certain amount of PIPA torquing occurs at all times, even during
periods of no acceleration. This torquing continuously moves the pendulums an equal amount in the positive and negative . directions; as a result, an equal amount of positive or negative velocity pulses are sent
to the LGC. When an acceleration is sensed, more of one type of pulse is generated. This unbalance
produces either positive or negative AV pulses, which are routed to the LGC PIPA counter to be accumulated as LM velocity changes.
2.1.4.1.8 Inertial Subsection - Modes of Operation. (See figure 2.1-29.)
Except for the IMU cage and inertial reference modes, the modes are controlled by the CDU
as commanded by the LGC. The IMU cage mode is initiated when the IMU CAGE switch (panel I) is set to
ON. The inertial reference mode is entered automatically whenever the ISS is not in another mode. The
CDU logic receives from the LGC the following discrete commands:
•

ISS CDU zero

•

ISS error-counter enable

•

Coarse-align enable

•

RR CDU zero

•

RR error-counter enable

•

Display inertial data (DID) (program-controlled).

The ISS CDU zero, ISS error-counter enable, and ISS coarse-align enable discretes control three identical
channels in the ISS portion of the CDU. The RR CDU zero, RR error-counter enable, and DID discretes
control the RR shalt and trunnion channels in the RR portion of the CDU. All discretes, except RR CDU
zero, are used for moding operations. In addition to the LGC-CDU discretes, the LGC issues a torque
enable command to the gyro-torquing loop for initation of the fine-alignment mode.
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IMU Turn-On Mode. The IMU turn-on mode initializes ISS operation by driving the IMU gimbals to zero

and clearing and inhibiting the CDU read and error counters. The IMU turn-on mode (program controlled) I
is initiated by applying IMU operate power to the ISS. The LGC issues the two discretes required for
this mode: CDU zero and coarse align enable. The LGC also issues the turn-on delay complete discrete
to the ISS after 90 seconds.
When IMU power is applied to the ISS, the LGC receives an ISS power-on discrete and a turn-on delay request. The LGC responds to the turn-on delay request by issuing the CDU zero and coarse-align enable
discretes to the CDU. To prevent PIPA torquing for 90 seconds during the IMU turn-on mode, an inhibit
signal is applied to the pulse torque power supply. The CDU zero discrete clears and inhibits the read
and error counters of the CDU. The ISS power (28 volts dc) is applied directly to the coarse-alignment
relay, and through the deenergized contacts of the turn-on control relay to energize the cage relay. A
ground is provided through the contacts of the energized cage relay to the coil of the coarse-alignment relay, energizing the coarse-alignment relay. The contacts of the energized coarse-alignment relay switch
the gimbal servoamplifier reference from 3,200 cps to 800 cps and close the IMU cage loop through the
contacts of the energized cage relay.
The coarse-alignment relay is held energized by the CDU coarse-align discrete and the contacts of the
energized cage relay. The IMU gimbals drive to the zero reference position, using the sine output of the
1X gimbal resolvers (sine 0 ).
After 90 seconds, the LGC issues the ISS turn-on delay complete discrete, which energizes the turn-on
control relay. The energized turn-on control relay locks up through its own contacts. Energizing the
turn-on control relay removes the turn-on delay request and deenergizes the cage relay, removing the
sine B signal. Energizing the turn-on control relay also removes the pulse torque power supply inhibit
signal. The 90-second delay permits the gyro wheels to reach their operating speed before the stabilization loops close. The pulse torque power supply inhibit signal prevents accelerometer torquing during the
90-second delay.
After the 90-second delay, the LGC program removes the CULT zero and coarse-align enable discretes,
allowing the ISS to go to the inertial reference mode (coarse-alignment relay deenergized), or it can remove the CDU zero discrete and provide an error-counter enable discrete while maintaining the coarsealign enable discrete. The latter combination of discretes defines the coarse-alignment mode of operation.
Coarse-Alignment Mode. The coarse-alignment mode enables the LGC to align the IMU rapidly to a de-

sired position, with limited accuracy. In this mode, the LGC issues two discretes to the CDU: coarsealign enable and ISS error-counter enable.
The coarse-align enable discrete is routed through the CDU, where it provides a ground path to the
coarse-alignment relay, energizing the relay. The energized relay opens the gyro preamplifier output,
replaces the normal 3, 200-cps reference with an 800-cps reference, and routes the 800-cps coarsealignment error output from the CDU digital-to-analog converter to the gimbal servoamplifier through the
deenergized contacts of the IMU cage relays. This drives the gimbal until the coarse-alignment signal is
zero volts rms. The coarse-align enable discrete and error-counter enable discrete are also accepted by
the CDU logic as moding commands, enabling the error-counter and permitting transfer of Aeg angles
from the read counter to the error counter.
After the logic circuitry in the CDU has been set up to accept commands from the LGC, the LGC begins
transmitting positive or negative gimbal drive commands (pulse trains at 3,200 cps). These pulses, each
equivalent to a gimbal angle change ( AN0 c) of 160 arc seconds, are accumulated in the error counter. The
first a0c pulse determines the direction in which the error counter is to count and provides a polarity
control to the digital-to-analog converter of the CDU. 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 ( a0 c), is then generated. This signal is the 800cps coarse-alignment error output from the digital-to-analog section; it is routed to the gimbal servoamplifier, causing the gimbal to drive in the direction commanded by the LGC.
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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-perpulse 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 +Nee. If aac 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 figures 2.1-28 and 2.1-29.) 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 reference 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 torquing
current (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 aeg 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.
Attitude Error Display Mode. The attitude error display mode permits the LGC to display attitude errors,

in analog form, to the astronaut. In this mode, CDU error-counter enable discrete is generated by the
LGC. The LGC is informed of the gimbal angle and any changes to it by the read counter and the analogto-digital converter associated with it. The read counter output is routed through logic to the LGC, which
is then aware of the current LM attitude.
A digital autopilot program (DAP) has a computed desired attitude associated with current time and LM
position. The difference between the desired and actual values is attitude error. The attitude error is
converted to aec pulses (each equivalent to 160 arc seconds of error), which are fed to the error counter
at a rate of 3, 200 pps. The error counter is incremented to contain the number of pulses commanded.
The contents of the error counter are converted to an 800-cps error signal by the digital-to-analog converter. The phase of the digital-to-analog converter output depends on whether the input command is a
positive or negative.
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The 800-cps attitude errors have a maximum amplitude of 5 volts rms, zero or r phase. They are displayed by the FDAI attitude error needles. Digital feedback from the read counter to the error counter is
disabled during this mode of operation; only the LGC-generated Dec commands increase or decrease the
error counter. Total LM attitude can also be displayed in the FDAI. This information is taken from the
gimbal angle 1X resolver sine and cosine windings. Pitch, yaw, and roll can be displayed from the inner,
outer, and middle gimbals, respectively, after being processed by the GASTA.

Display Inertial Data Mode. The DID mode is program controlled. This mode is initiated by setting the
MODE SEL switch (panel 1) to PGNS. This arms the DID relay in the CDU and provides an input discrete
to the LGC, requesting the DID program.
The LGC, upon recognitionnf the input discrete, issues a DID discrete to the CDU. This energizes the
same DID relay, completing the interface between the CDU digital-to-analog converter and the X-pointer
indicators (panels 1 and 2). The LGC also issues a RR error-counter enable discrete and an ISS errorcounter enable discrete to the CDU. This enables all five CDU error counters, of which three (ISS error
counters) are used for attitude error display; two (RR error counters), for forward and lateral velocity
display.
Attitude error is displayed in the same manner as in the attitude error display mode. The ISS read counters repeat the gimbal angle changes and provide Mg commands to the LGC, which then determines the
attitude error. The attitude error is converted to a pulse train, which increases the CDU ISS error
counters. The contents of the counters are converted to analog signals, which are fed to the FDAI for
display. The read counter input to the error counter is inhibited, allowing the error counters to be increased or decreased only by the LGC.
For forward and lateral velocity display, the LGC receives positive and negative pulses from the ISS accelerometer loops and velocity data from the LR. On the basis of calculations derived from this information, the LGC increments the CDU RR error counters with Me commands, which are proportional to LM
forward and lateral velocity. The contents of the error counters are converted to analog signals in the
digital-to-analog conversion section. The resulting positive or negative d-c voltages are routed through
the energized DID relay, the MODE SEL switch, and to the cabin displays. The CDU RR error counters
operate independently of the read counter circuitry; therefore, the condition of the RR is immaterial for
this operation. The CDU RR analog-to-digital sections are not affected by this mode, but may be used
for RR antenna position readout, if required. Altitude or altitude rate is also displayed during this mode.
The LGC calculates the altitude/altitude rate and sends this data directly to the ALT and ALT RATE indicators (panel 1) via the MODE SEL switch and the RNG/ALT MON switch (panel 1). Altitude data from
the LR are supplied to the LGC to aid in this calculation.
IMU Cage Mode. The IMU cage mode is an emergency mode that enables the astronauts to recover a
tumbling IMU by setting the gimbals to zero, and to establish an inertial reference. This mode can also
be used to establish an inertial reference when the LGC is not activated. The IMU cage mode is initiated
by holding the IMU CAGE switch to ON for sufficient time (5 seconds maximum) to allow the IMU gimbals
to settle at the zero position. The IMU gimbal zeroing can be observed on the FDAI. If the mode is commanded to recover a tumbling IMU after the IMU turn-on mode is completed or to establish an inertial
reference with the CSS in standby or off, holding the IMU CAGE switch to ON drives the IMU gimbals to
zero. When the switch is released, the MS enters the inertial reference mode.
Holding the IMU CAGE switch to ON energizes the cage and coarse-alignment relays, which apply the sine
signals to the gimbal servoamplifiers, and sends an IMU cage discrete to the LGC. Releasing the
switch deenergizes the cage and coarse-alignment relays. When the coarse-alignment relay is deenergized, the stabilization loops are closed. The LGC, upon receiving the IMU cage discrete, stops issuing
discretes.
The IMU cage mode should not be used indiscriminately. The mode is intended only as an emergency recover function for a tumbling IMU. During the IMU cage mode, the IMU gimbal rates are sufficient to
drive the gyros into their rotational and radial stops due to the lack of CDU rate limiting.
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Gimbal Lock Mode. The gimbal lock mode provides the astronauts with an indication of a large middle
gimbal angle and disables the stabilization loop when gimbal lock occurs. An indication is also provided
to notify the astronauts that the inertial reference is lost. When the magnitude of the middle gimbal angle
exceeds +70 ° or -70 ° , the LGC turns on the GIMBAL LOCK condition light on the DSKY. The light goes
off as soon as the middle gimbal angle is less than +70 ° or -70 ° . If the magnitude of the middle gimbal
angle increases to +85 ° , the LGC turns on the NO ATT condition light on the DSKY, indicating that the
inertial reference is lost, and issues the coarse-alignment discrete to the CDU, which opens the stabilization loop and allows the stable member to be referenced to the LM. The astronauts can leave this mode
by requesting the coarse-alignment mode via a DSKY entry.
Inertial Reference Mode. Inertial reference is considered a mode of ISS operation during any period

after IMU turn-on is completed and the stabilization loops are closed (coarse-alignment relay deenergized) without any gyro-torquing occurring. The IRIG's hold the stable member inertially referenced,
and the reference can be displayed on the FDAI from the gimbal angle 1X resolver sine and cosine outputs.
The ISS is considered to be in the inertial reference mode of operation during any period after IMU turnon is completed during which the ISS is not in any other of its modes. The CDU read counters continuously monitor gimbal angle changes due to LM motion and indicate to the LGC the changing angles. The
error counters and the digital-to-analog converter are not used in this mode.
2.1.4.2

Primary Guidance and Navigation Section - Optical Subsection.

The AOT is used by the astronaut to take direct visual sightings and precision angular
I measurements of a pair of celestial objects. These measurements are transferred to the LGC by the
CCRD. The LGC uses this angular information along with the prestored data to compute the LM position and velocity and to perform the fine alignment of the IMU stable member. The AOT can be set
to six positions; it has a manually rotated reticle with an angular display.
2.2.4.2.1 Alignment Optical Telescope.
The AOT, mounted on the navigation base to provide a mechanical alignment and a common
reference between the AOT and IMU, is a unity-power, periscope-type device with a 60 ° conical field of
view. The AOT has a movable shaft axis (parallel to the LM X-axis) and a line-of-sight axis (approximately 45 ° from the X-axis).
The AOT is essentially an L-shaped device approximately 36 inches long, and consists of an
upper section and an eyepiece. Structural components, such as housing and mounts, are machined from
beryllium; spacers and similar parts are made of aluminum. A pressure strain seal is used to seal the
cabin from space environment.
The AOT optics (figure 2.1-30) consists of two sections: shaft optics and eyepiece optics.
The shaft optics section is a -5 power complex that provides a 60 ° field of view. The eyepiece optics
section is a +5 power complex that provides shaft and trunnion angle measurements.
The inner housing, which is part of the upper section and rotates within an outer housing,
contains the components of the shaft optics section. Objective and relay lenses and a prism are centrally
aligned and axially located within the inner housing.
The relay lens assembly is positioned near the bottom of the inner housing with the objective
lens assembly above it. The head prism and its mounting form the uppermost part of the objective lens
assembly and protrude through the top of the outer housing.
The objective lenses, consisting of six spherical lens elements and one aspherical element,
focus the image at the eyepiece side of the aspherical field lens. The aspherical field lens collects the
light rays and transmits them to the relay lenses. Image diameter at the first focal plane is approximately 6 x 10 - 4 inches. The relay lens assembly transfers and focuses the image at the second focal
plane located at the AOT reticle. The aperture between the lens cells functions as a field stop, limiting
the field of view to 60 ° . The head prism is fixed in elevation, with the center of its field of view 45 °
above the Y-Z plane. The prism collects light from a 60 ° segment of the celestial sphere and refracts it
to the prism hypotenuse. The light reflects from the hypotenuse, emerges from the output face of the
prism, and impinges on the first element of the objective lens assembly.
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Figure 2.1-30. Alignment Optical Telescope - Optical Schematic
The eyepiece optics section is the assembly through which the astronaut views the images of
the stars on the reticle. The eyepiece optics consists of a glass window, a mirror, the reticle, and the
eyepiece lenses. The glass window is mounted between the relay lens assembly and the eyepiece optics
provides a seal between the two assemblies. The mirror, mounted between the window and the eyepiece
optics at an angle of 45 ° , reflects the image from the relay lenses into the eyepiece lenses. The reticle
is at the second focal plane, coincident with the image and concentric with the AOT optical centerline.
The reticle is positioned between two plano-plano glass disks. The reticle pattern is etched on one disk
and covered by the other for protection. The disks are clamped together and mounted to a gear train,
which drives the reticle counter.
The AOT reticle pattern consists of crosshairs and a pair of Archimedes spiral lines. The
vertical crosshair, an orientation line designated the Y-line, is parallel to the LM X-axis when the
reticle is at the 0 ° reference position. Actually, the vertical crosshair (upper quadrant) is a pair of
radial lines that facilitate accurate superimposition of target stars between them. The horizontal crosshair, designated the X-line, is perpendicular to the orientation line. The pair of spiral lines are oneturn spirals, originating from the center of the reticle and terminating at the top of the vertical crosshair.
Ten miniature red lamps mounted around the reticle prevent false star indications caused by
imperfections in the reticle and illuminate the reticle pattern. Stars will appear white, reticle imperfections, red. Heaters prevent fogging of the mirror due to moisture and low temperatures during the mission. The AOT mirror heaters receive operating power through the HEATERS: AOT circuit breaker
(panel 11). This power is applied 30 minutes before initally using the AOT and is then left on for the
remainder of the mission.
A reticle control enables manual rotation of the reticle for use in lunar surface alignments.
A counter on the left side of the AOT, provides angular readout of the reticle rotation. The counter reads
in degrees to within ±0.02 ° or ±72 seconds. The maximum reading is 359.98 ° , then the counter returns
to 0 ° . Interpolation is possible to within ±0.01 ° .
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A rotatable eyeguard is fastened to the end of the eyepiece section. The eyeguard is axially
adjustable for head position. It is used when the astronaut taks sightings through the AOT with his faceplate open. This eyeguard is removed when the astronaut takes sightings with his faceplate closed; a
fixed eyeguard, permanently cemented to the AOT, is used instead. The fixed eyeguard prevents marring
of the faceplate when pressed against the eyepiece.
A high-density filter lens, supplied as auxiliary equipment, prevents damage to the astronaut's eyes due to accidental direct viewing of the sun or if the astronaut chooses to use the sun as a
reference. The filter mounts on a threaded portion of the fixed eyeguard.
2. 1.4. 2. 2 Computer Control and Reticle Dimmer Assembly.
The CCRD is mounted on the AOT guard. A thumbwheel on this control box enables the
astronauts to adjust the brightness of the AOT reticle lamp when star-sighting. MARK X and MARK Y
pushbuttons, also on this assembly, are used by the astronauts to send discrete signals to the LGC when
star-sighting for an IMU in-flight alignment. The REJECT pushbutton is used if an invalid mark discrete
has been sent to the LGC. The assembly routes heater power to the AOT and supplies reticle lamp power.
The reticle-dimming circuit consists of a thumbwheel-controlled potentiometer (which protrudes from
one side of the CCRD), two diodes, a control transistor, and a transformer.
2. I. 4. 2. 3 Optical Subsection Operation.
The OSS is used for manual star sightings, which are necessary for accurate determination
of the inertial orientation of the IMU stable member. These star sightings are required during certain
periods while the LM is in flight. There are two methods for using the OSS.
In-Flight Sightings. (See figure 2. 1-31.) For in-flight sightings, the AOT may be placed in any of the

three usable detent positions, However, when the LM is attached to the CSM, only the F position is used.
For in-flight operation, the CSS and the ISS are turned on, the AOT counter is zeroed, a detent position
is selected, and the LM is maneuvered to obtain a selected star in the AOT field of view, near the center.
The specific detent position code and selected star code are entered into the LGC via the DSKY. The LM
is then maneuvered so that the star image crosses the reticle crosshairs. When the star image is coincident with the Y-line, the astronaut presses the MARK Y pushbutton; when it is coincident with the X-line,
he presses the MARK X pushbutton. The astronaut may do this in either order and, if desired, he may
erase the latest mark by pressing the REJECT pushbutton. When the MARK X or MARK Y 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 crosshair line by the star image defines a plane containing the star. Crossing of
the other reticle crosshair line defines another plane containing the same star. The intersection of these
planes forms 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 sightings, the LGC calculates the
orientation of the stable member with respect to a predefined reference coordinate system.
I Lunar Surface Sightings. On the lunar surface, the LM cannot be maneuvered to obtain a star-image
crossing on a reticle crosshair line. The star can be selected in any detent position (F, R, RR, CL,
LR, or L) of the AOT. The astronaut, using the manual reticle control knob, adjusts the reticle to
superimpose the target star between the two radial lines on the reticle. The angle (star shaft angle, As)
displayed on the AOT counter is then inserted into the LGC by a DSKY entry. The astronaut next rotates
the reticle until the same target star is superimposed between the two spiral lines on the reticle. This
provides a second angular readout (reticle angle, AR), which is inserted into the LGC by a DSKY entry.
The AOT detent position and the star code numbers are also inserted into the LGC. The LGC can now
calculate the angular displacement of the star from the center of the field of view by computing the difference between the two counter readings. Due to the characteristics of the reticle spiral, this angle
(AR - As) is proportional to the distance of the star from the center of the field of view. Using this
angle and the proportionality equation, the LGC can calculate the trunnion angle (AT). At least two star
sightings are required for determination of the inertial orientation of the stable member.
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Figure 2.1-31. Alignment Optical Telescope - Reticle Pattern
Primary Guidance and Navigation Section - 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.
2.1.4.3.1

LM Guidance Computer. (See figure 2.1-32. )

The LGC contains a timer, sequence generator, central processor, priority control, an
input-output section and a memory. The main functions of the LGC are implemented through execution of
programs stored in memory. Programs are written in a machine language called basic instructions. A
basic instruction can be an instruction word or a data word. All words for the LGC are 16 bits long.
In memory, data words contain a parity bit, 14 magnitude bits, and a sign bit. A binary 1 in
the sign bit indicates a negative number; a binary 0, a positive number. Instruction words contain a 12bit address code and a three-bit order code. Normally, the address code represents the location of a
word in memory or the central processor. The order code defines the data flow within the LGC, and the
address code selects the data that is to be used for computations. The order code represents an operation to be performed on the data whose location is represented by the address code. The order code of
each instruction is entered into the sequence generator, which controls data flow and produces a different
sequence of control pulses for each instruction. Each instruction is followed by another instruction. To
specify the sequence in which consecutive instructions are to be executed, the instructions are normally
stored in successive memory locations. The address of the instruction to be executed next is derived by
adding the quantity one to the address of an instruction being executed. Execution of an instruction is
complete when the order code of the next instruction is transferred to the sequence generator and the
relevant address is in the central processor.
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The central processor performs arithmetic operations and data manipulations on information
accepted from memory, the input channels, and priority control. Arithmetic operations are performed
using the binary l's complement numbering system. The central processor performs all operations under
the control of pulses generated by the sequence generator.
All words read out of memory are checked for the correct parity, and a bit is generated
within the central processor for all words written into memory. The LGC uses odd parity; an odd number
of binary l's including the parity bit is associated with all the words stored in memory. The central

processor also supplies data and control signals through the output channels and provides interface for
the various subsystems.
The LGC operates in an environment in which many parameters and conditions change in a
continuous manner. The LGC, however, operates in an incremental manner, operating only one parameter at a time. Therefore, for the LGC to process the parameters, the LGC hardware is time shared.
The time sharing is accomplished by assigning priorities to the LGC processing functions. These
priorities are used by the LGC so that it processes the highest priority processing function first. Time
sharing is implemented by one of the following:
•

Counter interrupt (a hardware function)

•

Program interrupt (a hardware and program control program)

•

Program-controlled processing (program control function).

Each of the foregoing has a relative priority with respect to each other; also within each
there are a number of processing functions, each having a priority level relative to the other processing
functions within the group. Most of the processing performed by the LGC is in the program controlled
processing category. During this processing the LGC is controlled by the program stored in the LGC
memory.
The counter interrupt processing has the highest priority functions. A counter interrupt

•

input that requires processing causes the processing of either program-controlled function or interrupt
to be suspended. After processing the counter interrupt, control is returned to the processing that was

suspended. Program interrupts are the next highest priority type of processing. This type of processing causes suspension of any program controlled processing. A program interrupt cannot interrupt or
suspend the processing of a counter interrupt or the processing of another program interrupt, but an
inhibit, initiated through program action, can be set so that the program interrupt processing cannot
interrupt the program-controlled processing. Program-controlled processing is the lowest priority type
of processing. Any counter interrupt or program interrupt processing causes the program-controlled
processing to be suspended. The LGC has 10 program interrupt conditions. These interrupts, in order
of priority, are as follows:
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Time 6 interrupt (T6 RUPT)

•

Time 5 interrupt (T5 RUPT)

•

Time 3 interrupt (T3 RUPT)

•

Time 4 interrupt (T4 RUPT)

•

Key interrupt No. 1 (KYRPT 1)

•

Key interrupt No. 2 (ICYRPT 2) or Mark interrupt (MKRPT)

•

Uplink interrupt (UPRUPT)

•

Downlink interrupt (DNKRPT)

•

Radar interrupt (RADRPT)

•

Hand controller interrupt (HNDRPT).
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The time 6, 5, 3, and 4 interrupt conditions are internal interrupts initiated by the LGC.
The first key interrupt is initiated when a DSKY pushbutton is pressed. A mark signal, indicating a
sighting, initiates the second key interrupt. The uplink interrupt indicates completion of an uplink word.
The radar interrupt is generated when a complete radar work is received. As the ACA is moved out of
detent the hand controller interrupt is initiated.
Before a priority program can be executed, the current program must be interrupted. The
contents of the program counter and any intermediate results contained in the central processor should
be preserved. The priority control produces an interrupt request signal, which is sent to the sequence
generator. The signal, acting as an order code, executes as instruction that transfers the contents of the
program counter and any intermediate results to memory. The interrupt request signal also transfers
the priority program address from priority control to the central processor and, then, to memory through
the write lines. As a result, the first basic instruction word of the priority program is entered into the
central processor, from memory, and execution of the priority program begins. The last instruction of
each priority program restores the LGC to normal operation, provided no other interrupt request is
present, by transferring the previous contents of the program counter and intermediate results from their
storage locations in memory back to the central processor.
Data pertaining to the flight, which include real time, acceleration, and IMU gimbal angles,
are stored in memory locations called counters. The counters are updated as soon as new data becomes
available. Data inputs to priority control are called incremental pulses. Each incremental pulse produces a counter address and a priority request. The priority request signal is sent to the sequence
generator as an order code. The control pulses produced by the sequence generator transfer the counter
address to memory through the write lines of the central processor. The control pulses also enter the
contents of the addressed counter into the central processor.
Real time, which is used in solving guidance and navigation problems, is maintained within
the LGC, in the main time counter of memory. The main time counter provides a 745. 65-hour (approximately 31 days) clock. Incremental pulses are produced in the timer and sent to priority control to
increase the main time counter. The LGC clock is synchronized with ground elapsed time (GET) which
is "time zero" at launch. The LGC time is transmitted once every second by downlink operation for comparison with the GET of MSFN.
Incremental transmissions occur in the form of pulse bursts from the output channels to
the CDU, the gyro fine alignment electronics, 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 DSKY and other subsystems. A continuous pulse train
at 1.024 me originates in the timing output logic and set as a synchronization signal to the timing electronics assembly in the IS.
The uplink word from MSFN via the digital uplink assembly (DUA) is supplied as an incremental 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 converts
the parallel word to a coded display format and transfers the display information to the DSKY.
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 2.1. 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
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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 properly received, decoded, and processed 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 kpps). This basic clock rate is also applied to a scaler and a time 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 processor and priority
control. These signals are coded by the order code processor and supplied to the command 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 exchange control
pulses. The special purpose control pulses regulate the operation of the order code 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.
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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 interrupt 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 Dm. , 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 addresses from the central processor control the
priority operation.
The counter instruction control is similar to the interrupt instruction control in that it units 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 a interruption) 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. The priority is also controlled 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.
Input-Output Interfaces. The input interface receives signals from the PGNS and other sources. (Refer
to table 2. 1-3.) These signals are conditioned and isolated by the input interface before they are routed
into the LGC logic circuitry. The output interface conditions and isolates the LGC output signals before
routing them to their assigned destinations. The input and output circuits of the LGC include storage and
gating devices, which are referred to as input-output channels.
Most input and output channels are flip-flop registers. Certain discrete inputs are applied to individual
gatingcircuits, which are part of the input channel structure. Input data are applied directly to the input
channels; there is no write process as in the central processor. However, the data are read out to
the central processor under program control. The input logic circuits accept inputs that cause interrupt
sequences within the LGC. These incremental inputs (acceleration data from the PIPA's, etc) are applied
to the priority control circuits and, subsequently to associated counters in erasable memory.
Outputs from the LGC are placed in the output channels and are routed to specific systems through the
Data are written
output interface circuits. The operation is identical with that in the central processor.
into an output channel from the write lines and read out to the interface circuits under program control.
The downlink word is also loaded into an output channel and routed to the IS by the downlink circuits. The
output timing logic gates synchronization pulses (fixed outputs) to the PGNS. These are continuous outputs,
since the logic is specifically powered during normal operation of the LGC and during standby.
Channel No. 1. This channel is the L-register of the LGC.
Channel No. 2. This channel is the quotient (Q) register of the LGC.
Channel No. 3. This channel is the high-order scaler. The channel furnishes a 14-bit
positive number whose least significant bit has a weight of 5.12 seconds. The maximum content of the
register is 23.3 hours.
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Channel No. 4. This channel is the low-order scaler. The channel furnishes a 14-bit
positive number whose least significant bit has as a weight of 1/3200 second. The maximum content of
the register is 5.12 seconds.
Channel No. 5 and 6. These output channels have eight bit positions and are associated with
the RCS thrusters. The channel outputs are used for LM translation and rotation. The thruster commands from the channels are fed to preamplifiers of the jet drivers in the CES. The driver amplifier
outputs are fed to the RCS to provide required control. The alphanumeric designation in the "bit position"
columns indicates which of the 16 thrusters is controlled by that bit. A logic 1 in any of the bit positions
causes the appropriate thruster to be fired.
Channel No. 7. The channel is the fixed, external memory register. It is associated with
selection of word locations in the fixed memory. The channel has three bit positions.

Channel No. 10. The information in this channel is routed to the DSKY, which illuminates
.
the various electroluminescent displays associated with the DSKY.
Channel No. 11. All the information in this channel is routed to the DSKY condition indicators. If bit positions No. 1 through 7 contain a logic 1, the appropriate indicator goes on. Bit positions
No. 13 and 14 contain the on-off commands for the ascent or descent engine (dependent on the setting of
the ENG ARM switch).
Channel No. 12. This output chann4 contains the discrete commands that are used by the
PGNS. Bit positions No. 13 and 14 contain the discretes issued to the radar section.
Channel No. 13. The first four bits of this channel are associated with the radars. The
content of bit positions No. 1 through 3 defines which data are to be supplied by the radars to the LGC.
(Refer to table 2. 1-4.) Bit position No. 4 contains the radar data strobe. When a "1" has been entered
into bit position No. 4 simultaneously with the necessary selection bits in bit positions No. 1 through 3,
the LGC starts to transmit one of the six control signals. While the control signal is being transmitted,
a sync pulse is also transmitted. When the radar receives the sync pulses, it sends data pulses to the
LGC. Bit positions No. 12 through 14 are program interrupt priority control commands. Bit position
No. 6 is not used.
Channel No. 14. Bit positions No. 6 through 15 are associated with the ISS. CDU drive
signals (bit positions No. 11 through 15) are generated when the bit position contains a logic 1. More than
one of these signals can be generated simultaneously. Bit positions No. 7 and 8 select a gyro to be torqued
positively or negatively and then applies a 3,200-cps signal to the appropriate gyro. The appropriate
signal is determined by the configuration of bits No. 7 through 9. If bit positions No. 6 and 10 are a logic
1, a 3, 200-cps pulse train is routed to the gyro electronics specified by bit positions No. 7 through 9.
Channel No. 15. This input channel has five bit positions. Whenever a pushbutton on the
DSKY is pressed, a five-bit code is entered into this channel.

Channel No. 16. This input channel has five bit positions. If a MARK pushbutton on the
AOT is pressed, a logic 1 is entered into bit positions No. 3, 4, or 5. This initiates an interrupt routine
within the LGC. Bits No. 6 and 7 receive discretes from the DES RATE switch (panel 5), commanding
I an increase or decrease in the rate of descent.
Channel No. 30. This input channel consists of 15 bit positions and uses inverted logic.
Bit position No. 1 informs the LGC that an abort, using the descent engine, has been
commanded. This position is filled by either crewman pressing the ABORT pushbutton.
Bit position No. 2 informs the LGC that staging has occurred. This signal is generated
in the Explosive Devices Subsystem.
Bit position No. 3 informs the LGC that the crew has armed the ascent or descent
engine by setting the ENG ARM switch to the appropriate position.
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Table 2.1-3. LGC Input-Output Channel Assignments
Bit Positions
cannel

Name

2

1

3

4

6.

5

9

8

7

13

12

11

10

Channel

15

14

.-1c4cl

rl 0.1 01 ,J.

L-register
Q-register
Scaler 2
Scaler 1

5

Pitch
Yaw

RCS B4U
on

RCS A4D
on

RCS A3U
on

6

Roll

RCS B3A
on

RCS 334F
on

RCS AIF
on

7

F EXT
register

.

•

RCS B3D
on

RCS B2U
on

RCS A2D
on

RCS AlU
on

RCS BID
on

RCS A2A
on

RCS B2L
on

RCS A3R
on

RCS A4R
on

RCS BlL
on

FE 5

FE 6

FE 7

4d■

,

5

7

,
Relay bit 11

Relay
address 1

Relay
address 4

10

Relay
address 2

Relay
address 3

Engine-on
command

Engine-off
command

LR position
command

RR auto track
or enable

ISS turn-on
complete

12

Reset
trap

Reset
trap

Enable T6
interrupt

13

Relay bit 4

ALT caution
lamp

Relay bit 6

Relay bit 7

Relay bit 8

Relay bit 9

Relay bit 10

. UPLINK ACTY
status lamp

TEMP caution
lamp

KEY REL
status lamp

VERB/NOUN
flash

OPR ERR
status lamp

Test connect
outbit

Test connect
outbit

Caution
reset

Horizontal
vel low scale

Coarse-align
enable

Zero IMU
CDU

IMU errorcounter enable

DID
enable

+ Pitch trim

- Pitch trim

+ Roll trim

- Roll trim

Radar b
(Refer to table 2.1-4.)

Radar a

Radar
activity

Inhibit
uplink

Block inlink

Downlink
word order

Enable
RHC counter

RHC
read

Test
alarms

Enable
standby

Reset
trap

Outlink
activity

Altitude
rate

Altitude
indicator

Thrust
indicator drive

Gyro enable

Gyro b

Gyro a

Gyro
minus

Gyro
activity

Shaft angle

CDU drive

Trunnion angle
CDU drive

Key 1

Key 2

Key 3

Key 4

Key 5

Mark X

Mark Y

Mark
REJECT

Stage verify

Engine
armed

Abort
Stage

Automatic
throttle

Translation + Elevation
and rotation (LPD)

- Elevation
(LPD)

+ Yaw

- Yaw

+ Azimuth
(LPD)

- Azimuth
(LPD)

+X-translation

32

Impulse

RCS A3U and
A3R failed.

RCS B4U and
B4F failed.

RCS B31) and
B3A failed.

RCS BID and
B1L failed.

RCS AlU and
A1F failed.

33

Optics
(LGC)

RR power on
automatic

RR range
low scale

RR data
good

LR data
good

LR position
No. 1

34

Downlink 1

First of two words

34

35

Downlink 2

Second of two words

35

10

DSKY

Relay bit 1

Relay bit 2

11

DSKY

ISS warning
light (panel 1)

CMPTR
ACTY lamp

12

GN&CS
discretes

Zero RR
CDU

RR errorcounter enable

I'

LGC
discretes

Radar c

14

IMU
discretes

15

Main
DSKY

16

Navigation

30

GN&CS
discretes

31

VEL caution
lamp

-I

7

Abort

RCS A4D and
A4R failed.

11

8Z CDU

drive

eyCDU
drive

eXCDU
drive

14
15

Positive rate
of descent
,_ DID

16

Negative rate
of descent
IMU
operate

G&N control
of S&C

IMU cage

IMU CDU
failure

EMU failure

MS turn-on
request

Temperature
in limits

30

-X-translation

+Y-translation

-Y-translation

+Z-translation

-Z-translation

Attitude hold

Automatic
stabilization

ACA out of
detent

31

RCS B2U and
B2L failed.

RCS A2D and
A2A failed.

Gimbal off

Apparent
gimbal fail

LR position
No. 2

LR velocity
data good

LR range
low scale

Block
uplink

RR CDU
failure

32

Uplink
too fast

Downlink
too fast

PIPA
failed.

Oscillator
alarm

LGC

33
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Bit position No. 4 informs the LGC that an abort, using the ascent engine, has been
commanded.
Bit position No. 5 informs the LGC that it is in control of descent engine throttle.
Bit position No. 6 requests the LGC to supply forward and lateral velocity signals to
the X-pointer indicators.
Bit position No. 7 contains a logic 1 when a failure has occurred in a radar CDU channel.
Bit position No. 9 contains a logic 1 when the IMU is in the operate mode.
Bit position No. 10 informs the LGC that PGNS is in control of the LM.
Bit position No. 11 indicates that the IMU cage condition exists in the ISS.
Bit position No. 12 indicates that a failure has occurred in an inertial CDU channel.
Bit position No. 13 indicates that a malfunction has occurred in the IMU stabilization
loop.
Bit position No. 14 indicates that the ISS has been turned on or commanded to be
turned on.
Bit position No. 15 indicates that the stable member temperature has not exceeded its

design limits.
Table 2.1-4. Channel 7 Radar Fixed Extension Bits
Function

Bit 1
a

Bit 2
b

Bit 3
o

RR range rate

0

0

0

RR range

0

0

1

LR Vx

1

0

0

LR V

1

0

1

LR V a

1

1

0

LR range

1

1

1

Y

Channel No. 31. This input channel has 15 bit positions and uses inverted logic.
Bit positions No. 1 and 2 indicate positive and negative pitch manual input commands,
respectively, from the ACA. These bits are used for elevation changes when the
landing point designator (LPD) is used.
Bit positions No. 3 and 4 indicate positive and negative yaw manual input commands,
respectively, from the ACA.
Bit positions No. 5 and 6 indicate positive and negative roll manual input commands,
respectively, from the ACA. These bits are used for azimuth changes when the LPD
is used.
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Bit positions No. 7through 12 indicate positive and negative X-, Y-, and Z-translat_
commands from be TTCA. These signals command LM translation by on-and-off
firing of the throsters, under LGC control.
Bit position J. 13 indicates that the C ES is operating in the attitude hold mode.
Bit position No. 14 indicates that the CES is operating in the automatic mode.
Bit position Ns. 15 informs that LGC that the ACA is out of detent.
Channel No. 32. ibis input channel has 15 bit positions and uses inverted logic.
Bit positions lb. I through 8 inform the LGC of a thruster pair shutoff, so that the
LGC immedialek ceases to command the thruster pair on and compensates for its I(
Bit position lin- 9 hdorms the LGC that the descent engine pitch and roll gimbal dri actuators have bib shut off by the astronaut.
Bit position No. le informs the LGC that the DECA has detected an apparent failure
the pitch or Mitzi& loop.
Channel No. 33. This input channel has 15 bit positions and uses inverted logic.
Bit position No. 2 bdicates that RR power is on and the RR mode selector switch
(panel 3) is set be UGC.
Bit position No. 3 adicates that the RR scale factor is on Iow scale. This signal is
implemented notomatically by the RR at a range of less than 50 nautical miles.
Bit positions No. 4 and 5 indicate that the RR and LR range trackers have lock..

Bit positions Na. Sand 7 indicate the position of the LR antenna.
Bit position lb. S indicates that the LR velocity trackers have locked on.
Bit position No. 9 indicates that the LR scale factor is on low scale. This signal is
implemented by be LR at approximately 2,500 feet.
-Bit position lb. i is used to inhibit reception of data via uplink. This signal is
always in the logic 0 state.

■

Bit positions No. 11 and 12 indicate that PGNS telemetry rate is too high.
Bit position No. 13 Indicates failure in an accelerometer loop.
Bit position No. 14 indicates an LGC internal malfunction.
Bit position lb. 15 indicates that the LGC oscillator stopped.
Channels 34 and M. These outputs channels provide 16-bit words, including a parity bit,
for downlink telemetry transmission.
Memory. Memory provides the shwage capability for the LGC; it is divided into two sections: erasab .

me 77nym
- and fixed memory. The namable memory has a storage capacity of 2,048 words; the fixed
memory, 36,864 words. The erasable memory is a random-access, destructive-readout storage devil
Data stored in the erasable memory an be altered or updated. The fixed memory is a nondestructive
storage device. Data stored in the hoed memory are unalterable, because the data are hardwired and
readout is nondestructive.
Both memories contain magnetic-core storage elements. In the erasable memory, the storage elemen
form a core array; in the fixed memory, the storage elements form three core ropes. The eras
memory has a density of one word pee- 16 cores; the fixed memory, eight words per core. Each
is located by an address.
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In the fixed memory, addresses are assigned to instruction words to specify the sequence in which they
are to be executed; blocks of addresses are reserved for data, such as constants and tables. Information
is placed into the fixed memory permanently by weaving patterns through the magnetic cores. Information is written into assigned locations in the erasable memory with the DSKY, uplink, or program
operation.
Both memories use a common address register (S-register) and an address decoder in the central processor. When the S-register contains an address pertaining to the erasable memory, the erasable
memory cycle timing is energized. Pulses sent to the erasable memory cycle timing then produce strobe
signals for the read, write, and sense functions. The erasable memory selection logic receives an
address and a decoded address from the central processor and produces selection signals, which permit
data to be written into, or read out from, a selected storage location. When a word is read out from a
storage location in the erasable memory, the location is cleared. A word written into the erasable
memory, through the memory buffer register in the central processor, by a write strobe operation. A
word read from a storage location is applied to the amplifiers. The amplifiers are strobed and the
information is entered into a buffer register of the central processor. The memory buffer register receives information from both memories.
The address in the 5-register energizes the fixed memory cycle timing when a location in the fixed
memory is addressed. Pulses sent to the fixed memory cycle timing produce the strobe signals for
the read and sense functions. The selection logic receives an address from the write lines and a decoded
address from the S-register, and produces selection signals for the core rope. The content of a storage
location in the fixed memory is strobed from the fixed memory sense amplifiers to the erasable memory
sense amplifiers and then entered into the memory buffer register of the central processor.
Alarm-Detection Network. The alarm-detection network consists of temperature, voltage, scaler, double
frequency scaler oscillator, memory clamping, and the warning filter and integrator circuits. The
alarm-detection network monitors LGC operation. If an LGC failure is detected, a failure signal is
routed to the DSKY for display. An LGC power failure is also displayed by the LGC warning light (panel 1).
2.1.4.3.2 Display and Keyboard Assembly. (See figure 2. 1-33.)
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 indications 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 insert or read out LGC data. The keyboard consists of 10
numerical pushbuttons (0 to 9), two sign pushbuttons (+ and -), and seven instruction pushbuttons (ENTR,
CLR, VERB, NOUN, RSET, PRO, and KEY REL). All the pushbuttons, except the PRO pushbutton,
have five-bit codes associated with them; they convey information to the LGC. The PRO 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.
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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 displays after processing by a 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 information 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.
2. 1. 4, 3. 3 Manual Operation of DSKY.
The operator of the DSKY can communicate with the LGC by pressing a sequence of pushbuttons on the DSKY keyboard. Except for the PRO pushbutton, each pushbutton pressed inserts a fivebit code into the LGC. The LGC responds by returning a code, which controls a display on the display
panel, to the DSKY or by initiating an operation by the central processor. The LGC can also initiate a
display of information or request the operator for some action, through the processing of its program,
The basic language of communication between the operator and the DSKY consists of verb and
noun codes. (Refer to Apollo Operations Handbook, Volume II, paragraph 4. 4 for DSKY verb and noun codes.)
The verb code indicates what action is to be taken (operation). The noun code indicates to what this action is
applied (operand). Verb and noun codes may be originated manually or by internal LGC sequence. Each
verb or noun code contains two numerals. The standard procedure for manual operation involves pressing
a sequence of seven pushbuttons:
ENTR
V1
V2
NOUN
NI
VERB
N2
Pressing the VERB pushbutton blanks the VERB code display on the display panel and clears
the verb code register within the LGC. The next two pushbuttons (0 to 9) pressed provide the verb code (V1
and V2). Each numeral of the code is displayed by the VERB display as the pushbutton is pressed. The NOUN
pushbutton operates the same as the VERB pushbutton, for the NOUN display and noun code register.
Pressing the ENTR pushbutton starts the operation called for by the displayed verb-noun combination. It
is not necessary to follow any order in punching in the verb or noun code. It can be done in reverse order,
and a previously entered verb or noun may be used without repunching it.
If an error in the verb code or the noun code is noticed before the ENTR pushbutton is pressed,
correctionis made by pressing the VERB or NOUN pushbutton and repunching the erroneous code, without
changing the other one. Only when the operator has verified that the desired verb and noun codes are
displayed should he press the ENTR pushbutton. An example of the sequence in which the pushbuttons are
pressed is as follows: VERB, 1, 6, NOUN, 2, 1, ENTR. Pressing the ENTR pushbutton advises the LGC
that it should perform the operation called for by the verb and noun codes. An alternative sequence would
be: NOUN, 2, 1, VERB, 1, 6, ENTR. When the VERB pushbutton is pressed, the two VERB displays
are blanked. As the digits of the VERB code are punched in, they are displayed in the VERB displays.
The NOUN display operates in the same manner.
A noun code can refer to a group of LGC erasable registers, a group of counter registers, or
it may serve merely as a label. A label noun does not refer to a particular LGC register; it conveys information by its noun code number only. The group of registers to which a noun code refers may be a group of one,
two, or three members. These members are generally referred to as 1-, 2-, or 3-component nouns. The
component is understood to be a component member of the register group to which the noun refers. The
machine addresses for the registers to which a noun refers are stored in the LGC in noun tables.
A single noun code refers to a group of 1-, 2-, or 3-component members. The verb code determines which component member of the noun group is processed. For instance, there are five differentload
verbs. Verb 21 is required for loading the first component of whatever noun is used therewith; verb 22
loads the second component of the noun; verb 23, the third component; verb 24, the first and second component; and verb 25, all three components. A similar component format is used for the display and
monitor verbs.
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When the decimal display verb is used, all the component members of the noun being used
are scaled as appropriate, converted to decimal, and displayed in the data display registers. Decimal
data are identified by a plus or minus sign preceding the five digits. If a decimal format is used for loading data of any component members of a multicomponent load verb, it must be used for all components of
the verb. Mixing of decimal and octal data for different components of the same load verb is not permissible. If data are mixed, the OPR ERR condition light goes on.
Monitor verbs update displayed data once a second. Once a monitor - verb is executed, the
data on the display panel continues to be updated until the monitor is turned off by V33E (proceed/
proceed without data), V34E (terminate), and internal program initiation of the program, or by a fresh
start of the LGC. V33E is the abbreviation for the sequence of depressions (VERB, 3, 3, ENTR) that
instructs the LGC to stop updating the monitor (display registers),
After any use of the DSKY, the numerals (verb, noun, and data words) remain visible until the
next use of the DSKY. If a particular use of the DSKY involves fewer than three data words, the data
display registers (R1, R2, R3) not used remain unchanged unless blanked by deliberate program action.
"Machine address to be specified" nouns allow any machine address to be used. When the
ENTR pushbutton is pressed the verb-noun combination senses a noun of this type, and the flash is
immediately turned on. The verb code is left unchanged. The operator loads the desired five-octalcharacter complete machine address. It is displayed in R3 as it is punched in. If an error is made in
loading the address, the clear (CLR) pushbutton may be used to remove it.
Data LoadinE. Some verb-noun codes require additional data to be loaded. If additional data are required
after the ENTR pushbutton is pressed, following the keying of the verb-noun codes, the VERB and NOUN
displays flash on and off at a 1. 5-cps rate. These displays continue to flash until all information associated with the verb-noun code is loaded.
Numerical data are considered decimal if the five-numeral data word is preceded by a plus sign or a minus
sign: if no sign is supplied, it is considered octal. The + and - pushbuttons are accepted by the LGC only
when they precede the first numeral of the data word; they are ignored at any other time. Decimal data
must be loaded in full five-numeral words (no zeros may be suppressed): octal data may be loaded with
high-order zeros suppressed. If decimal format is used for any component of a multicomponent load verb,
it must be used for all components of that verb. Mixing of octal and decimal data for different components
of the same load verb is not permissible. (If such data are mixed, the operator error alarm is initiated.)
The ENTR pushbutton must be pressed after each data word. This tells the program in progress that the
numerical word entered is complete.

•

After the ENTR pushbutton is pressed, the VERB and NOUN displays stop flashing and remain on, displaying the entered verb-noun combination. As the various pushbuttons are pressed (while entering the
data), the digits are displayed in positions of one of the display registers corresponding to the order in
which they were entered. As the data is entered, it is temporarily stored in intermediate buffers. It is
not placed into its final destination as a specified address noun code until the final ENTR pushbutton is
pressed.
If an attempt is made to enter more than five numerals in sequence, the sixth and subsequent numerals
are rejected. If the 8 or 9 pushbutton is pressed during octal load (as identified by lack of a sign entry),
it is rejected and the operator error (OPR ERR) condition light goes on.
In multicomponent load situations, the appropriate single component load verbs are flashed one at a time.
The LGC always instructs the operator through a loading sequence. The operator (or the internal program) initiates the sequence by selecting VERB, 25 (load 3 components of), (any noun will do), ENTR.
The verb code is changed to 21 (load first component of) and the flash is turned on. Verb 21 continues to
be flashed as the first data word is being loaded. When the ENTR pushbutton is pressed, the verb code is
changed to 22 (load second component). Flashing continues while the second data word is loaded. When
the ENTR pushbutton is pressed, the verb code is changed to 23 (load third component); the flash continues
while the third data word is loaded. When the ENTR pushbutton is pressed, the flash is turned off and all
three data words are placed in the locations specified by the noun.
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Correcting Erroneous Data. The CLR pushbutton is used to remove errors in R1, R2, or R3 during data

loading. This allows the astronaut to begin loading again. Use of the CLR pushbutton does not affect the
PROG, NOUN, or VERB displays.
To correct errors for single-component load verbs, the CLR pushbutton clears the register being loaded,
provided that the CLR pushbutton is pressed before the ENTR pushbutton. Once the ENTR pushbutton is
pressed, the CLR pushbutton has no effect. After the ENTR pushbutton has been pressed, the only way to
correct an error for a single component is to begin to load again.
To correct errors for second and third component load verbs, the CLR pushbutton is used. The first
pressing of the CLR pushbutton clears the register being loaded. Consecutive pressing clears the registers above the register being loaded, until R1 is cleared.
Program'Selection. Verb 37 is used to change the program. Keying VERB, 37, and ENTR blanks the

NOUN display; the verb code flashes. The two-digit program code is then loaded. For verification purposes, the program code is displayed, as it is loaded, in the NOUN display register. When the ENTR
pushbutton is pressed, the flashing stops, the new program to be entered is requested, and a new program
code is displayed in the PROG display.
Release of Display and Keyboard System. The display and keyboard system program can be used by in-

ternal LGC programs. However, any operator keyboard action (except reset) makes the system program
unavailable (busy) to internal routines. The operator has control of the system until he wishes to release
it. Thus, he is assured that data he wishes to observe will not be replaced by internally initiated data
displays. In general, it is recommended that the operator release the system for internal use when he
has temporarily finished with it. This is done by pressing the KEY RE L pushbutton.
If an internal program attempts to use the system, but finds that the operator has used it and not yet released it, the KEY REL light goes on. When the operator finds it convenient, he should press the KEY
RE L pushbutton to allow the internal program to use the display and keyboard panel.
Operator Error. The OPR ERR condition light goes on when the operator presses pushbuttons improperly.

The light goes on when an undefined verb or noun is entered or when a verb that is defined and a noun that
is defined are entered, but the combination of verb and noun is illegal. Both of these errors do not require any further operator action. The following operator errors also do not require further action:
•

The component number of the verb exceeds the number of the components in the
noun.

•

The octal display and monitor verbs are used with a "decimal only" noun.

•

The decimal display and monitor verbs are used with mixed nouns.

•

The decimal display and monitor verbs are used with an "octal only" noun.

•

A no-load verb is used with a noun that is not a no-load noun. (Nouns that have a
split minute/second scale for any component are no-load nouns. )

a An input code other than those that are defined is received from the keyboard.
•

The contents of the register exceed its limit.

When improper data are entered for a defined verb-noun combination that requires loading of additional
data, the OPR ERR condition light goes on. The error is detected when the final entry of the loading

sequence is made. When the light goes on, recycling to the beginning of the loading sequence is required.
Only the data must be entered again, not the verb-noun combination. Other errors that cause the OPR
ERR condition light to go on, and require recycling, are as follows:
•

The address entered for a "machine address to be specified" noun is not octal.

GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM
Page 2. 1 - 81
Mission LM Basic Date 1 February 1970 Change Date

GN&C5

LMA790-3-LM
APOLLO OPERATIONS HANDBOOK
SUBSYSTEMS DATA
•

Octal and decimal data are mixed in multicomponent load verbs. (All data words
loaded for a given noun must be all octal or all decimal.)

•

Octal data are loaded a "decimal only" noun.

•

Decimal data are loaded an "octal only" noun.

•

Loaded decimal data numerically exceed the maximum permitted by the scale factor
associated with the appropriate component of the noun.

•

Negative decimal data are loaded, using the Y-optics scale.

•

For displays of time, the three data words are not loaded for the hours, minutes,
and seconds scale.

•

When loading with the hours, minutes, and seconds scale, the minutes exceed 59,
the seconds exceed 59.99, and the total exceeds 745 hours 39 minutes 14.55 seconds.

•

Two numerals are not supplied for the program code under verb 37.

•

2.1.4.3.4 DSKY Operation Under LGC Control.
The principles of DSKY operation by the internal LGC sequences are the same as those described for manual operation of the DSKY. DSKY operation by the internal LGC sequences encompasses
the following categories: display, loading, please perform, and please mark.
The display operation is used to display data to the operator. Data computed by the mission

program can be displayed by using various display verbs. The loading operation requests that the operator
load data. The please-perform operation requests an action by the operator, who then notifies the LGC
that he has complied. The please-mark operation requests that the operator press MARK pushbutton on
the AOT for an optics sighting.
LGC-initiated verb-noun combinations are displayed as static or flashing displays. A static

display identifies data displayed only for operator information; no operator response is required. If the displayed verb-noun combination flashes, appropriate operator response is required, as dictated by the
verb-noun combination. In this case, the internal sequence is interrupted until the operator responds
appropriately, then the flashing stops and the internal sequence resumes. A flashing verb-noun display
must receive only one of the proper responses; otherwise, the internal sequence that instructed the
display may not resume.
Display. The appropriate operator response to a flashing display (verb-noun combination) is as follows:
•

Correct the data and perform the appropriate load-verb sequence. Upon pressing
the ENTR pushbutton, the internal sequence proceeds normally.

•

Recycle by keying VERB, 32, ENTR. This returns the program to a previous
location.

•

proceed, or proceed without data, by pressing the PRO pushbutton. This indicates acceptance of the displayed data and a desire for the internal sequence to
continue normally.

•

Terminate by keying VERB, 34, ENTR.

Data Loading. When data are to be loaded, the VERB and NOUN displays flash.

The flashing occurs
whether data loading is initiated by LGC or by the operator. The appropriate register (R1, R2, or R3)
is blanked in anticipation of data loading. Data are loaded as five-numeral words; they are displayed

numeral-by-numeral in one of the registers as loaded.
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The appropriate response to an internally initiated verb-noun combination for loading is as follows:
•

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

•

Proceed, or proceed without data, by pressing the PRO pushbutton.

•

Terminate by keying VERB, 34, ENTR,

Please Perform. The operator must respond to a "please perform" request. Withthis 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 in Rl. (Refer to Apollo Operations
Handbook, Volume II, paragraph 4.4 for checklist codes.) The appropriate response is as follows:
•

Press the ENTR pushbutton to indicate that the requested action has been performed.
(The internal sequence continues normally.) Proceed without data by pressing
the PRO pushbutton. The operator chooses not to perform the requested action,
but desires the internal sequence to continue with the previous data.

•

Terminate by keying VERB, 34, ENTR.

I

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. 1. 4. 3.5 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, 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). (Refer to Apollo Operations Handbook, Volume II, paragraph 4.4 for PGNS pro- I
grams. ) For operational compatibility, the astronauts and/or MSFN can initiate, modify, or interrupt the
automatic program sequences. In certain cases, the programs are initiated by a previous program.
The LGC is preptogrammed 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 are used by most LGC programs, to perform the required input and
output functions. (Refer to Apollo Operations Handbook, Volume II, paragraph 4.4 for PGNS routines.)
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 2.1. 4.1. 8.
2. 1. 4. 4

Abort Guidance Section.

2. I. 4. 4. 1.

Abort Sensor Assembly. (See figure 2. 1-34. )

The ASA contains three floated, pulse-rebalanced, single-degree-of-freedom, rateintegrating 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 sensors are aligned with the three LM reference axes. The assembly also includes pulse torque servoamplifiers (one associated with each sensor), a frequency divider, temperature control amplifiers, and
a power supply.
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Figure 2.1-34. Abort Sensor Assembly - Block Diagram
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