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CHANGE INFORMATION

This handbook is subject to continuous change or revision, on a priority basis,
to reflect current Lunar Module or mission changes, or to improve content or
arrangement. The content and the changes are accounted for by the List of
Effective Pages, and the following means:

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

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

COMMENTS

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

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

RECORD OF PUBLICATION

The issue of the Apollo Operations Handbook - LM, Volume 1, dated 15 December
1968, is the basic issue. Subsequent changes will be issued to maintain informa-
tion current with all active Lunar Modules. This record will reflect the publica-
tion date of all changes.
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15 December 1968 15 March 1969
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SECTION 1

SPACECRAFT

INTRODUCTION

This section includes descriptions of the LM, the LM - SLA - S-IVB connections, the
LM-CSM interfaces, and LM stowage provisions. The Apollo-Saturn space vehicle configuration is
shown in figure 1-1.

1.1 LM CONFIGURATION. (See figure 1-2.) ]

The LM is designed for manned lunar landing missions. It consists of an ascent stage and a
descent stage; the. stages are joined together at four interstage fittings by explosive nuts and bolts.
Subsystem continuity between the stages is accomplished by separable interstage umbilicals and hard-
line connections.

Both stages function as a single unit during lunar orbit, until separation is required. Stage
separation is accomplished by explosively severing the four interstage nuts and bolts, the interstage
umbilicals, and the water lines. All other hardlines are disconnected automatically at stage separation.
The ascent stage functions as a single unit to accomplish rendezvous and docking with the CSM. The
overall dimensions of LM are given in figure 1-3. Station reference measurements (figure 1-4) are
established as follows:

e The Z- and Y-axis station reference measurements (inches) start at a point where
both axes intersect the X-axis at the vehicle vertical centerline: the Z-axis extends
forward and aft of the intersection; the Y-axis, left and right. The point of inter-
section is established as zero.

e The +Y-axis measurements increase to the right from zero; the -Y-axis measure-
ments increase to the left. Similarly, the +Z- and - Z-axis measurements increase
forward (+Z) and aft (-Z) from zero.

e The X-axis station reference measurements (inches) start at a design reference
point identified as station +X200. 000. This reference point is approximately 128
inches above the bottom surface of the footpads (with the landing gear extended);
therefore, all X-axis station reference measurements are +X-measurements.

1.2 ASCENT STAGE.

1.2.1 GENERAL DESCRIPTION.

The ascent stage, the control center and manned portion of the LM, accommodates two
astronauts. It comprises three main sections: the crew compartment, midsection, and aft equipment
bay. The crew compartment and midsection make up the cabin, which has an approximate overall
volume of 235 cubic feet. The cabin is climate controlled, and pressurized to 4.8+0.2 psig. Areas
other than the cabin are unpressurized.

1.2.2 STRUCTURE. (See figure 1-5.)

The ascent stage has six structural areas: crew compartment, midsection, aft equipment
bay, thrust chamber assembly (TCA) cluster supports, antenna supports, and thermal and micro-
meteoroid shield.

CONFIGURATION
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8 1.2.2.1.1 Control and Display Panels. (See figure 1-17.)

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

Panels 1 and 2 are located on each side of the front face assembly centerline, at eye level.
Each panel is constructed of two 0.015-inch-thick aluminum-alloy face sheets, spaced 2 inches apart
by formed channels. The spacer channels are located along the sheet edges; additional channels, inboard
of the edge channels, reinforce the sheets. This forms a rigid box-like construction with a favorable
strength-to-weight ratio and a relatively high natural frequency. Four shock mounts support each panel
on the structure. Panel instruments are mounted to the back surface of the bottom and/or to the top
sheet of the panel. The instruments protrude through the top sheet of the panel. All dial faces are
nearly flush with the forward face of the panel. Panel 1 contains warning lights, flight indicators and
controls, and propellant quantity indicators. Panel 2 contains caution lights, flight indicators and
controls, and Reaction Control Subsystem (RCS) and Environmental Control Subsystem (ECS) indicators
and controls.

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

Panel 4 is centered between the flight stations and below panel 3. Panel 4 contains attitude
controller assembly (ACA) and thrust translation controller assembly (TTCA) controls, inertial
subsection indicators, and LM guidance computer (LGC) indicators and controls. Panels 1 through 4
are within easy reach and scan of both astronauts.

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

Panel 8 is at the left of the Commander's station. The panel is canted up 15° from the
B horizontal; it contains controls and displays for explosive devices, audio controls, and heater controls.

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

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

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

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

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

1.2.2.1.2 Forward Hatch. (See figure 1-8.)

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

ASCENT STAGE
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1.2.2.1 Crew Compartment. (See figures 1-5 and 1-6.)

The crew compartiment is the frontal area of the ascent stage; it is 92 inches in diameter
and 42 inches deep. This is the flight station area; it has control and display panels, armrests, body
restraints, landing aids, two front windows, a docking window, and an alignment optical telescope (AQT).
Flight station centerlines are 44 inches apart; each astronaut has a set of controllers: and armrests.
Circuit breaker, control, and display panels are along the upper sides of the compartment. Crew pro-
vision storage space is beneath these panels. The main control and display panels are canted and cen-
tered between the astronauts to permit sharing and easy scanning. An optical alignment station, between
the flight stations, is used in conjunction with the AOT. A portable life support system (PLSS) donning
station is also in the center aisle, slightly aft of the optical alignment station.

The crew compartment shell is cylindrical and of semimonocoque construction. It is a
fusion-welded and mechanically fastened assembly of aluminum-alloy sheet and machined longerons.
The shell has an opening for the docking window, above the Commander's flight station. The front face
assembly of the crew compartment has two triangular windows and the forward hatch. Two large struc-
tural beams extend up the forward side of the front face assembly; they support the structural loads
applied to the cabin structure. The lower ends of the beams support the two forward interstage mounts;
the upper ends are secured to additional beam structure that extends across the top of the crew compart-
ment shell and aft to the midsection structure. The crew compartinent deck measures approximately
36 by 55 inches. It is constructed of aluminum honeycomb bonded to two sheets of aluminum alloy. Non-
flammable Velcro pile strips, which contact hooked Velco material on the astronaut boots, are bonded to
the deck surface. Handgrips, recessed in the deck, aid the astronauts during egress and ingress through
the forward hatch. Perforated glass-reinforced plastic covers the ceiling above the flight stations. A
handrail, with five green radio luminescent disks attached to it, is bolted to the left-hand structural beam
of the front face assembly.

ANTENNA SUPPORTS MIDSECTION AFT EQUIPMENT BAY

EQUIPMENT RACK

THERMAL AND CREW COMPARTMENT TCA CLUSTER SUPPORTS
MICROMETEOROID SHIELD 300LMm. 13

Figure 1-5. Ascent Stage Structure Configuration
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1.2.2.1.3 Windows. (See figures 1-9 and 1-10.)

Two triangular windows in the front face assembly provide visibility during descent, ascent,
and rendezvous and docking phases of the mission. Both windows have approximately 2 square feet of
viewing area; they are canted down to the side to permit adequate peripheral and downward visibility. A
third (docking) window is in the curved overhead portion of the crew compartment shell, directly above
the Commander's flight station. This window provides visibility for docking maneuvers. All three win-
dows consist of two separated panes, vented to space environment. The outer pane is made of Vycor
glass with a thermal (multilayer blue-red) coating on the outboard surface and an antireflective coating

ASCENT STAGE
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on the inboard surface. The inner pane is made of struci:: ra] glass. It is sealed with a Raco seal (the
docking window inner pane has a dual seal) and has a de{:. coating on the outboard surface and an anti-
reflective coating on the inboard surface. Both panes ar¢ volted to the window frame throughretainers.
All three windows are electrically heated t« »-event fogging. The heaters for the

Commander's front window and the docking window recei+- their power from 115-volt a-c bus A and the
Commander's 28-volt d-c bus, respectively. The heater :r the LM Pilot's front window receives power
from 115-volt a-c bus B. The heater power for the Com™::nder's front window and the docking window
is routed through the AC BUS A: CDR WIND HTR and HE = TERS: DOCK WINDOW circuit breakers,

m respectively; for the LM Pilot's front window, through tr: AC BUS B: SE WIND HTR circuit breaker.
These are 2-ampere circuit breakers, on panel 11. The :-.mperature of the windows is not monitored
with an indicator; proper heater operation directly affect. - rew visibility and is therefore visually
determined by the astronauts. When condensation or frc:: appears on a window, that window heater is
turned on. It is turned off when the abnormal condition ¢:szqppears. When a window shade is closed,

that window heater must be off.

| 1.2.2.2 Midsection. (See figures 1-5 and 1-11.)
The midsection structure is a ring-stiffenec -=mimonocoque shell. The bulkheads consist

of aluminum-alloy, chemically milled skin with fusion-wel=+tlongerons and machined stiffeners. The mid-
section shell is mechanically fastenedtoflanges onthe majo: :iructural bulkheadsatstations +Z227.00 and
-Z227.00. The crew compartment shellis mechanically sect.: - 3{0an outboard flange of the +Z27. 00bulkhead.
The upper andlower decks, at stations +X294. 643 and +X23:;. >30, respectively, are made of aluminum-alloy,
integrally stiffenedand machined. The lower deckprovides - :uctural support for the ascent stage engine.
The upper deckprovides structural support for the dockin:: ' :nnel and the overhead hatch.

Two main beams running fore and aft, intev-: with those above the crew compartment,
are secured to the upper deck of the midsection; they sup -z the deck at the outboard end of the docking
tunnel. The aft ends of the beams are fastened to the aft .:-idead (-Z27.000), which has provisions for
bolting the tubular truss members that support both aft i: .. ~stage fittings. Ascent stage stress loads
applied to the front beam are transmitted through the tw: ~ ..ims on the upper deck to the aft bulkhead,
and, through the aft interstage support members, to the : ags. The combination of beams, bulkhead,
and truss members forms a cradle around the cabin ass: iy; it takes up all the stress loads applied
to the ascent stage. Two canted beam assemblies, secur :0 the bottom of the lower deck and to the
forward and aft bulkheads, form the ascent stage engine -~ :partment. The engine support ring truss

members are bolted to the lower deck.
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The right side of the midsection contains "»ost of the ECS controls and most of the heat

transport section water glycol plumbing. Valves for op:rition of the ECS equipment are readily

B accessible from the crew compartment. The left side « e midsection contains flight data file,
a portable life support system (PLSS), and other cre. :rovisions stowage. Guidance, Navigation

and Control Subsystem (GN&CS) electronic units that dv »at require access by the astronauts are located

on the midsection aft bulkhead. These units include a I.}! ;;uidance computer, a coupling data unit, a
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power and servo assembly, and a signal conditioner assembly. nCS propellant tanks are installed be-
tween the midsection bulkheads, on each side, external to the basic structure of the midsection. = The
ascent engine propellant tanks are mounted in the midsection, beneath the RCS tanks.

A ring at the top of the ascent stage is compatible with the clamping mechanisms in the
CM. This ring is concentric with the X-axis, which is also the nominal centerline of thrust of the ascent
and descent engines. The drogue portion of the docking mechanism is secured below this ring during
the docking operation to mate with the CM-mounted probe. It is also stored in this area when storage is
required out of the crew compartment.

1.2.2.2.1 Docking Tunnel (See figure 1-11.)

The docking tunnel, at the top centerline of the ascent stage, is 32 inches in diameter and
16 inches long. The lower end of the tunnel is welded to the upper deck structure; the upper end is
secured to the main beams and the outer deck. The tunnel is used for transfer of astronauts and equip-
ment to the LM from the CM and for transfer of the LM astronauts and equipment to the CM. This
tunnel is compatible with its counterpart in.the CM when in the docked configuration; it allows for astro-
naut transfer, without exposure to space, in a pressurized or unpressurized extravehicular mobility
unit (EMU).

1.2.2.2.2 Overhead Hatch. (See figure 1-12.)

The overhead hatch is directly above the ascent engine cover, on the X-axis. Provisions
for crew transfer through this hatch are based upon a head-first passage. Handgrips in the aft section
of the docking tunnel aid in crew and equipment transfer. An off-center latch adjacent to the forward
edge of the hatch, can be operated from either side of the hatch. The hatch is opened from within the
cabin by rotating the handle approximately 90° counterclockwise; by turning the handle 90 ° clockwise, to
open the hatch from outside the LM. A maximum torque of 35 inch-pounds is required to disengage the
latching mechanism to open the hatch. The hatch is secured closed by rotating the handle in the opposite
direction. The hatch has a preloaded elastomeric silicone compound seal mounted in the ascent stage
structure. When the latch is closed, a lip near the outer circumference of the hatch enters the seal,
ensuring a pressure-tight contact. Normal cabin pressurization forces the hatch lip into its seal. To
open the hatch, the cabin must be depressurized through the cabin relief and dump valve; the latch is
then unfastened.

EXTERNAL

RELIEF AND DUMP
VALVE HANDLE
S, = fw——

Lo —
DOOR HANDLE CABIN 77/
RELIEF AND DUMP A
VALVE HANDLE 78

HATCH
IN OPEN POSITION

C-I00LM4-117

Figure 1-12. Overhead Hatch
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1.2.2.3 Aft Equipment Bay. (See figure 1-5.)

The aft equipment bay, aft of the -Z27.000 bulkhead, is unpressurized. The main support-
ing structure of the bay consists of tubular truss members bolted to the aft side of the -Z27.000 bulk-
head. The truss members, used in a cantilever type of construction, extend aft to the equipment rack.
The equipment rack assembly is constructed of a series of vertical box beams, supported by an upper
and lower Z-frame. The beams have integral cold rails that transfer heat from the electronic equip-
ment mounted on the equipment racks. The cold rails are mounted vertically in the structural frame,
which is supported at its upper and lower edges by the truss members. A water-glycol solution (coolant)
flows through the cold rails.

Two oxygen tanks and two gaseous helium tanks are secured with supports and brackets to
the truss members, the -Z27.000 bulkhead, and the equipment rack. Support mountings and brackets
are secured to the aft side of the -Z27.000 bulkhead, for valves, plumbing, wiring, ECS components,
and propellant tanks that do not require a pressurized environment.

1.2.2.4 Thrust Chamber Assembly Cluster Supports. (See figure 1-5.)

Aluminum-alloy tubular truss members for external mounting of two forward thrust cham-
ber assembly (TCA) clusters are bolted to both sides of the front face assembly and to the crew compart-
ment shell. Aluminum-alloy tubular truss members for external mounting of two aft TCA clusters are
bolted to the upper and lower corners of the equipment rack assembly and to the -Z27.000 bulkhead.

1.2.2.5 Antenna Supports. (See figure 1-5.)

The ascent stage provides mounting accommodations for an S-band steerable antenna, two
VHF antennas, two S-band in-flight antennas, and a rendezvous radar antenna. The S-band steerable
antenna has tubular truss members; the main truss is mounted on top of the right side of the midsection.
One VHF antenna is mounted on the top left side of the stage, forward of the +Z27. 00 bulkhead; the
other one is mounted on the top right side, aft of the -Z27.00 bulkhead. One S-band in-flight antenna is
mounted on the front face assembly; the other one, on the aft equipment bay rack. The rendezvous
radar antenna is mounted on the upper beams of the crew compartment.

1.2.2.6 Thermal and Micrometeoroid Shield. (See figure 1-5.)

The entire ascent stage structure is enveloped with a thermal and micrometeoroid shield,
which combines either a blanket of multiple layers of aluminized polyimide sheet (Kapton H-film) and
aluminized polyester sheet (mylar) with a sandwich of inconel skin, inconel mesh and nickel foil or a
polyimide blanket with a single sheet of aluminum skin. The blanket panels, formed in various shapes
and sizes, consist (outboard to inboard) of 15 layers of 0.0005-inch-thick H-film, 10 layers of 0.00015-
inch-thick mylar, and a single layer of 0.0005-inch-thick H-film. In a few ascent stage areas that have
different thermal-protection requirements, the number of layers in a blanket panel varies slightly. Out-
board to inboard, the sandwich comprises a 0.0015-inch-thick inconel skin and one or more layers of
inconel mesh alternated with 0.0005-inch-thick nickel foil. The number of inconel mesh and nickel foil
layers in a sandwich and the thickness of the aluminum skin vary considerably at different areas of the
vehicle, depending on the duration and intensity of RCS thruster plume impingement at those areas. The
combined thermal and micrometeoroid shield is mounted on low-thermal-conductive supports (standoffs),
which keep it at least 2 inches from the main structure. Where subsystem components are mounted
external to the ascent stage basic structure, the standoffs are mounted to aluminum frames that sur-
round the components. The aluminum or inconel ‘skin (the outermost material) serves as a micro-
meteoroid bumper; the sandwich and blanket material serve as thermal shielding. Where the blankets
meet, the mating edges are sealed with mylar tape. Vent holes are provided in the blanket.

The aluminized mylar blankets insulate the structure against temperatures up to +350° F.
On the TCA support truss members, which are subjected to temperatures in excess of +350° F due to
engine radiation, an additional 20 layers of H-film are installed. H-film has an insulating capability up
to +1,000° F. Additional H-film blankets are also used in other areas of the ascent stage that will be
subjected to temperatures in excess of +350° F. During earth prelaunch activities, various components
and areas of the ascent stage must be readily accessible. Access panels in the outer skin and insulation
provide this accessibility.
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1.3 DESCENT STAGE.

1.3.1

GENERAL DESCRIPTION.

The descent stage is the unmanned portion of the LM. The descent stage structure provides
attachment and support points for securing the LM within the spacecraft Lunar-Module adapter (SLA).

1.3.2

STRUCTURE.

(See figure 1-13.)

The descent stage is constructed of aluminum-alloy, chemically milled webs. It consists
of two pairs of parallel beams arranged in a cruciform, with a deck on the upper and lower surfaces.

The beam webs are at stations +Y27.000, -Y27.000, +Z27.000, and -Z27.000.

The lower deck is at

station +X131. 140; the upper deck, at station +X196.000. The ends of the beams are closed off by end
closure bulkheads at stations +Z81.000, -Z81.000, +Y81.000, and -Y81.000. Joints are fastened with

standard mechanical fasteners.

A four-legged truss (outrigger) at the ends of each pair of beams serves

as a support for the LM in the SLA and as the attachment point for the main strut of the landing gear.

The outriggers are constructed of tubular aluminum alloy. Fittings on the +Y27.000 and -Y27.000 beams,
at station +265. 906, serve as the forward attachment points for the ascent stage. Fittings on the -Z27.000
beam, at stations +Y65.000 and -Y65.000, serve as the aft attachment points for the ascent stage.

Compartments . ‘med by the descent stage structural arrangement house equipment re-

quired by LM subsystems.

The center compartment houses the descent stage engine, which is supported

by eight tubular truss memuers secured to the four corners of the compartment and by the engine gimbal
ring. Descent engine oxidizer tanks are housed in the fore and the aft compartments between the
+Y27.000 and -Y27.000 bc:ms; descent engine fuel tanks, between the +Z27.000 and - Z27.000 beams in

the side compartments.
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Figure 1-13. Descent Stage Structure Configuration
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The areas, between the main beams, that giv
referred to as quadrants.
quadrant 2 by the -Z27.000 and -Y27.000 beams, quadrant
and quadrant 4 by the +Z27.000 and +Y27.000 beams.

Quadrant 1 has mounting provisions for a Lu..
ment Transport System (METS) and also has a high-pressurc

Quadrant 2 houses an ECS water tank and Ap.

(ALSEP). A cosmic ray experiment package is mounted adj:
-the ALSEP is mounted adjacent to the ALSEP, but outside t:
meteoroid shield. A landing radar antenna is supported ext
lower deck. Components for the landing radar are mountea

Quadrant 3 houses supercritical helium and =
control assembly of the GN&CS, an ECS gaseous oxygen tax

Quadrant 4 houses EDS components (umbilic::
pyro relay box), an ECS water tank and gaseous oxygen tank

propellant quantity gaging system (PQGS). A modified MES.

Five EPS batteries, two ECA's, and a batter
on the -Z bulkhead.

Fill and drain ports and vents for the fuel, o
tanks are external to the descent stage outer skin.
meteoroid shield, the landing gear, and an egress platform.
of the RCS downward-firing thrusters from the descent stas
Two deflectors are shorted to provide clearance for the LK
respectively. The supporting trusses for these deflectors :

1.3.2.1 Thermal and Micrometeoroid Shield.

The entire descent stage structure is envelos

which combines multiple layers of aluminized mylar and H-

In areas where micrometeoroid protection is required, onz
used as skin. The shield is mounted on low-thermal-condu:
inch away from the main structure. A titanium blast shielc
engine compartment, above the thermal shield, deflects the
the descent engine compartment.

The bottom of the descent stage, and the eng:
temperatures due to radiation from the descent engine. A ¥
blanket of alternate layers of nickel foil and Fiberfax outsic
the bottom of the descent stage from engine heat. A titaniu:
layers of nickel foil and Fiberfax under an outer blanket of
flange-like ring of columbium backed with a fibrous insulat:
extension and joined to the base heat shield by an annular b-
arrangement permits engine gimbaling, but prevents engin«

1.3.2.2 Landing Gear. (See figure 1-14.)

The landing gear provides the impact attenu:
surface, prevents tipover, and supports the LM during lun:
attenuated to load levelsthat preserve the structural integr:
stowed in a retracted position; it remains retracted until t»
DEPLOY switch on panel 8. The landing gear uplocks are :
deployment mechanism extend the landing gear. Once exte
in place by two downlock mechanisms.

The landing gear is of the cantilever type: i:
outriggers that extend from the ends of the descent stage s:
front, rear and both sides of the LM. Each leg assembly c-
secondary struts, an uplock assembly, two deployment anc

Quadrant 1 is formed by the inte:

The des.

: descent stage its octagon shape are
.ion of the +Z27.000 and -Y27.000 beams,
the -Z27.000 and +Y27.000 beams,

toving Vehicle (LRV) or a Mobile Equip-

-20us oxygen disconnect.

.unar surface experiment packages
 to the ALSEP. A fuel cask for use with
:adrant thermal blanket and micro-

1ly on additional structure below the

1e -Y27.000 beam.

»nt helium tanks, the descent engine
nd interstage hardline disconnects.

ale cutter, pyro relay battery, and
vaste management container, and the
mounted externally to quadrant 4.

itrol relay assembly are mounted

-er, helium, water, and gaseous oxygen

stage includes a thermal and micro-
nr plume deflectors, to divert the plume
e truss mounted to the descent stage.
radrant 1) and the MESA (quadrant 4),
been modified.

“ith a thermal and micrometeoroid shield,
with an outer skin of 0.002-inch H-film.

-t of black-painted 0.00125-inch inconel is

supports, which keep it at least one-half
ured to the upper side of the descent

.ent engine exhaust out of, and away from

ompartment, are subjected to very high
heat shield, composed of titanium with a
nd a blanket of H-film inside, protects
:ield with a thermal blanket of multiple

‘m protects the engine compartment. A

5 attached directly to the engine nozzle

‘s of 25-layer H-film. This bellows

¢ from leaking intothe engine compartment.

required to land the LM on the lunar
iy and lunar launch. Landing impact is

i the LM. At launch, the landing gear is

:nmander operates the LDG GEAR
2xplosively released and springs in the
each landing gear assembly is locked

ists of four leg assemblies connected to
:ral beams. The legs extend from the

s of a primary strut, a footpad, two
:lock mechanism, and a truss assembly.

The left, right and aft footpad each have a lunar-surface s probe. A ladder is affixed to the
forward leg assembly.
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Figure 1-14. Landing Gear

1.3.2.2.1 Primary Strut.

The upper end of the primary strut attaches to the descent stage outrigger fitting; the lower
end has a ball joint support for the footpad. Crushable aluminum honeycomb inside the primary strut is
used as the shock-absorbing medium. The primary strut absorbs compression loads only.

1.3.2.2.2 Footpad.

The footpad assures minimal penetration of the lunar surface. It has a diameter of 37
inches and can pivot at the end of the primary strut. A lunar-surface sensing probe is attached to each
footpad except the forward one.

1.3.2.2.3 Secondary Struts. “

The outboard end of each secondary strut attaches to the primary strut; the inboard end,
to the deployment truss. The secondary struts contain crushable aluminum honeycomb for shock
attentuation. These struts absorb compression and tension loads.

1.3.2.2.4 Uplock Assembly.
The uplock assembly for each landing gear assembly comprises a fixed link and an explosive

cutter device containing two end detonator cartridges. The fixed link, attached between the descent stage
structure and the primary strut, restrains the landing gear in its retracted (stowed) position. The cutter
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device is pinned to the fixed link. Setting the LDG GEAi: 3EPLOY switch to FIRE activates the
electrical circuit that fires the high-explosive charge in th«: end detonator cartridges. The resulting
detonations impel cutter blades that sever the fixed link, permitting the deployment mechanism to fully
extend the landing gear. Either cartridge supplies sufficini energy to sever the fixed links.

1.3.2.2.5 Deployment and Downlock Mechanism.

Each deployment and downlock mechanism t:xo for each landing gear assembly) consists of
two spring-loaded devices and connecting linkage, which «icploy and then lock the landing gear.

The deployment portion of the mechanism consists of a spring and linkage (a link and a cam
idler crank). The linkage is attached between descent siage structure and the landing gear deployment
truss. One end of the spring is attached to the linkage; tn¢ other end iscoiled around a roller attached
to descent stage structure. After the uplock assembly fi»ed link is severed, the spring coils up, pulling
on the linkage and indirectly on the deployment truss to fully deploy the landing gear.

The downlock portion of each deployment anc downlock mechanism consists of a spring-
loaded latch (with an integral cam follower) attached to descent stage structure, a latch roller on the
deployment truss, and two independent electrical switches in a single case. When the landing gear is
retracted, the latch is held open because the cam follower rests on the cam of the cam idler crank. As
the landing gear deploys, the cam rotates and, at full depioyment, the cam follower drops off the cam
ramp, allowing the spring to snap the latch over the latci roller. This secures the roller against a
stop on the structure. Simultaneously with the latching motion, the electrical switches are actuated to
change the LDG GEAR DEPLOQY talkback from a striped i» a gray indication. The indication, reflecting
the deployed and locked gear condition occurs if at least une of the two switches in each downlock device
has actuated., An external visual indication that the landing gear is deployed and locked is also pro-
vided. A red luminescent stripe is painted on the lock latch and on the deployment truss. These stripes
become aligned when the landing gear assemblies are dowii and locked. The stripes can be seen, day or
night, from as far away as 100 feet; they serve as an indication that can be checked from the CM.

1.3.2.2.6 Lunar-Surface Sensing Probe.

The lunar-surface sensing probe attached to the left, right, and aft landing gear footpads is
an electromechanical device. The probes are retained in the stowed position against the primary strut
until landing gear deployment. During deployment, mechanical interlocks are released, permitting spring
energy to extend the probes below the footpad. At lunar centact (just before landing gear impact), two
mechanically actuated switches in each probe energize the LUNAR CONTACT lights to advise the crew to
shut off the descent engine. Each probe has two indicator plates, which, when aligned, indicate that the
probe is fully extended.

1.3.2.2.7 Ladder.

The ladder affixed to the primary strut of the forward leg assembly has rungs and railings.
It extends from the forward end of the platform to the end of the strut's outer cylinder. The ladder is
used to climb to and from thehatch during extravehicular activity on the lunar surface.
1.3.2.3 Platform.

The external platform, on the LM centerline immediately below the forward hatch, provides

the astronauts with work space for handling equ‘1pment, ar:a aids ingress to and egress from the LM.
The platform is approximately 3 feet square; it is attache to the descent stage structure.

1.4 LM - SLA - S-IVB CONNECTIONS.

At earth launch, the LM is within the SLA, ::ich is connected to the S-IVB booster. The
SLA has an upper section and a lower section. The outrizyzrs, to which the landing gear is attached,
provide attachment points for securing the LM to the SLA i~ wer section. The LM is mounted to the SLA
support structure on adjustable spherical seats at the ape:x -ii each of the four outriggers; it is held in
place by a tension holddown strap at each mounting point. !*cfore the LM is removed, the upper section
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of the SLA is explosively separated into four segments. These segments, which are hinged to the lower
section, fold back and are then forced away from the SLA by spring thrusters. The LM is then explo-
sively released from the lower section.

1.5 LM-CSM INTERFACES.

A ring at the top of the ascent stage provides a structural interface for joining the LM to
the CM. The ring, which is compatible with the clamping mechanisms in the CM, provides structural
continuity. The drogue portion of the docking mechanism is secured below this ring. The drogue is
required during docking operations to mate with the CM-mounted probe. See figure 1-15 for orientation
of the LM to the CSM.

1.5.1 CREW TRANSFER TUNNEL.

The crew transfer tunnel (LM-CM interlock area) is the passageway created between the
LM overhead hatch and the CM forward pressure hatch when the LM and the CSM are docked. The
tunnel permits intervehicular transfer of crew and equipment without exposure to space environment.

The tunnel and the LM are pressurized from the CM.

1.5.1.1 Final Docking Latches.

Twelve latches are spaced equally about the periphery of the CM docking ring. They are
placed around and within the CM tunnel so that they do not interfere with probe operation. When
secured, the latches ensure structural continuity and pressurization between the LM and the CM, and
seal the tunnel interface.

CREWMAN OPTICAL STANDOFF CROSS LM ACQUISITION LM —Y-AXIS
ALIGNMENT SIGHT (CSM=ACTIVE DOCKING AND ORIENTATION
AUGNMENT TARGET) LIGHT (TYP)

o X-AXIS
CSM M
—Z-AXIS +2-AXIS
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+Y-AXIS
TRACKING

UGHT

LM COAS LINE
OF SIGHT POST M CREWMAN OPTICAL
PITCHOVER POSITION +Y-AXIS ALIGNMEN™ SIGHT

STANDOFF CROSS AND

CSM  ACQUISITION ALIGNMENT STRIPS
AND ORIENTATION {LM = ACTIVE DOCKING
LIGHT (TYP) ALIGNMENT TARGET)

100LMma4- 57

Figure 1-15. LM-CSM Reference Axes

DESCENT STAGE
Mission LM Basic Date 1 February 1970 Change Date___1 April 1971 Page 1-19




LMAT90-3-LM
APOLLO OPERATIONS ! ANDBOOK
SPACECRAF ¥

L51.2 Umbilical,

An electrical umbilical, in the LM portion of the tunnel, is connected by an astronaut to
the CM. This connection can be made without drogue rem«val.

1.5.1.3 Docking Hatches.

The LM has a single docking (overhead) hatch; the CM has a single, integral, forward
hatch. The LM overhead hatch is not removable. It is hinged to open 75° into the cabin.

1.5.1. 4 Docking Drogue.

The drogue assembly is a conical structure with provisions for mounting in the LM portion
of the crew transfer tunnel. The drogue may be removed from either end of the crew transfer tunnel
and may be temporarily stowed in the CM or the LM, during Service Propulsion System (SPS) burns.
One of the three tunnel mounts contains a locking mechanism to secure the installed drogue in the tunnel.

1.5. 1.5 Docking Probe.

The docking probe provides initial CM-LM coupling and attenuates impact energy imposed
by vehicle contact. The docking probe assembly consists of a central body, probe head, capture latches,
pitch arms, tension linkages, shock attenuators, a support structure, probe stowage mechanism,  probe
extension mechanism, probe retraction system, an extension latch, a preload torque shaft, probe
electrical umbilicals, and electrical circuitry. The assembly may be folded for removal and stowage
from either end of the transfer tunnel.

The probe head is self-centering. When it centers in the drogue the three capture latches
automatically engage the drogue socket. The capture latches can be released by a release handle on
the CM side of the probe or by depressing a probe head release button from the LM side, using a special
tool stowed on the right side stowage area inside the cabin.

1.5.1.6 Docking Aids.

Visual alignment aids are used for final alignment of the LM and CSM, before the probe
head of the CM makes contact with the drogue. The LM +Z-axis will align 50° to 70° from the CSM
~Z-axis and 30° from the CSM +Y-axis. The CSM position represents a 180° pitchover and a counter-
clockwise roll of 60° from the launch vehicle alignment configuration.

An alignment target is recessed into the LM so as not to protrude into the launch con-
figuration clearance envelope or beyond the LM envelope. The target, at approximately stations
-Y46. 300 and -Z0. 203, has a radioluminescent black standoff cross having green radioluminescent disks
on it and a circular target base painted fluorescent white with black orientation indicators. The base is
17. 68 inches in diameter. Crossmembers on the standoff cross will be aligned with the orientation in-
dicators and centered within the target circle when viewed at the intercept parallel to the X-axis and
perpendicular to the Y-axis and Z-axis.

1.6 STOWAGE PROVISIONS.

The LM has provisions for stowing crew personal equipment. The equipment includes such
items as the docking drogue; navigational star cifarts and an orbital map, umbilicals, a crewman's
8@ medical kit; a lunar extravehicular visor assembly (LEVA) for each astronaut, a special
multipurpose wrench (tool B); spare batteries for the PLSS packs, and other items. For a
detailed list of crew personal equipment, refer to paragraph 2. 11.

STOWAGE PROVISIONS
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Table 2.1-1. Control Flectronics Section - Summary of Mades of Attitude Control (cont)

Attitude
Damping

Engine Gimbal
Control

Remarks

No rate damp-
ing in axis
selected

No AGS control

Same as for automatic mode
(AGS control), except that
attitude commands for selected
axis are directly applied to RCS
secondary coils

Switehes and Guidance Manual Attitude Manual Translation
Mexde Positions Signals Control Control
j Direct MODE CONTROL: AGS sw - Abort guidance Astronaut com- Translation com-
1 AUEO or ATT HOLD signals inte rrupted mands angular mands along LM
GUID CONTT sw - AGS on individual-axis acceleration axes by on-and-off
| ATTITUDE CONTROL: ROLL, basis. through on-and- firing of thrusters
PUTCH, and YAW sw - off firing of when TTCA is moved
. DIR (selected on individual- thrusters (two- out of detent
§ axis basis) Jet operation
H direct to
1 sccondary
t. coils).
.
GUIDANCE, NAVIGATION, AND CONTROIL SUBSYSTEM
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Contrul Flectronics Seetion = Summiary of Modes of Attitude Control

tangine Cimbal

Switches and Guidance Munual Attitude Manual ‘Translation Attitude
Mode Positions Signals Control Contrul Damping Control Hemarks
Autumatic MODE CONTROL: PGNS sw - Automalic steering N/A Linear trunslation of Accumplished Piteh and voll gimbal Al thruster commands from [GC gu
(PGNS AUTO and translation are (See remarks L.M by on-und-off in LGC commands from LGC dircetly to primary preamplifiers.,
control) GUID CONT sw - PGNS performed by 1.GC for munual firing of thrusters applied to DECA Attitude control functiun is over-
ATTITUBE CONTROL: ROLL, commands to jet override) when T'FCA is moved ridden by operating ACA w hardover
PITCH, and YAW sw - drivers. out of detent position, thereby commanding un-
MODE CONT (normally) and-eff four-jet vperation through
secondary coils of thruster solenoid
valves. +X-axis translation is
ubtained by commanding four-jet
operation direct to RCS secundary
cuils, by pressing X TRANSIL.
pushbution on panel 5.
Attitude MODIE CONTROL; PGNS sw - Stabilization is Attitude rate Lineur translation of Accomplished Pitch and roll gimbal Sume as for autlumatic mude (PGNS
huld ATT HOLD accumplished by communds are LM by on-and-off in LGC cominands Irum LGC contrul). Minimum impulse mode
(PGNS GUID CONT sw - PG 1.GC communds proportivnal to firing of thrusters applicd to DECA 15> made availsbic by enterig com-

coutrol)

Automatic
(ACS
control)

Altitude
hold
(AGS
centrol)

Pulse

_upis busis)

ATTITUDLE CONTROL: ROLL,
PrreH, and YAW sw -
MODE CONT (normally)

MODE CONTROL
AUTO

GUID CONT sw - AGS
ATTITUDE CONTROL: ROLL,
PITCIH, wnd YAW sw -

MODI CONT

AGS sw -

MODI CONTROL,
ATT HOLD

GULD CONT sw - AGS
ATTITUDE CONTROL: ROLL,
PITCH, and YAW sw -

MODE CONT

AUS sw -

MODE CONTROL: AGS sw -
AUTO or ATT HOLD
GUID CONT sw - AGS

S ATTITUBE CONTROL: ROLL,
PITCIH, and YAW sw -
PULSE (sclected on individual-

to jet drivers,

Automatic steering
signals from AGS

are sent to CES to
command changes

in LM attitude,

Automatic: sta-
bilization sig
which maintain
LM attitude.

Abort guidance
signals interrupted
on individual-axis
basis.

ACA disiplace-
ment. LM atti-
tude is held o
value when ACA
is returned to
detent.

N/A

(Sce remurks
for manuad
override)

Applied attitude
rate commands
ure propurtivnal
to ACA displace-
ment. LM atti-
tude is held to
acquired value
when ACA is re-
turned to detent.

Astrunaut com-
mands angular
acceleration
through low-
frequency puls-
ing of thrusters
(two jets),

when T'TCA is moved.

Lincar translation of
LM by on-und-off
firing of thrusters

when T'TUCA is moved.

Translation com-
mands along LM
axes by on-and-otf
firing of thrusters
when T'TCA is
moved out of
detent

‘Translation :om-
nmands along LM
axes by on-und-off
firing of thrusters
when TTCA is moved
out of detent

Rawe gy ro
signals sum-
med with
steering
signals

Pitch and robl gnnbal
commands derived
from ATCA summed
error channels

Rate gyro
signals sum-

Pitch and roll gimbal
commands derived
mied with from ATCA surnmed
stabilization error chunnels
signals .

No rate damp- No AGS control
ing in axis
selected

mand into DSKY, v this mode, LG
commands vne KOS pulse cach time
ACA 13 mouved past 2.5 nominatly
from detent.

Al thruster commands go thruugh
A'[CA jetselect logic and PRM.  Atti-
tude control function is overridden by
operating .ACA to hardover pusition,
theredy commanding on-and-off four-
jet vperation threugh secondary coils
of thruster solenoid valves and by pass-
ing jet select legic, PRM's, and jet
drivers. +X-axistranslation is obtained
by commanding tour-)jetoperation direcy
to RCA secondary coils, by pressing
SX FRANSL pushbulton. Z ur 4 jet op-
craton on single uxis basts uptional
for pitch or roll and X-translation with
no MPSpower. Highandlow gain rate
Idepends on ascent/descent condition,

Sume as for automatic mode (AGS
control).  High und low gain rate
depeends on ascent/descent condition,

Sume as for automatic mode
(AGS control)
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2.1.3.5 General Operation of the Coutrol Electronics on,

The PGNS, in conjunction with the CES, prowv:
tion, and descent or ascent propulsion maneuvers. Autom:
with manual inputs. As backup for PGNS control, the AGS,
if the PGNS malfunctions. Table 2.1-1 contains a summar-
2.1,3.5.1  Attitude Control, (See figure 2,1-117.)

LM attitude is controlled by X, Y, and Z axes
automatic, attitude hold, pulse, direct, and hardover (man-.
modes are selected with the MODE CONTROL: PGNS or A/
ATTITUDE CONTROL: ROLL, PITCH, and YAW switches.

Automatic Mode. The automatic mode provides fully auton:
the LGC generates the required thruster commands and ro:
ATCA provide thruster on and off commands to selected RC
the abort guidance mode, roll, pitch, and yaw attitude erro:
the ATCA. These error signals are passed through limiter:
from the RGA, demodulated, passed through selectable dea:
PRM's and jet driver amplifiers, which fire the RCS jets.

to correct the attitude errors. In the primary and abort gu:
attitude control about all three LM axes by initiating hardov

Attitude Hold Mode. This is a semiautomatic mode, in whi.
change at an angular rate proportional to ACA displacemen:.
detent (neutral) position. In the primary guidance mode, ri
ment are sent to the LGC. The LGC operates on these con:

in the ATCA to command rotation rates by means of the thr::

neutral position, LM rotation stops and the LGC maintains :
with the ACA in the neutral position, LM attitude is held by
is moved out of the detent position, the attitude error signa:-

mands proportional to ACA displacement are processed in t .

the desired vehicle rate is achieved. When the ACA is retu:

reduced to zero and the AGS holds the LM in the new attituc«.

Pulse Mode. The pulse mode (minimum impulse control) is
PGNS is in control and operating in the attitude hold mode.
commands a minimum impulse burn for each movement of ti

The ACA must be momentarily returned to the detent positic-

maximum rate at which minimum impulses can be command:

mode, the astronaut performs rate damping and attitude stes:
It is selected on an individual-:.

mode is an open-loop mode,
the appropriate ATTITUDE CONTROL switch (ROLL, PITC#

is selected, automatic attitude control about the selected axi:
generated when the ACA is displaced. To change attitude in :
w18,

from detent; this commands acceleration about the selected
acceleration about the same axis must be commanded.
Direct Mode. The direct mode is also an open-loop acceler:
axis basis by setting the appropriate ATTITUDE CONTROL -
Automatic AGS attitude control about the selected axis is di¢
are routed to the RCS secondary solenoids when the ACA is
tinuously until the ACA is returned to the detent position.

Hardover Mode. In an emergency, the ACA can be displace :
to command an immediate attitude change about any axis. 7:
the RCS secondary solenoids to fire four thrusters.
control mode.

s.~placed 2, 5°,

This ns. .

wntomatic control of LM attitude, transla-
<ontrol can be overridden by the astronauts,
»plemented by manual inputs, can be used
the CES modes of attitude control.

“nere are five modes of attitude control:
werride). The automatic and attitude hold
witch; the pulse and direct modes, with the

attitude control. During PGNS control,
them to the ATCA. The jet drivers in the
simary solenoids for attitude changes. In

-:gnals are generated in the AGS and sent to

-ud then are combined with damping signals

. zd circuits, jet select logic circuits,

« jet select logic determines which jets fire
~ze modes, the astronaut can override
rommands with the ACA.

cither astronaut can command an attitude
.M attitude is held when the ACA is in the
~ommands proportional to ACA displace-

-nds and provides signals to the jet drivers

+rs. When the ACA is returned to the

aew attitude. In the abort guidance mode,
>1ps of AGS error signals, When an ACA
rom the AGS are set to zero. Rate com-
ATCA, and the thrusters are fired until
-4 to the detent position, the vehicle rate is

=iected by a DSKY entry (verb 76) when the

>r minimum impulse control, the LGC
ACA beyond 2. 5° of the detent position.
~etween each impulse command. The

1S approximately five per second. In this
:ng. When the AGS is in control, the pulse
¢s (roll, pitch, and yaw) basis by setting

+r YAW) to PULSE. When the pulse mode

i3 disabled and a fixed train of pulses is
is mode, the ACA must be moved past 2. 5°
To terminate LM rotation, an opposite

.5 mode, It is selected on an individual -
=tch (ROLL, PITCH or YAW) to DIR.

tad and direct commands to two thrusters
The thrusters fire con-

-+ the maximum limit (hardover position)
: displacement applies signals directly to
‘uver can be implemented in any attitude
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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 fps2. (The average acceleration is DEDA-accessible.) The ASA (containing the accelerometers) is
located ahead of the center of gravity (in the +X-direction), Therefore, LM rotations cause sensed
accelerations in the -X-direction. For this reason, LM rotations cannot cause the AGS to sense that
ullage has occurred.

When the LM is not under full AGS control (neither the ABORT nor ABORT STAGE push-
button has been pressed, or the MODE CONTROL: AGS switch is not set to AUTO, or the GUID CONT
switch is not set to AGS), the AGS issues engine commands (on or off) that duplicate actual engine
operation.

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

The 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 (assum-
ing 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 AGS 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 RDR/CMPTR.
GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM
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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 astro-
naut 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 con-
trollers permit manual changes or computer-aided manual changes in attitude or translation. The PGNS
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the IMU. Using inputs from the LR, IMU, RR, TTCA's, and ACA's, the LGC solves guidance, navigation,

steering, and stabilization equations necessary to initiate on and off commands for the descent and ascent
engines, throttle commands and trim commands for the descent engine, and on and off commands for the
thrusters.

Controlof 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 astro-
naut 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 com-
mands 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 acceler-

ation 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 com-
mands 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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2.1.2,5 GN&CS - CS Interface. m

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 re-
mote 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 sub-
system 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 automati-
cally selects the power deadband for RCS control during ascent engine operation.

2,1.2.17 GN&CS - IS Interface.

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

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

2.1.3 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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Throttle commands to the descent engine are generated automatically by the LGC under
8 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

8 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

B (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 pro-
vides 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,
8 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 dura-
tion 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 powgr switchover command, which initiates deadfacing
automatically, is routed to the EPS. The 28-volt d-c battery power is routed through an inverter to pro-
vide 115-volt, 400-cps ac to the GN&CS equipment. Refer to paragraph 2.1.3.6 for a functional descrip-
tion of power distribution.

2.1.2.4 GN&CS - ECS Interface.

The Environmental Control Subsystem (ECS) provides thermal stability for the temperature-
I sensitive electronic equipment of the GN&CS. The electronic equipment (except the IMU) is mounted on
cold plates and rails through which ECS coolant (ethvlene 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.
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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 push-
buttons (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 commandg 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.

GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM

Mission_ LM __ Basic Date_ 1 February 1970 Change Date 15 June 1970 Page_ 2.1-19




LMAT790-3-LM
APOLLO OPERATIONS HANDBOOK
SUBSYSTEMS DATA .

AOT
0GA SHAFT Axis

PTA x
e ge AOT LOS
— &
|

1+ LM
+2Z-AXiS
+z,

MGA

7/

Ne

N

8-300LM4.150

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 paral-
lel 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 (IRIG) 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)
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 60° 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,
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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 facili-
tates 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 com-
mands processed by the Communications Subsystem. The AEAA performs this function by duplicating
the functions of the ENG ARM and GUID CONT switches (panel 1), using relay logic.

2.1.1.3.8 S&C 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 XNg-YNB plane and parallel to the vehicle
Z-axis.
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Figure 2.1-10. TTCA Manipulations
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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 con-
trollers are three-axis, T-handle, left-hand controllers, mounted with their longitudinal axis approxi-
mately 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-axis, 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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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 selected
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 transla-
tion 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 con-
troller 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 (AEAA), 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 bandle 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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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
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 calcula-
tions. 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 body-
axis align) determine the operation of the stabilization and alignment computational section in conjunction
with the navigation and guidance computational sections. The body-referenced steering error signals and
total attitude sine and cosine signals are used to control the FDAI. Direction cosine data are routed to
the navigation computational section, where they are used in computing lateral velocity and inertial
acceleration data.

The navigation computational section uses accelerometer inputs received from the ASA. via
AEA input logic circuits, to calculate LM position and velocity in the inertial reference frame. The
navigation computational section supplies total velocity, altitude, and altitude-rate data, 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.

OPERATOR ERROR ( N
STATUS UGHT (WHITE) [ N /ADDRESS INDICATOR
|

o] [« §IGH )

e
B

\ DATA INDICATOR

(CODE OR READOUT)

x MOMENTARY CONTROL

PUSHBUTTONS

KEYBOARD swnrcnes/
(MOMENTARY PUSHBUTTONS)

\ v J A 300im4 254

Figure 2. 1-7. Data Entry and Display Assembly - Pictorial
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Figure 2.1-5. Display and Keyboard Assembly

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 a
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 W
(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 followup 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, whichuses 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 com-
partment and the thermal and micrometeoroid shield.
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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 irformation into the LGC, retrieve and display
information contained in the LGC, and initiate any progran: stored in memory. The astronauts can also
use the DSKY to control the moding of the ISS. The exchanz¢ 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 for-
ward 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 p<rforms the same function as the IMU; it
establishes an inertial reference frame. The AEA, a high-speed, general-purpose digital computer, is
the central processing and computational device for the AG+. The DEDA is the input-output device for
controlling the AEA.

Navigation is performed by the AGS through 1::2gration 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 associate: 'ime computations. This information is
used to initialize or update the AGS navigational computati..:s upon command from the DEDA. The AGS
solves the guidance problems of five distinct guidance rout::--s: orbit insertion, coelliptic sequence
initiate, constant delta (a) altitude, terminal phase initiate ind change in LM velocity (external aVv).
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2.1.1,1.4 Pulse Torque Assembly.

The PTA supplies inputs to, and processes outputs from, the inertial components in the ISS.

2.1.1.1.5 Power and Servo Assembly.

The PSA contains power supplies for generation of internal power required by the PGNS,
and servomechanisms and temperature control circuitry for the IMU.

2,1.1.1.6 Signal Conditioner Assembly.

The SCA provides an interface between the PGNS and the Instrumentation Subsystem (IS).
The SCA preconditions PGNS measurements to a 0- to 5-volt d-c format before the signals are routed to
the IS.

2.1, 1.1.7 Alignment Optical Telescope. (See figure 2.1-4.)

The AOT, an L-shaped periscope, is used by the astronaut to take angular measurements of
celestial objects. These angular measurements are required for orienting the platform during certain
periods while the vehicle is in flight and during prelaunch preparations while on the lunar surface.
Sightings taken with the AOT are transferred to the LGC by the astronaut, using the CCRD assembly,
This assembly also controls the brightness of the telescope reticle pattern.

2.1.1.1.8 Computer Control and Reticle Dimmer Assembly. (See figure 2.1-5.)

The CCRD assembly is mounted on an AOT guard. The MARK X and MARK Y pushbuttons are
used by the astronauts to send discrete signals to the LGC when star sightings are made. The REJECT
pushbutton is used if an invalid mark has been sent to the LGC. A thumbwheel on the assembly adjusts
the brightness of the telescope reticle lamps.

2.1.1.1.9 LM Guidance Computer.

The LGC is the central data-processing device of the GN&CS. The LGC, a control computer
with many of the features of a general-purpose computer, processes data and issues discrete control sig-
nals for various subsystems., As a control computer, it aligns the IMU stable platform and provides RR
antenna drive commands. The LGC also provides control commands to the LR and RR, the ascent and
descent engines, the RCS thrusters, and the cabin displays., As a general-purpose computer, it solves
guidance problems required for the mission. In addition, the LGC monitors the operation of the PGNS,

The LGC stores data pertinent to the ascent and descent flight profiles that the vehicle must
assume to complete its mission, These data (position, velocity, and trajectory information) are used by
the LGC to solve flight equations. The results of various equations are used to determine the required
magnitude and direction of thrust. The LGC establishes corrections to be made. The vehicle engines are
turned on at the correct time, and steering commands are controlled by the LGC to orient the vehicle to a
new trajectory, if required. The ISS senses acceleration and supplies velocity changes, to the LGC, for
calculating total velocity. Drive signals are supplied from the LGC to the CDU and stabilization gyros in
the ISS to align the gimbal angles in the IMU. Position signals are supplied to the LGC to indicate

attitude changes.

The LGC provides antenna-positroning signals to the RR and receives, from the RR channels
of the CDU, antenna angle information. The LGC uses this information in the antenna-positioning calcula-
tions. During lunar-landing operations, star-sighting information is manually loaded into the LGC, using
the DSKY. This information is used to calculate IMU alignment commands, The LGC and its programming
help meet the functional requirements of the mission. The functions performed in the various mission
phases include automatic and semiautomatic operations that are implemented mostly through the execution
of the programs stored in the LGC memory.

GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM
Mission_ LM Basic Date 1 February 1970 Change Date 15 June 1970 Page 2.1-17




LMA790-3-LM
APOLLO OPERATIONS HANDBOOK
SUBSYSTEMS DATA

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 sub-
section (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
positions both radar antennas. It also provides control caommands to both radars, the ascent engine, the
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-of-
freedom, 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 {reedom of motion. Three Apollo inerrtial
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 dis-
placement. Three pulse integrating pendulous accelerometers (PIPA's) (fluid- and magnetically-sus-
pended 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 tkhe unit, is applied to the LGC.

The three channels used with the IMU provid:: inierfaces between the IMU and the LGC and
between the LGC and the AGS. Each of the three IMU gimb2al 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 trrough the CDU.
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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, sig-
nals 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 CSM-active
rendezvous. The navigation function is performed by the PGNS and the Radar Subsystem, but the naviga-
tion information also is supplied to the AGS. In case of a PGNS malfunction, the AGS uses the last navi-
gation 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 com-
mands for firing and shutting down the engines. Guidance can be accomplished automatically, or man-
ually 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.

2L L1 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 dis-
play, 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 determining 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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2.1 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 con-
tained in a primary guidance and navigation section (PGNS), an abort guidance section (AGS), and a con-
trol electronics section (CES). (See figure 2.1-2.)

The PGNS provides the primary means for implementing inertial guidance and optical navi-
gation 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 auto-
matic 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. Nor-
mal 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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Priofity 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 instruc-
tion control. The interrupt instruction control links the DSKY, telemetry, and time counters to the
program. The interrupt addresses are transferred to the central processor by read control pulses from
the sequence generator. The input-output circuits are the source of the DSKY, telemetry, and time
counter inputs. The interrupt instruction control has a built-in priority chain which allows sequential
control of the 10 interrupt addresses. The decoded 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 sig-
nals 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-OQutput 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, whichare 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
output interface circuits. The operation is identical with that in the central processor. Data are written
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 m ximum content of the
register is 23.3 hours.
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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
L 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 instruc-
tion control. The interrupt instruction control links the DSKY, telemetry, and time counters to the
program. The interrupt addresses are transferred to the central processor by read control pulses from
the sequence generator. The input-output circuits are the source of the DSKY, telemetry, and time
counter inputs. The interrupt instruction control has a built-in priority chain which allows sequential
control of the 10 interrupt addresses. The decoded 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 sig-
nals 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, whichare 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
output interface circuits. The operation is identical with that in the central processor. Data are written
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 I
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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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 key-
board to a coded display format. The coded display format is transferred by another program to an
output channelofthe 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 LLGC. 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 ampli-
fiers. 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 arithme-
tic 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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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 pro-
duces 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 (approxi -
mately 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 com-
parison 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 mc originates in the timing output logic and set as a synchronization signal to the timing elec-
tronics assembly in the IS.

The uplink word from MSFN via the digital uplink assembly (DUA) is supplied as an incre-
mental pulse to priority control. As this word is received, priority control produces the address of the
uplink counter in memory and requests the sequence generator to execute the instructions that perform
the serial-to-parallel conversion of the input word. When the conversion is completed, the parallel word
is transferred to a storage location in memory by the uplink priority program. The uplink priority
program also retains the parallel word for subsequent downlink transmission. Another program 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 inan 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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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 percen-
tage 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
FDAI also displays roll, pitch, and yaw rates and errors, The FDAI rate indicators monitor the rate of
change of angular position. When the RATE/ERR MON switch (panel 1) is set to LDG RDR/CMPTR, the
FDAI error indicators indicate the deviation between the programmed and actual attitude. The FDAI rate
indicators are fed from the CES rate gyros; the pitch, yaw, and roll attitude errors are supplied from the
LGC through the CDU.

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

Forward and lateral velocities are displayed on the X-pointer indicator. 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 pro-
pulsion 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 FDAI'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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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 guid-
ance mode, only manual control is available. Control consists of or and off commands from a TTCA to
the jet selected logic in the ATCA. The voltage is sufficient to sat:..ate 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 (B1D, 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.

2.1.3.5.4 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 sup-
plied to a particular display, a power-on indicator is energized. For the X-pointer, THRUST, RANGE,
and RANGE RATE indicators, the power-on indicator i1s 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 PGNS Power Distribution.

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

The standby mode of operation is initiated by 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 de-
velops 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 re-
quire clock pulses (800 pps, 3.2 kpps, and 25. 6 kpps) from the LGC. The PSA power supplies are as
follows:

e 28-volt, 800-cps, +1% power supply

e 28-volt, 800-cps, 0°¢ , +5% power supply
e 28-volt, 800-cps, -90°¢ , +5% power supply
e -28-volt d-c power supply

e 28-volt, 3, 200-cps power supply

The 800-cps power supplies provide the PGNS with 1%, 5% -90°¢ , and 5% 0° ¢ power. The
28-volt, 800-cps, 1% power supply provides the IMU resolver excitation, servoamplifier demodulator
reference, a reference signal to the FDAI's, 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 dc 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
supply provides excitation voltages (2 and 4 volts) for signal ducosyn signal-generator excitation and for
magnetic suspension winding excitation for the torque and signal ducosyns of the IRIG's and PIPA's, The
3, 200-cps output is also used as a reference for the demodulator of the gimbal servoamplifier in all
modes of operation, except the coarse-alignment mode.

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 dc to the three binary current switches in the PIPA loops and
+120 volts dc to the binary current switch and ¢-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 dc
(IMU operate signal) from the PSA, and a sync pulsefromthe LGC. The power supplies provide a reg-
ulated 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 a
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 accelerom-
eters, +4 volts dc for use in a frequency countdown subassembly and the gyros, -12 volts dc for use in
the gyros, -6 volts dc for use as bias for the gyros, and -2 volts dc for use as bias in the frequency
countdown subassembly. A-C voltages are provided for the accelerometer gyros and pulse torquing
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 dc 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 gener-
ation of throttle commands. During PGNS control, the PSA supplies the excitation voltage for the TTCA.
The TTCA receives £15 volts dc via an S&C control assembly from the ATCA power supply for the gener-
ation 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. W

The ATCA primary power supply receives 28 volts dc 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 |
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, 1¢ output
and a regulated, isolated, 28-volt, 800-cps, 39 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 +1%. Another ATCA power supply uses the 28-volt d-c input to generate re-
dundant -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 actua-
tor isolation valves of the descent engine. The power supply of the DECA consists of a reference power
~upply and an auxiliary power supply. The reference supply receives +15 and -15 volts dc from the

.. 3-volt d-c ATCA power supply. D-C active regulators in the reference supply convert the +15 and -15
volts dc 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 voltage 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 time-
delay 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 DEC.x 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 dc 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 it-
self 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 8ection - 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.)

ISS operation can be initiated automatically by the LGC, or manually by the astronaut using
DSKY entries to command the LGC to select the various operating modes. The ISS status or mode of
operation can be displayed on the DSKY, as determined by a computer program. The IMU furnishes the
inertial reference; it consists of a stable member with three degrees of freedom, stabilized by three inte-
grating 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 gim-
baled 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 mea- [
surements 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,
ASA, and AOT. 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 thg 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,

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, pendulum-
type 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

GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM
Page 2.1-46 Mission LM Basic Date 1 February 1970 Change Date




LMAT90-3-LM
APOLLO OPERATIONS HANDBOOK
SUBSYSTEMS DATA

300Lm«-200

Figure 2.1-23. Navigation Base
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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




LMAT790-3-LM
APOLLJ OPERATIONS HANDBOOK
SUBSYSTEMS DATA

middle girhal. All three gimbals are spherical, have 360 degrees of freedom, and are positioned by
torque m: .rs. The IMU also consists of a failure-detection assem: and a temperature control assem-
bly. The complete IMU weighs ar.'roximately 42 pounds.

Inertial Reference Integrating Gyros., The IRIG's are the sensing elements of the IMU stabilization loon.
The three gyros are mounted on the stable member, with their input axes mutually perpendicular. An:.
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
the input axis (which is perpendicular to the wheel spin axis), it responds with a torque about the out-
put 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.

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 per-
pendicular 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 re-
moving 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 temperature. 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 gen-
erator 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 acceler-
ometer 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 acceler-
ometers. 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, 1 ¢ 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 ']
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 contrac-

tions 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 |
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. All 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, sup-
pressed-carrier signals: one of zero phase; the other, wphase. 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 [j
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 °
about its axis. The stable member is machined from a solid block of cold-pressed and sintered beryl-
lium; 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 CDU'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 I
assembly contains a duplex-pair ball bearing (one fixed; one floated) and a 40-contact slipring for routing
electrical inputs and outputs. A multispeed transmitter resolver, .nounted 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. TheIMU 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 radia-
tion. 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 water-
glycol-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 assem-
bly consists of a temperature control circuit, a blower control circuit, anda temperature alarm circuit,

The temperature control circuit applies the required nominal heat (130°:4°F) to the inertial components.
This circuit includes six IRIG end-mount heatersy 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 addi-
tional 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 turn$ the blowers on and off, as necessary. The blowers
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

QUTER GIMBAL

The temperature alarm ci;‘cuit monitors the temperature control assembly. The alarm circuit contains

an alarm thermostat for h1;gh- temperature sensing (>+134°z0. 2° F), an alarm thermostat for low-temper-

:tux"e sensmgl(:+126 #0. 2" F), anda temperature alarm module that provides a discrete to the LGC
uring normal-temperature operation (+126° to +134°:0. 2° F). When an out-of-limi

the TEMP light on the DSKY goes on. wirollimit temperature oceurs.

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 indica-
tion 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 20 to 215, 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 (46¢) 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 a6g of 160 arc seconds per pulse is transmitted from the 22 output stage to the error
counter of the CDU. The two stages (20 and 25) and the remainder of the read counter permit accumula-
tion 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 gimi)al 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 dis-
play at any time.
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The primary function of the read counter is to provide the incremental % angles to be used in the coarse-
fine mixing and switching logic for mechanization of the trigonometric identity sin (6-%}. When the read
counter has accumulated value ¥equal to the angle ®, 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 (20 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 coarse-
alignment 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 deter-
mined by a positive or negative value stored in the error counter, is generated in the digital-to-analog
converter. Ifthe 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 7 -phase signal is converted from
ac to dc for use as a display drive signal.

Moding. The moding section of the CDU receives the following discretes from the LGC:
e ISS CDU zero
o ISS error-counter enable
o RR CDU zero
o RR error-counter enable
o ISS coarse alignment
e Display inertial data (DID).

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 in the CDU, is sent to the AGS to
initialize the PGNS angle input registers and §tart accumulation of PGNS alignment signals.

Failure Detection. Failure-detection circuits monitor CDU circuitry for malfunctions. The failure-
detection 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
failure discrete is issued to the LGC. The ISS CDU failure discrete causes the LGC to issue a failure dis-
crete 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. ﬂ

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 cali-
bration 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. l

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 subas-
semblies 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, 1% power supply. The ampli-
fier 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 ampli-
fier 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 re-
solver 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 subas-
sembly 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 28-volt, 800-cps, 1%; and the 28-volt, 800-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).

The IMU auxiliary subassembly indicates to IS an out-of-tolerance condition of 3, 200-cps; I

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 I
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 signal-
conditioning 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 Coaditioner Assembly - Signal-Conditioning Modules

Signal-Conditioning Telemetry
Module Signal Description No.
Gimbal resolver Sine of IG 1X resolver output GG2112V
Cosine of 1G 1X resolver output GG2113V
Sine of MG 1X resolver output GG2142V
Cosine of MG 1X resolver output GG2143V
Sine of OG 1X resolver output GG2172V
Cosine of OG 1X resolver output GG2173V
IRIG and PIPA IG IRIG error GG2107V
MG IRIG error GG2137V
OG IRIG error GG2167V
X-PIPA signal generator output GG2001V
Y-PIPA signal generator output GG2021V
Z-PIPA signal generator output GG2041V
3, 200 cps, 23-volt supply GG1331V
CDU, PIPA temper- Pitch CDU digital-to-analog output GG2219V
piures and 2,5-vde 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
Radar resolvers and Sine of RR shaft 1X resolver output GG3304V
120-volt PIPA supply Cosine of RR shaft 1X resolver output GG3305V
Sine of RR trunnion 1X resolver output GG3324V
Cosine of RR trunnion 1X 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.

2.1.4.1.7 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 tie
PIPA's back to a null position after sensing an acceleration.

Stabilization Loops. (See figure 2. 1-28.) When the stabilizatior loops hold the stable member inertia.
referenced. any movement of the stable member is sensed by one or more of the three IRIG's. This re-
sults in an IRIG-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 IRIG assembly. The Y-gyro error signal passes directly to the associated gimbal servoampli-
fier 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 re-
store the stable member to its original reference position. As the stable member is returned to its origi-
nal 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 sig-
nals 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 0°, 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 ap-
plicable gimbal servoamplifier.

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 servoampli-
fiers (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 sig-
nals 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': with pulses originating at the LGC and processed through the pulse torque or fine-alignment elec-
tronics 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 IRIG floats, it is pos-
sible 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:

e Enable the torquing electronics

e Select the gyro to be torqued

® Select the direction of torquing

e 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 refer-
ence 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 torqu-
ing 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 dc 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 pro-
portional 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 pendu-
lums back to null) and pulses that represent velocity changes. The velocity pulses are generated by pro-
viding data pulses from the LGC such that the velocity outputs are positive or negative increments of ve-
locity. 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 cur-
rent 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 load-
balancing 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 posi-
tive and negative direetions; 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 a V pulses, which are routed to the LGC PIPA counter to be accumu-
lated 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 1) 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:

e ISS CDU zero

® ISS error-counter enable

e Coarse-align enable

[] RR CDU zero

® RR error-counter enable

e 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 shaft 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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and clearing and inhibiting the CDU read and error counters. The IMU turn-on mode (program controlled
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.

IMU Turn-On Mode. The IMU turn-on mode initializes ISS operation by driving the IMU gimbals to zero ]
) 1

When IMU power is applied to the ISS, the LGC receives an ISS power-on discrete and a turn-on delay re-
quest. 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 re-
lay, 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 6 ).

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 6 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 stabiliza-
tion 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 CDU zero and coarse-align enable discretes.

allowing the ISS to go to the inertial reference mode (coarse-alignment relay deenergized), or it can re-
move the CDU zero discrete and provide an error-counter enable discrete while maintaining the coarse-
align enable discrete. The latter combination of discretes defines the coarse-alignment mode of opera-
tion.

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: coarse-
align enable and ISS error-counter enable.

The coarse-align enable discrete is routed through the CDU, where it provides a ground patlll .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-cp§ coarse-
alignment error output from the CDU digital-to-analog converter to the gimbal servoamplifier thrqugh 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 ( a6¢) of 160 arc seconds, are accumulated in the error counter. The
first a6 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 ( aé¢), is then generated. This signal is the 800-
cps coarse-alignment error output from the digital-to-analog section; it is routed to the gimbal servo-
amplifier, causing the gimbal to drive in the direction commanded by the LGC.
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The changing gimbal angles are dete: by the error--<tector circuits in the CDU. These detected
err~rs permit a pulse train, at 6,40¢ s, to increas- = read counter. The icreasing read counter
nul e sine and cosine voltage inputs to the error-c tor circuits from th: .U 1X and 16X resolvers.

As tue read counter is being incremented. one output of the counter, representing a 40-arc-second-per-
pulse increase in gimbal angle, is routed to the LGC. Another output of the counter, representing 160

arc seconds per pulse, is recognized in the CDU logic as an incremental value to be entered into theerror
counter in a direction opposite to that of the LGC-commanded 46c.. If a4 is positive, the error counter
counts up and the 44y, 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, there-
fore, 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 toler-
ance, 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 re-
peats 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 aég 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 analog-
to-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 46; 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 con-
verter. 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 = phase. They are dis- H
played 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 a8, 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 I) 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 recognition of 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 error-
counter 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 count-
ers repeat the gimbal angle changes and provide A8g 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 in-
creased or decreased only by the LGC.

For forward and lateral velocity display. the LGC receives positive and negative pulses from the ISS ac-
celerometer loops and velocity data from the LR. On the basis of calculations derived from this informa-
tion, the LGC increments the CDU RR error counters with 46, 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 in-
dicators (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 com-
manded 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 ISS enters the inertial reference mode.

Holding the IMU CAGE switch to ON energizes the cage and coarse-alignment relays, which apply the sine
6 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 deener-
gized. 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 re-
cover 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.

GUIDANCE, NAVIGATION. AND CONTROL SUBSYSTEM
Mission LM Basic Date 1 February 1970 Change Date__ 15 June 1970 Page_ 2.1-61




LMAT90-3-LM
APOLLO OPERATIONS HANDBOOK
SUBSYSTEMS DATA

Gimbal Lock Mode, The gimbal lock mode provide: e 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 stabiliza-
tion 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 deener-
gized) 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 turn-
on is completed during which the ISS is not in any other of its modes. The CDU read counters continu-
ously 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
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 posi-
tion 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 (approxi-
mately 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 OpthS
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 it$ 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 approxi-
mately 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 witih the imuage 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. Actuallv. the vertical crosshair (upper quadrant) is a pair of
radial lines that facilitate accurate superimposition of target stars between them, The horizontal cross-
hair, designated the X-line, is perpendicular to the orientation line. The pair of spiral lines are one-
turn 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 reucle pattern. Stars will appear white, reticle imperfec-
tions, red. Heaters prevent fogging of the mirro:r due to moisture and low temperatures during the mis-
sion. The AOT mirror heaters receive operating power through the HEATERS: AOT circuit breaker
(panel 11). This power is applied 30 minutes betore 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 ancular 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 siy'  igs through the AOT with his face-
plate open. This eyeguard is removed when the astronaut takes sig: ..ngs with his faceplate closed; a
fixed eyeguard, permanently cemented to the AOT, is used instead. The iixed eyeguard prevents marring
of the faceplate when pressed against the eyepiece,

A high-density filter lens, supplied as auxiliary equipment, prevents damage to the astro-
naut'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,

2.1.4.2.3 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 coin-
cident 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.

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, RRr, 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 radfhl lines on the reticle. The angle (star shaft angle, Ag)
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
caiculate the angular displacement of the star from the center of the field of view by computing the dif-
ference between the two counter readings. Due to the characteristics of the reticle spiral, this angle
(AR - Ag) 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
2.1.4.3 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 12-
bit 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 opera-
tion to be performed on the data whose location 1s 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 1'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 1'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 7.GC 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 param-
eter 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:

e Counter interrupt (a hardware function)

t

e Program interrupt (a hardware and program control program)
e 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 1s 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 process-
ing 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:

e Time 6 interrupt (T6 RUPT)

e Time 5 interrupt (T5 RUPT)

e Time 3 interrupt (T3 RUPT)

e Time 4 interrupt (T4 RUPT)(

e Key interrupt No. 1 (KYRPT 1)

e Key interrupt No. 2 (KYRPT 2) or Mark interrupt (MKRPT)
e Uplink interrupt (UPRUPT)

e Downlink interrupt (DNKRPT)

e Radar interrupt (RADRPT)

e Hand controller interrupt (HNDRPT).
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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 com-
mands 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 indi-
cators. 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 channel 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
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.

GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM
Page 2,1-72 Mission LM Basic Date 1 February 1970 Change Date 15 June 1970




LMAT790-3-LM

SUBSYSTEMS DATA

APOLLO OPERATIONS HANDBOOK

inel Assignments

9 10 11 12 13 14 15 Channel
1
2
3
4
5
6
7
Relay bit 9 Relay bit 10 Relay bit 11 Relay Relay Relay Relay 10
address 1 address 2 address 3 address 4
t Test connect Caution Engine-on Engine-off 11
outbit reset command command
+ Pitch trim - Pitch trim + Roll trim - Roll trim LR position RR auto track ISS turn-on 12
command or enable complete
RHC Test Enable Reset Reset Reset Enable T6 13
r read alarms standby trap trap trap interrupt
Gyro Gyro Shaft angle Trunnion angle 0z CDU aYCDU oxC DU 14
minus activity CDU drive CDU drive drive drive drive
15
16
IMU G&N control IMU cage IMU CDU IMU failure ISS turn-on Temperature 30
operate of S&C failure request in limits
ion +Y-translation | -Y-translation | +Z-translation | -Z-translation | Attitude hold Automatic ACA out of 31
stabilization detent
d Gimbal off Apparent 32
gimbal fail
LR range Block Uplink Downlink PIPA LGC Oscillator 33
low scale uplink too fast too fast failed. alarm
' 34
35
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Table 2.1-3.

LGC Input-Output Channel Assignments

Bit Positions

2 3 4 5 6. 7 8 9
U RCS A4D RCS A3U RCS B3D RCS B2U RCS A2D RCS A1U RCS B1D
on on on on on on on
A RCS B4F RCS A1F RCS A2A RCS B2L RCS A3R RCS A4R RCS B1L
on on on on on on on
FE 5 FE 6 FE 7
it1 Relay bit 2 VEL caution Relay bit 4 ALT caution Relay bit 6 Relay bit 7 Relay bit 8 Relay bit 9
lamp lamp
ning CMPTR UPLINK ACTY | TEMP caution KEY REL VERB/NOUN OPR ERR Test connect Test connect
anel 1) | ACTY lamp status lamp lamp status lamp flash status lamp outbit outbit
R RR error- Horizontal Coarse-align Zero IMU IMU error- DID + Pitch trim
counter enable| vel low scale enable CDU counter enable enable
: Radar b Radar a Radar Inhibit Block inlink Downlink Enable RHC
(Refer to table 2.1-4.) activity uplink word order RHC counter read
Altitude Altitude Thrust Gyro enable Gyrob Gyro a G)_’!'O
rate indicator indicator drive minus
Key 2 Key 3 Key 4 Key 5
Mark X Mark Y Mark Positive rate Negative rate
REJECT of descent of descent
Stage verify Engine Abort Automatic DID RR CDU IMU
armed Stage throttle failure operate
ition - Elevation + Yaw - Yaw + Azimuth - Azimuth +X-translation | -X-translation | +Y-translatio
(LPD) (LPD) (LPD)
D and | RCS A3U and RCS B4U and RCS B3D and RCS B1D and | RCS A1U and RCS B2U and RCS A2D and Gimbal off
iled. A3R failed. B4F failed. B3A failed. B1L failed. AlF failed. B2L failed. A2A failed.
RR power on RR range RR data LR data LR position LR position LR velocity LR range
automatic low scale good good No. 1 No. 2 data good low scale
rst of two words
cond of two words



Channel Name 1 2
1 L-register
2 Q-register
3 Scaler 2
4 Scaler 1
5 Pitch RCS B4U RCS A4D
Yaw on on
6 Roll RCS B3A RCS B4F
on on
7 F EXT
register
10 DSKY Relay bit 1 Relay bit 2
11 DSKY ISS warning CMPTR
light (panel 1) | ACTY lamp
12 GN&CS Zero RR RR error-
discretes CDU counter enable
13 LGC Radar ¢ Radar b
discretes (Refer to table 2.1-4.
14 IMU Outlink Altitude
discretes activity rate
15 Main Key 1 Key 2
DSKY
16 Navigation
30 GN&CS Abort Stage verify
discretes
31 Translation | + Elevation - Elevation
and rotation | (LPD) (LPD)
32 Impulse RCS A4D and | RCS A3U and
A4R failed. A3R failed.
33 Optics RR power on
(LGC) automatic
34 Downlink 1 First of two words
‘ 35 Downlink 2 Second of two words
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. Bit position No. 4 informs the LGC that an abort, using the ascent engine, has been ﬁ

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 Bit 2 Bit 3
a b c
RR range rate 0 0 0
RR range 0 0 1
LR Vy 1 0 0
LR Vy 1 0 1
IR V, 1 1 0
LR range 1 1 1

Channel No. 31. This input channel has 15 bit positions and uses inverted logic.

respectively, from the ACA. These bits are used for elevation changes when the

. Bit positions No. 1 and 2 indicate positive and negative pitch manual input commands,
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. 7 through 12 indicate positive and negative X-, Y- and Z-translation
commands from the TTCA. These signals command LM translation by on-and-off
firing of the thrusters, under LGC control.

Bit position No. 13 indicates that the CES i« operating in the attitude hold mode.

Bit position No. 14 indicates that the CES is operating in the automatic mode.

Bit position No. 15 informs that LGC that the ACA is out of detent.

Channel No. 32. This input channel has 15 bit positions and uses inverted logic.

Bit positions No. 1 through 8 inform the LGC of a thruster pair shutoff, so that the

LGC immediately ceases to command the thruster pair on and compensates for its loss.

Bit position No. 9 informs the LGC that the descent engine pitch and roll gimbal drive
actuators have been shut off by the astronaut.

Bit position No. 10 informs the LGC that the DECA has detected an apparent failure of
the pitch or roll trim loop.

Channel No. 33. This input channel has 15 bit positions and uses inverted logic.

Bit position No. 2 indicates that RR power is on and the RR mode selector switch
(panel 3) is set to LGC.

Bit position No. 3 indicates that the RR scale factor is on low scale. This signal is
implemented automatically 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 locked on.
Bit positions No. 6 and 7 indicate the position of the LR antenna.

Bit position No. 8 indicates that the LR velocity trackers have locked on.

Bit position No. 9 indicates that the LR scale factor is on low scai This signal is
implemented by the LR at approximately 2,500 feet.

Bit position No. 10 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 No. 15 indicates that the LGC oscillator stopped.

Channels 34 and 35. These outputs channels provide 16-bit words, including a parity bit,
for downlink telemetry transmission.

Memory. Memory provides the storage capability for the LGC; it is divided into two sections: erasable
memory and fixed memory. The erasable memory has a storage capacity of 2,048 words; the fixed

memory, 36,864 words. The erasable memory is a random-access, destructive-:eadout storage device.

Data stored in the erasable memory can be altered or updated. The fixed memor; :s a nondestructive
storage device. Data stored in the fixed 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 elements
form a core array; in the fixed memory, the storage elements form three core ropes. The erasable
memory has a density of one word per 16 cores; the fixed memory, eight words per core. Each word

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. Informa-
tion is written into assigned locations in the erasable memory with the DSKY, uplink, or program
operation,

Botlr memories use a common address register (S-register) and an address decoder in the central proc-
essor. 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 re-
ceives information from both memories.

The address in the S-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 indi-
cations of data being loaded into the LGC, LGC condition, and LGC program. The display panel also
provides the LGC with a means of displaying or requesting data. The condition indicators display PGNS
status and malfunctions. The controls and displays associated with the DSKY are discussed in section 3.

Keyboard. The DSKY keyboard is used to 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 re-
ferred 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 repre-
sents; it goes on if that condition occurs. The condition lights and the conditions they represent are
described in section 3.
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Figure 2.1-33. Display and Keyboard Assembly - Block Diagram
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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 proc-
essing 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 dis-
played 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 re-
sulting 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 push-
buttons on the DSKY keyboard. Except for the PRO pushbutton, each pushbutton pressed inserts a five-
bit 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 codeindicates what action is to be taken (operation). The noun code indicates to what thisactionis
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:

VERB Vi Vg NOUN N1 N ENTR

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 (V
and V2). Each numeral of the code is displayed by the VERBdisplay as the pushbuttonis 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.

Ifanerrorinthe verbcodeorthenouncode 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 merelyasalabel. A label noun does not refer to a particular LGC register; it conveysinforma-
tionby its noun code number only. The group of registers to which a noun code refers maybea groupof one,
two, orthree 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 groupof 1-, 2-, or 3-component members. The verb code deter-
mines which component member of the noun group is processed. Forinstance, 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 com-
ponent; 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 load-
ing 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 permis-
sible. 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-octal-
character 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 Loading. 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 asso-
ciated with the verb-noun code is loaded.

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.

Numerical data are considered decimal if the five-numeral data word is preceded by a plus sign or a minus .

After the ENTR pushbutton is pressed, the VERB and NOUN displays stop flashing and remain on, dis-
playing 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.

The LGC always instructs the operator through a loading sequence. The operator (or the internal pro-
gram) 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.

In multicomponent load situations, the appropriate single component load verbs are flashed one at a time. ‘
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' Correcting Erroneous Data. The CLR pushbutton is used to remove errors in R1, R2, or R3 during data 3
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 regis-
ters 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 pur-
poses, 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 REL pushbutton.

If an internal program attempts to use the system, but finds that the operator has used it and not yet re-
leased it, the KEY REL light goes on. When the operator finds it convenient, he should press the KEY
. REL 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 re-
quire any further operator action. The following operator errors also do not require further action:

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

e The octal display and monitor verbs are used with a ""decimal only' noun.
o The decimal display and monitor verbs are used with mixed nouns.
o The decimal display and monitor verbs are used with an "octal only' noun.

e 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.)

e An input code other than those that are defined is received from the keyboard.
o 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:

o The address entered for a "machine address to be specified' noun is not octal.
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e 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.)

e Octal data are loaded a '"decimal only'" noun.
® Decimal data are loaded an "octal only' noun.

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

e 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.

e  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.

e 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 de-
scribed 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 displayedas static or flashing displays. A static
display identifies data displayed only for operator information; no operator response is required. If the dis-
played 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 indi-
cates acceptance of the displayed data and a desire for the internal sequence to

continue normally.
e 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 (Ri, R2, or R3)

is blanked in anticipation of data loading. Data are loaded a: 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: N

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

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

‘ e Terminate by keying VERB, 34, ENTR.

Please Perform. Theoperator mustrespond to a "please perform''request. Withthisrequest, the verb-noun
combination flashes and the internal sequence is interrupted. The "please perform' verb (50) isusually used
with the "checklist' noun (25) and an appropriate checklist code number in R1. (Refer to Apollo Operations I
Handbook, Volume II, paragraph 4. 4 for checklist codes.) The appropriate response is as follows:

o 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.

e Terminate by keying VERB, 34, ENTR.

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

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

2.1.4.3.5 Primary Guidance and Navigation Section - Modes of Operation.

The PGNS is considered to be in an operational mode uponinitiation 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 theother sections and subsystems, anddisplays pertinent data to theastro-
naut and MSFN(via downlink). (Refer to Apollo Operations Handbook, Volume II, paragraph 4. 4 for PGNSpro- l
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 preprogrammed to display 2 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.

‘ 2.1.4.4.1 Abort Sensor Assembly. (See figure 2.1-34.)

The ASA contains three floated, pulse-rebalanced, single-degree-of-freedom, rate-
integrating gyroscopes and three pendulous reference accelerometers in a strapped-down configuration.
These six sensors are housed in a beryllium block, which is mounted on the navigation base. The sen-
sors are aligned with the three LM reference axes. The assembly also includes pulse torque servo-
amplifiers (one associated with each sensor), 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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The ASA operates on a current pulse torquing principle to rebalance the output from its
sensors. The three gyros sense angular rates about the LM orthogonal axes and the three accelerom-
eters sense accelerations along the same axes. These motions are converted to pulses proportional to
the sensed motion. These pulses are routed to the AEA for further processing. Current generated in
the accelerometer produces torque that opposes the torque caused by the force of acceleration on a
pendulous mass. The average current is proportional to the acceleration. Pulses generated in the
accelerometers are used by the AEA in measuring velocity increments. The output of each gyro and
accelerometer is applied to a pulse torque servoamplifier. The pulse torque servoamplifiers used
quantized time-modulated feedback to torque-balance their associated gyro or accelerometer. The
servoamplifiers consists of an amplifier, a quantizer bridge and driver, and a current regulator,

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

The accuracy of the ASA inertial data outputs is temperature-dependent. The ASA tempera-
ture control subassembly maintains the internal ASA temperature at +120° F, with external temperatures
between +30° and +130° F. Two temperature control circuits are used, one each for fast warmup and
fine temperature control. During fast warmup, ASA temperature can be raised from +30° F to approxi-
mately +116° F in 40 minutes. The ASA must warm up for at least 25 minutes (warmup mode - AGS
STATUS switch on panel 6 set to STANDBY) before operation. The fast warmup circuitry consists of a
thermal sensor, which detects the internal ASA temperature and provides a proportional d-c analog to
heater driver electronics that maintain the required heater power constant. The constant heater power
permits a uniform temperature rise within the ASA. The fine temperature control circuit controls the
temperature after ASA temperature reaches +116° F. The fine temperature control circuit can raise the
temperature 4°F and maintain this operating temperature within 0. 2° F.

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

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

Gyros. (See figure 2.1-35.) The gyros are of the single-degree-of-freedom type; they can process in
only one phase of three orthogonal axes. The spin axis is the axis of rotation for the gyro spin motor.
For any force exerted at right angles to the spin axis (in the plane of the input axis), a precession occurs
because the gyro flywheel resists changes in the position of the plane in which it developes its angular
momentum. The developed opposing force acts in a third plane and tends to cause rotation of the gyro
float. Therefore, for any rotation about the gyro input axis, force is developed to cause rotation about
the gyro output axis. Each gvro comprises two major assemblies: a primary structure and a spin motor
assembly.

Primary Structure. The primary structure is formed by two machined castings, which support a float
and a pickoff and torquer. Two sapphire endstones in the primary structure support the float pivots.
Part of the primary structure is filled with a high-density viscous fluid that supports the float and com-
pletely fills the space between the primary structure and the float. A bellows at one end of the primary
structure expands and contracts with changes in gyro temperature to prevent damage to primary struc-
ture. The float provides structural support for the gyro spin motor and wheel, and a frictionless support
for the output pickoff. The specific gravity of the viscous fluid in the gyro changes with changes in
temperature; for this reason, the temperature of the gyros must be closely maintained. An advantage of
flotation is viscous damping, which provides an integrating action that makes the gyro float less sus-
ceptible to vibration and shock along its input axis and cushioning of the float against shock and vibration
along its output axis.
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Figure 2. 1-35. Abort Guidance Section - Gyro Assembly

Each gyro has thermistors mounted on its case to sense temperature. Thermistor resistance is

5, 376100 ohms at a nominal gyro temperature of +120° F; the temperature gradient, 112 ohms/°F at |
120° F. The thermistor leads are routed to the ASA test connector.
The pickoff and torquer are installed in one end of the primary structure. The pickoff is an air-core .

differential transformer that has a four-pole primary and a two-pole secondary winding. The torquer is
an eight-pole, D'Arsonval-type torque generator.

The pickoff can be considered as a transformer that has a stationary primary winding and a rotatable
secondary winding. The primary, attached to the primary structure, is excited by a 22-volt, 8-kc signal
from the ASA power supply. The secondary consists of an unexcited winding within the torquer core; the
secondary rotates with the float. Because of its position relative to the excited primary, no voltage is
induced in the secondary when the float is in its null position. When the float is rotated in either direction,
the relative position of the secondary to the excited primary changes and the excited primary induces an
a-c voltage in the secondary. The magnitude of this voltage is proportional to the amount of float dis-
placement, and its phase is indicative of the direction of float displacement. This voltage is phase-de-
modulated by pulse torquing servoamplifier electronics, quantized, and converted to a torquing signal that
is fed back to the torquer to return the float to the null position. The current flowing in the torquer,
which is attached to the float and rotates with it, sets up a magnetic field that reacts with the field pro-
duced by a permanent magnet attached to the primary structure. The reaction between the magnetic field
produced in the torquer coil and the magnetic field produced by the permanent magnet creates sufficient
torque to return the float to its null position. Heat produced by current flow through the torquing coil
adversely affects temperature-sensitive components of the gyro. The resultant errors appear in the
output as displacing forces, which are minimized by the forced limit cycle mode. The forced limit cycle
mode keeps the average heat around the gyro equal, which enables gyro drift to be predictable. ‘

Spin Motor Assembly. The spin motor assembly is a four-pole, synchronous, hysteresis motor that is
housed within the float. The assembly includes a wound-pole stator secured to the gyro float by stator
shaft supports. Three-phase excitation of the stator produces a rotating magnetic field. The motor
maintains at synchronous speed any load that it can accelerate from a dead standstill. The float chamber
housing is filled with helium, which carries heat away from the motor. Each gyro has an auxiliary
inductive pickoff near its motor. The pickoff is excited by a small magnet on the flywheel, each time the
magnet passes the pickoff; for each revolution of the motor flywheel, a pulse is induced in the pickoff.
The output from the pickoff is routed to the test connector so that, during test, motor velocity can be
measured.
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Frequency Countdown Subassembly. The frequency countdown subassembly controls timing functions.
Tt receives a 1-microsecond pulse, with a repetition rate of approximately 7.8 microseconds (128 kpps),

as the basic clock signal from the AEA. The subassembly processes these 1-microsecond pulses to

generate signals for control of the timed functions of the other assemblies in the ASA. The following

seven fundamental signals are generated by the frequency countdown subassembly:

e 64-kpps, 1-microsecond signal

. e 1-kc ramp signal

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

e 400-pps signals

o 1-Kkc utility pulse.

64-kpps, 1-Microsecond Signal. The 64-kpps, 1-microsecond-wide signal is the fundamental digit or bit

representing the quantized analog signals from the gyros or accelerometers. These pulses (hereinafter

called quanta) are gated through the pulse torquing servoamplifiers by a time-modulated signal produced

in the gyro or accelerometer torquing loops. The number of quanta permitted as outputs from each pulse

torquing servoamplifier during each forced limit cycle is dependent on the magnitude and direction of the

force displacing the gyro or accelerometer sensors and the time this force is acting. If a force providing

a 50° per second displacement of the referenced axis acts for one-half second, the gyro output magnitude |

indicates a total change of 2.5° in the angular position of the referenced axis. Similarly, if a force

providing an accelerometer displacement equivalent to 5 fps acts for one-half second, the magnitude of
. the accelerometer output indicates a change in speed of 2. 5 fps along the referenced axis.

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

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

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

of each forced limit cycle and whose width is equal to the width of three quantized pulses (approximately
46. 8 microseconds). The early blanking gate provides a quanta-limiting function when the dither signal
duty cycle is three or less pulses wide, to prevent occurrence of 0% duty cycle. A 0% duty cycle is
equivalent to maximum negative torque acting on the sensors and produces scale factor nonlinearities,
which are suppressed by a three-pulse limit. When the dither signal duty cycle is three or less pulses
wide, the limiting function is enabled. Less than three pulses from a gyro pulse torquing servoamplifier
represents an angular displacement about the gyro input axis of (3 - 32) x 103 x 8. 805 x 10-4, or approxi-
mately -25.6°. Three or less pulses from an accelerometer pulse torquing servoamplifier represents an
angular displacement about the accelerometer input axis of (3 -32)x103 x3.125x10-3, or approximately
-90.625 fps.

Late Blanking Gate (61 to 64 Blocking Gate). The late blanking gate is a pulse that occurs at the end of
. each forced limit cycle and whose width is equal to the width of three quanta periods (approximately 46.8
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microseconds). The late blanking gate is used to prevent a 100% duty cycle. The output from a gyro .
pulse torquing servoamplifier represents an angular displacement of (61 - 32) x 103 x 8. 805 x 10-4, or
approximately +25.6°. When the duty cycle is more than 61 pulses wide, the output from an accelerom-

eter pulse torquing servoamplifier represents a velocity of (61 - 32) x 103 x 3.125 x 10-3, or +90. 625

fps.

8-kpps Synchronizing Signal. The 8-kpps synchronzing signal synchronizes the dc-to-dc converter in the

ASA power supply. The converter contains a Royer oscillator, which drives the main output power stage

of the converter. When power is applied, the oscillator free-runs at approximately 6 kc. When the d-c .
outputs come up to the proper voltage, power is supplied to the frequency countdown subassembly, which

then provides an 8-kpps synchronizing signal for the oscillator. The oscillator then drives the main

power stage of the converter at an 8-kc rate. Use of a separate oscillator driver and a power output

stage reduces the starting power requirements.

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

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

Fast Warmup Controller. The fast warmup controller provides heater power to bring the ASA up to
operating temperature within the allotted warmup time. The controller comprises a thermal sensor, two
flat-pack resistive networks, four transistor matched pairs, two zener diodes, and three ordinary diodes. .

Three heater control transistors and three heaters mounted on the controller housing are also part of the

fast warmup circuitry. The thermal sensor senses the internal ASA temperature and provides a propor-

tional d-c analog to the regulation and heater driver electronics that maintain the total fast warmup power
constant.

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

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

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

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

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

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

e The 6. 3-volt, 8-kc power is used by the demodulators in the pulse torquing
servoamplifiers.

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

e The 1.5-volt, 8-kc power is used to excite the pickoffs in the
accelerometers.

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

2.1.4.4.2 Abort Electronics Assembly. (See figure 2.1-36.)

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

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

The memory core stack is divided into two sections: temporary memory (2, 048 words) and permanent
memory (2, 048 words). The temporary memory stores replaceable instructions and data. Temporary
results may be stored in this memory and may be updated as necessary. Checkout routines may be loaded
during checkout and subsequently discarded. Each core in the temporary memory is threaded by an
X-selection winding, a Y-selection winding, a sense winding, and an inhibit winding. All windings,
except the inhibit winding, are single turn. There are 18 sense and inhibit windings. They thread all
cores in a single bit plane. Each bit phase has an associated sense amplifier and inhibit driver. In
the permanent memory, each core is threaded by a sense winding and Y-selection winding. The inhibit
winding in the permanent memory is omitted and the X-selection winding passes only through cores that
represent zeros. The sense windings, Y-selection windings, and sense amplifiers are common to the
temporary and permanent memories.

The cycle time of the memory is 4 microseconds. The addresses of the temporary storage locations
are 0 through 3777g; the addresses of the permanent storage locations, 40008 through 7777g.

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

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

The system log:c is such that only 0's can be written into the memory. The 1 state is brought about by
inhibiting the writing of 0's. Therefore, the cores of the word selected must be set to the 1 state before
information can be written into the cores. This core setting is accomplished by performing the read
operation, which sets all cores to the 1 state, before the write operation. No inhibit current is required
in the permanent memory because all cores that were in the 0 state can be restored to 0 by applying X
and Y write currents (—IS/Z each). Cores that were in the 1 state remain 1's because they were subjected
to a total current of only -Ig/2.

The memory operates in three modes: read-restore, read-clear, and clear-write. At the beginning of a
memory cycle, the central computer supplies the memory with an initiate-memory-cycle signal, a mode
signal, and an address. Address information is in a 12-bit address register in the central computer.
Decoding is performed within the memory. The address register always contains the address location at
the beginning of a memory cycle. During the read-restore mode, the contents of the location specified
by the address register are read from the memory into the memory register (M-register). The read-
restore mode is used for the temporary and permanent memories, The read-clear mode is similar to the
read-restore mode, except that the information is not restored to the memory. This mode applies only
to the temporary memory and when it is unnecessary to restore information after reading. In the clear-
write mode, the contents of the M-register are written into the location specified by the address register.
The word to be written is transferred into the M-register during the second microsecond of the memory
cycle.

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

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

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

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

Index Register. The index register is a three-bit ripple counter that is used for operand-address modi-
fication. When an indexed instruction is executed, the effective operand address is computed by a logical
OR operation between the index register and the three least significant bits of the operand address. When
a transfer and text index instruction is executed, the index register is decreased by one if the counter is
greater than zero, and the next instruction is taken from the location specified by the address field of the
transfer and text index instruction. If the index register is zero, the counter is not decreased, and the
next instruction is taken in sequence. The index register is loaded under program control, from the least
significant three bits of the data bus.

Program Counter. The program counter is a 12-bit ripple counter, that is loaded from the least signif-
icant 12 bits of the data bus by execution of a transfer instruction. The program counter holds and
generates instruction addresses in sequence.
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‘ Cycle Counter. The cycle counter is a five-bit counter that controls shift instructions and certain long
orders. The counter is loaded from the six least significant bits of the M-register.

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

registers (the A-register and M-register) furnish the inputs to the adder. The adder changes

the contents of the A-register by adding or substracting information (true or complement data, respec-
tively) from the M-register. Three microseconds are required for the carry to propagate and the
correct sum to be available at the adder outputs after the M-register information is gated into the adder.
At the end of the 3-microsecond period, the sum is clocked into the A-register, replacing its previous
contents (augend). A one-bit shift (either left or right) may be implemented simultaneously by gating the
output of the adder into adjacent bits of the A-register. The data bus is not used to interconnect the
adder with the A-register or M-register.

‘ Adder. The arithmetic section is designed around an 18-bit, 3-microsecond parallel adder. Two 18-bit

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

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

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

Data Bus. The data bus consists of gates through which data (up to 18 bits in parallel) may transfer from
one register to another. A typical transfer consists of 18 bits of data from the A-register to the M-
register. When this occurs, the timing and control logic generates two control signals. The first control
signal gates all 18 bits of the A-register onto the data bus for 2 microseconds (some data bus transfers

take 3 microseconds); at the same time, the second control signal gates the contents of the data bus into

the clocked set input of the 18 M-register flip-flops. At the end of the second microsecond, the M-register @
is clocked and the information transfer is complete.

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

amplifiers, and gates, which operate independently of the central computer, except when specifically
accessed by a particular input or output order. There are four basic types of registers in the input-
output subassembly: integrator, ripple counter, shift, and static. These registers operate independently
of the central computer, except when they are accessed during execution of an input or output instruc-
tion. All transfers of data tables 2. 1-5 and 2. 1-6 between the central computer and the input-output
registers are in parallel. The PGNS Euler angles are accumulated in three integrator registers, each
of which consists of a 15-flip-flop shift-register, a half-adder/subtractor, and control logic. The

. registers shift 15 bit positions at 512 kc upon receipt of each new pulse input, to serially add or subtract

. Input-Output Subassembly. The input-output subassembly consists of special registers, counters,
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Table 2.1-5. Abort Electronics Assembly - Input Signal Characteristics

Nomenclature Routing Signal Description Remarks
AGS telemetry stop ISS to AEA 50-pps signal; indicates completion
of telemetry shift for one digital word
AGS telemetry shift ISS to AEA 51.2 kpps (burst of 24 pulses, 50
pulses times per second); shifts telemetry
data out of AEA
28-volt, 800-cps CESto AEA Sinusoidal excitation for digital-to- +0.5 vrms and +1%
reference analog converters in AGS frequency accuracy
Automatic CES to AEA Discrete used to put AEA in auto- Definitions:
matic submode 1 - Ground
0 - Open circuit
Abort CES to AEA Discrete indicating abort but that Definitions:
staging has not occurred 1 - Ground
0 -~ Open circuit
Follow-up CES to AEA Discrete used to put AEA in followup Definitions:
submode 1 - Ground
0 - Open circuit
Abort stage CES to AEA Discrete indicating abort and that Definitions:
staging is initiated 1 - Ground
0 - Open circuit
PGNS alignment PGNS to AEA Digital pulse train (64 kpps maxi- Gimbal angles are used
signals: mum), denoting negative and positive during PGNS-to~-AGS
-A6, +A6 , angular increments of three PGNS alignment, to define the
-a¥, +av, gimbal angles inertial reference frame.
-A¢ , tA @
CDU zero PGNS to AEA 51. 2-kpps pulse train used to reset Definition:
PGNS angle input registers On - Application for
300 milliseconds
(minimum)
PGNS telemetry PGNS to AEA 50-pps signal indicating termination
downlink stop of PGNS telemetry downlink shift
operation
PGNS telemetry bit- PGNS to AEA 51. 2-kpps pulse train used to shift Burst of 40 pulses with
synchronizing pulse in PGNS telemetry downlink data period of 20 milliseconds
each
AGS initialization PGNS to AEA 51. 2-kpps signal comprising 40-bit Burst of 40 pulses with
(downlink data) words; used to initialize AGS period of 20 milliseconds
navigation each
Descent engine on Descent Discrete indicating state of descent Definitions:
engine to AEA engine 1 - Ground, engine on
0 - Open circuit,
engine off
Ascent engine on Ascent engine Discrete indicating state of ascent Definitions:
to AEA engine 1 - Ground, engine on
0 - Open circuit,
engine off
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‘ Table 2.1-6. Abort Electronics Assembly - Output Signal Characteristics
Nomenclature Routing Signal Description Remarks
Total attitude signals: | AEA to FDAI 0- to 15-vrms, 400-cps, sinusoidal Scale factor: 30 milli-
sine a, cosine a, signals for total attitude display volts per step
sine B8, cosine 8,
sine 7, cosine Y Cnomputation rate: 25
times per second
Altitude signal (h) AEA to displays 64-kpps signal with word frequency Resolution: 2.3 feet per
of >five times per second, used bit (15-bit word)
for altitude display
Altitude rate AEA to displays 64-kpps signal with word frequency Resolution: least signi-
signal (h) of > five times per second, used ficant bit 0.5 foot per
for altitude display second (14 bits plus sign)
Lateral velocity AEA to displays D-C analog (-5 to +5 vdc), dynamic Resolution: 25 mv/fps
(Vyb) range -200 to +200 feet per second
Shift, pulses for h AEA to displays 64 kpps
and h
Attitude error signals | AEA to CES 0- to 4.5-vrms, 800-cps, sinusoidal, Resolution: 300 milli-
Ex, Ey, Eg and displays body-referenced, altitude error volts per degree £5% with
signals for steering and display -70° to +78° range

one from the previous count. The counting is inhibited momentarily when an input transfer to the A-
register via the data bus is required. The registers are reset to zero by a 51, 2-kc pulse input on

the CDU zero line. Data from the ASA gyros and accelerometers are accumulated in six 11-bit flip-flop
ripple counters. The inputs to these counters are inhibited when they are accessed by the central com-
puter; they are reset to 0 after each access. The four-bit DEDA register, the 18-bit input telemetry
register, the 24-bit output telemetry register, and the 15-bit register that is time shared for altitude and
altitude rate are all implemented as shift registers. The first three of these registers are asynchronous
(shifted by an external shift clock); the other one has associated shift controls and generates shift clocks
in the AEA. In each case, shifting is inhibited during parallel access by the central computer. All the
other registers are static flip-flop registers. The D/A registers are loaded in parallel, via the data
bus, from the A-register. The discrete register is changed by setting or resetting a specific flip-flop
within the register with a specific output order (unique address); the A-register is not involved in
changing the discrete register.

Combinations of certain individual input-output addresses can be made, within an input or output instruc-
tion, to facilitate setting or resetting a group of registers or ti:scretes. Only addresses that have the
same most significant octal character can be combined. To combine one or more addresses, each
address (excluding the most significant character) is added numerically. For example, combining the
addresses of all six 11-bit counters would result in an address of 617. An input instruction with the
address 617 would reset all the counters.

Integrator Registers. Three integrator registers accumulate PGNS angles 6, ¢, and ¥. The PGNS angles
are represented by asynchronous pulse train signals, with a frequency range of 0 to 6. 4 kpps. Each
integrator register has two input lines: one for positive pulses and one for negative pulses. These reg-
isters operate during the standby mode, when the central computer logic is off.

The integrator registers are up-down counters that serially add or subtract one count per pulse input.
Each integrator register consists of an input buffer section, a shift control section, and a 15-bit shift
register section with half-adder and control logic. The input buffer section synchronizes incoming PGNS
pulses with the AEA clock and provides temporary storage for one pulse. The shift control section allows
the register to shift the appropriate number of times for each pulse input from the input buffer.
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Input Counters. Six input counters accumulate ASA gyro and accelerometer data. These data (avx, 4&Vy,
aVz, 4Q, AR, and AP) are represented by pulse trains with a frequency range of 0 to 64 kpps. These
pulses are asynchronous to the AEA. The input consists of an input buffer section and an 11-bit ripple
counter with control logic.

Downlink Telemetry Register. The downlink telemetry register is an 18-bit input register. It receives

a serial 40-bit PGNS downlink telemetry word. The first 18 bits are retained in the register. The 40-bit
word is shifted into the register by externally controlled shift pulses at a rate of 51.2 kpps. These shift
pulses are asynchronous to the AEA. A 1 in the input data is represented by a pulse (coincident with a
shift pulse); a 0, by lack of a pulse. A stop pulse from the external control indicates the end of a trans-
mitted word. The register is used by GSE to enter data into the central computer, but cannot be used by
GSE and telemetry simultaneously. An 18-bit word is used by the GSE. The register consists of a shift
pulse buffer section and a 18-bit shift register section with shift control logic. The shift pulse buffer
section synchronizes the input shift pulses with the AEA and provides a delay between data pulses received
and shift pulses received.

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

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

Output Telemetry Register. The output telemetry register, a 24-bit output register, outputs telemetry
serial data or GSE serial data. The telemetry data word is 24 bits long; the GSE data word, 18 bits long.
Telemetry and GSE cannot use the register simultaneously. A 1 in the output data is represented by a
pulse; a 0, by lack of a pulse. Each data word is shifted out with the most significant bit first. Data in
the register are shifted out by asynchronous, externally controlled, shift pulses at a rate of 51.2 kkps.
Twenty-four shift pulses are sent for telemetry data; 18, for GSE data. The external control sends a stop
pulse to the output telemetry register when all shift pulses have been sent.

The telemetry word list comprises a 50-word block of data. (Refer totable 2.1-7.) Each output telem-
etry word comprises 24 bits (a six-bit identification (ID) code followed by an 18-bit central computer
word).

The identification code represents the sequential position of the telemetry word in the word list

(01g to 62g). The data "equation symbol'" are the same as those used in the AGS software program. The
central computer word contains codes or numeric data. The numeric data are in binary 2's complement
format. The most significant bit (bit No. 0) is a sign bit (0 for positive data; 1 for negative data), The
remaining bits are numbered (1 through 17), from most significant to least significant.

DEDA Register. The DEDA register is a four-bit input-output register, which receives or sends four
bits of serial data. A 1 in the serial data is represented by a pulse; a 0, by lack of a pulse. Data are
shifted in or out by asynchronous, externally controlled, shift pulses at a rate of 64 kpps. These input
shift pulses are gated out as data pulses when the DEDA register is in an output mode. Bits No. 1 through
4 of the DEDA Register are transferred to bits No. 1 through 4 of the accumulator during an input instruc-
tion and loaded with bits No. 14 through 17 of the accumulator during an output instruction. The DEDA
register consists of a shift pulse buffer section and a four-bit shift register with control logic.
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Clock Countdown Subassembly. The clock countdown subassembly develops 512-kpps, 128-kpps, and
64-kpps and 50-pps timing signals from the 1. 024-mc system clock. The clock countdown subassembly
consists of a toggle flip-flop, three counter sections, and associated gating.

Power Subassemblies. Two independent power supplies are associated with the central computer. One

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

Table 2.1-7. Abort Electronics Assembly - Telemetry Word List

Lunar Least
Word | ID Code | Equation | Binary | Significant
No. (Octal) Symbol | Scaling | Bit Weight | Unit Description
1 01 541 - - DEDA readout mode flag; 1 in sign bit indicates DEDA
processing is in readout mode.
2 02 DD - - - Most recent DECA data word in computer units
3 03 638 - - - DEDA clear mode flag; 1 in sign bit indicates DEDA
processing is in clear mode.
4 04 an
05 aje 1 2-16 - Row No. 1 of direction cosine matrix
6 0
6 413
7 07 ADST - - - Octal address associated with most recent DEDA
communication
8 10 aq,;
9 11 ag, 1 2716 - Row No. 3 of direction cosine matrix
10 12 g4
11 13 h 25_3 28 feet | LM altitude above mean earth (lunar) surface
12 14
13 | 15 T 2575 | 28 feet | Components of LM inertial position
14 16
15 17 EONS10 - - - Engine-on indicator and GUID CONT switch
16 20
17 21 I, 2573 28 feet | Components of CSM inertial position
18 22
19 23 Ty 25_3 28 feet | Predicted value of LM radius at completion of current
guidance routine, except in external av
20 24 AVX
21 25 Avy 3 2_14 fps | Compensated incremental velocity components accumu-
lated per 20 milliseconds along X-, Y-, or Z-body-axis
22 26 AVZ by corresponding X, Y, or Z accelerometer
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Table 2.1-7. Abort Electronics Assembly - Telemetry Word List (cont)
Lunar | Least
Word | ID Code | Equation| Binary | Significant
No. (Octal) | Symbol | Scaling| Bit Weight | Unit Description
23 27 t2 1 2-16 sec | Least significant half of AGS absolute time
24 30 Aay
25 31 Aay -6 2-16 rad | Compensated incremental components per 20 milli-
seconds of vehicle rotation about X-, Y-, or Z-body-
26 32 Aay, axis, measured by X, Y, or Z gyro.
27 33 TB 9 2-8 sec | Time to LM engine burnout
28 34
29 35 v 13 2'2 fps | Components of present LM inertial velocity vector
30 36
31 37 MBT 17 1 - Ullage counter for telemetry
32 40
33, 41 v c 13 2-2 fps | Components of CSM inertial velocity vector
34 42
35 43 h 13 22 fps | LM altitude rate
36 44 AVG 13 272 fps | Magnitude of velocity to be gained for existing
guidance mode
Vpo 13 2-2 fps ||Predicted velocity to be gained in CDH burn
37 45 Vi 13 2-2 fps ||Total velocity to rendezvous in TPI
38 46 SioT 3 - - S12 for telemetry
TAO 18 2 sec [|Time from nominal CSI burn to CDH burn correspond-
ing to best cost function for this computing cycle
39 417 tigC 18 2 sec (|Time from present to TPI maneuver
40 50
41 51 EbD 1 2'16 - Components along X, Y, and Z inertial axes of unit
vector commanding desired pointing direction for LM
42 52 X-body-axis
43 53 ty 18 21 sec | Most significant half of AGS absolute time
44 54 So0 - - - Function selector by which submode logic is selected
via DEDA
45 55 g's - - - Discretes that make up discrete word one
46 56 Ar 23 28 feet ||Differential LM-CSM altitude after CDH burn
Q4 23 28 feet || Transfer orbit perifocus altitude in TPI
47 57 a T 23 28 feet | Perifocus altitude of present LM orbit
48 60
49 61 V4 13 2'2 fps | Sensed velocity increments along LM body-axis
50 02
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Startup. To place the central computer in operation, the operator sets the AGS STATUS switch from
STANDBY to OPERATE. The power subassemblies then apply power to the central computer in a pre-
determined sequence. When all operate voltages are at their nroper levels, power supply signal PS13
remains 0 for at least 10 microseconds. During this 10-mic ;second period, certain initial conditions
are established in the central computer. These conditions ar: such that the central computer automat-
ically accesses an instruction from a predetermined memory location. Central computer operation then
continues under normal program control.

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

2.1.4.4.3 Data Entry and Display Assembly. (See figure 2. 1-37.)

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

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

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

or transferred from the central computer for display. The shift register contains 36 bits comprising
nine digits. Codes presented from the pushbuttons are entered directly into the four least significant bits
of the register and positioned for display, Address and data bits transferred from the central computer
are entered into the least significant bit position of the register. Address and data bits to be transferred
to the central computer are taken from the most significant bit position of the register.

Bit, Digit, and Cycle Counters. The bit counter is a six-bit ripple counter. The counter accumulates
the number of clock pulses gated to the shift register and, in conjunction with the digit and cycle counter,
controls positioning of digit codes in the shift register as they are entered with the pushbuttons. The
bit counter also controls the transfer sequence as information is transferred to or from the central
computer. The digit counter, a five-bit shift register counter that is incremented on the final count of
the bit counter, detects operator errors. Error's arise when pushbuttons are pressed out of sequence,
while entering data into the shift register. Such errors cause the OPR ERR light to go on. The cycle
counter is a four-bit shift register whose main purpose is to control the cycling of inputs to the shift
register.

Data Transfer Sequencer. The data transfer sequencef consists of a two-step counter and flip-flops that

buffer and control data transferred from the central computer. The sequencer controls the timing of shift
pulses and information bits transferred to or from the central computer and provides control for shifting
the contents of the shift register during the transfer.

Pushbutton Entry. To enter data with the pushbuttons, the CLR pushbutton must be pressed. This action

sets the entire shift register, which blanks the display and resets the digit, bit, and cycle control
counters, and operator error logic circuits. A flip-flop that enables the keyboard (pushbutton) control
logic is also set. This flip-flop is reset when the ENTR or READOUT pushbutton is pressed.

The CLR, ENTR, and READOUT pushbuttons, when pressed, engage two separate, isolated switches,
each of which routes a signal. When the CLR pushbutton is pressed, one signal clears the display; the
other is routed to the AEA, preparing it for an entry or readout operation. When the ENTR or READOUT
pushbutton is pressed, one signal prepares the DEDA for information transfer; the other, triggers the
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Figure 2. 1-37. Data Entry and Display Assembly - Detailed Block Diagram

GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM

2.1-100 Mission LM Basic Date 1 February 1970 Change Date

Page




LMAT790-3-LM
APOLLO OPERATIONS HANDBOOK
SUBSYSTEMS DATA

' start of AEA command operation, If the CLR, ENTR, or READOUT pushbuttons are not pressed far ;_
enough to actuate both switches, only one signal is routed instead of two and the resulting incomplete [ | 4]
operation depends upon which switch closes.

As the pushbuttons are pressed, binary-coded-decimal (BCD) signals are fed to gates, which, in parallel, §
set or reset the four least significant flip-flops of the shift register. These gates are controlled by the
pushbutton strobe, a delayed pulse generated in the keyboard control logic. The pushbutton strobe also

sets bit counter enable flip-flop and cycle control flip-flop. The bit counter enable flip-flop enables a

gate, which feeds clock pulses to the shift register. When clock pulses add up to 31, as counted by the

bit counter, another gate is enabled. This gate resets the bit counter enable flip-flop on the next clock
(pulse 32), terminating the shift register clocks, and enables a clock pulse that is fed to the digit counter,
incrementing the counter by one.

Digit codes entered into the shift register are positioned in their proper location by the cycle counter as
the register is clocked. The first digit is positioned in the most significant end of the shift register, the
second digit in the next most significant digit location, and so on until the ninth (last) digit is entered.

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

If pressing the ENTR or READOUT pushbutton results in an operator error or if either pushbutton is
pressed during an operator error condition, the central computer recognizes the error by detecting 1's
in positions that normally contains 0's. Pressing the CLR pushbutton resets the operator flip-flop.

Data-AEA Transfer. Upon entering nine digits into the shift register with the pushbuttons, and visual
verification that an operator error condition does not exist, the ENTER pushbutton may be pressed to
' start the data transfer sequencer. The central computer responds to the enter signal by sending a shift-in

discrete to the DEDA. This discrete sets a flip-flop, which initiates data transfer to the central com-
puter. Data are transferred in a two-step operation controlled by the data transfer sequencer. During

the first step of the shift-in sequence, the most significant bit of the shift register is gated with a 1-
microsecond-wide clock pulse and fed to an output circuit. During the second step of the shift-in sequence,
a shift pulse is fed to the central computer, the contents of the shift register are shifted one bit position,
and the bit counter is incremented by one.

Each shift-in discrete results in four cycles of the data transfer sequencer or transfer of one digit. The
central computer sends shift-in pulses until the entire word is transferred. As the contents of the reg-
ister are shifted from the most significant end, 1's are shifted into the least significant end. The display
is blank after all digits have been transferred. Because of the data transfer sequencer four-cycle
operation, the address digits, which are coded in three bits (octal), and the sign digit, which is coded in
one bit, are alloted four bits in the shift register. The extra bits are used to provide redundant codes
for blanking the respective displays or detection of an operator error by the central computer.

To display a word within the central computer, the three-octal-digit address of the word is entered into
the shift register and the READOUT pushbutton is pressed. The central computer responds by sending
shift-in discretes, which transfer the address digits to the central computer. The central computer then
sends a series of shift-out discretes. Each shift-out discrete sets a control flip-flop, which enables the
shift register to enter bits transferred from the central computer.

During the first step of the shift-out sequence, a shift pulse is fed to the central computer, which trans-
mits a data bit back to the DEDA. The DEDA stores the data bit in a buffer flip-flop. During the second
step, the buffered data bit is shifted into the least significant bit of the shift register as the register
contents are shifted one bit position. Simultaneously, the bit counter is incremented by one. As for
shift-in discretes, the data transfer sequencer cycles four times for each shift-out discrete; the computer
must send a shift-out discrete before transfer of each digit.

The central computer may continually update the DEDA display by sending repeated sequences of nine
shift-out discretes with accompanying data. Pressing the HOLD pushbutton stops the central computer
from sending shift-out discretes after the next full word has been transferred to the DEDA; the contents
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of the shift register remain unchanged. Pressing the READOUT pushbutton causes the central computer .
to resume sending shift-out discretes; the contents of the shift register change accordingly. In this mode
of operation, pressing the READOUT pushbutton does not cause an operator error.

2.1.4.4.4 DEDA Operation,

DEDA operation is initiated by pressing the CLR pushbutton. This enables data entry with
the numerical pushbuttons (0 through 9). As each numerical pushbutton is pressed, its code is placed
in a register for display in the order in which the pushbuttons are pressed. When the appropriate number
of characters is entered, the ENTR or READOUT pushbutton is pressed. If the CLR, ENTR, or READ-
OUT pushbutton is not pressed to the full extent of its travel, the OPR ERR light may go on or a condition
may develop in which no action occurs. No false information is sent to, or readout of, the AEA when
this occurs. However, the step(s) must be repeated. (Refer to the pushbutton-entry discussion in para-
graph 2.1.4.4.3.)

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

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

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

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

octal address larger than 704.

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

® Press and release desired five consecutive numerical pushbuttons that
correspond to the numerical value of data to be inserted (decimal or octal, as
appropriate for entry). Refer to Apollo Operations Handbook, Volume II,
paragraph 4. 4 for DEDA inputs (addresses).

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

® Press and release ENTR pushbutton.

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

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

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

This operation identifies the address of the AEA memory core location from
which data are to be extracted. The address is in octal form; it must not
exceed the number 704. If a number larger than 704 is entered into the
address, the DEDA readout will be extinguished when the READOUT

paragraph 4. 4 for data that are DEDA-accessible from the AEA.

‘ pushbutton is pressed. Refer to Apollo Operations Handbook, Volume II,

® Verify entry by comparing electroluminescent address with desired address.

® Press and release READOUT pushbutton.

After the READOUT pushbutton has been pressed, the displayed quantity and
its address are updated twice per second. The astronaut can hold a value

on the display by pressing the HOLD pushbutton. This value is held on the
display until the READOUT pushbutton is pressed (at which time the displayed
quantity is updated twice per second) or until the CLR pushbutton is pressed
(at which time the DEDA is initialized for the next command and the displays
are blanked).

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

read out. If a position variable has a quantization of 100 feet, then 42,300 feet is entered or displayed as
+00423.

Operator Error. The OPR ERR light on the DEDA display panel goes on if the operator makes any of the
following errors:

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

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

‘ o The 8 or 9 pushbutton is pressed while loading the address portion of the word.

o The + or - pushbutton is not pressed in the fourth position of the nine-digit word.

e The + or - pushbutton is pressed in other than the fourth position.

® A quantity is being read out and the ENTR pushbutton is pressed.
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The following operator errors do not cause the OPR ERR light to go on.

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

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

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

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

2.1.4.4.5 Abort Guidance Section - Self-Test Routine.

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

+00000 - Test not completed

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

+40000 - Memory test failure

+70000 - Logic and memory test failure.

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

2.1.4.4.6  Abort Guidance Section - Initialization Function.
Initialization comprises two functions: navigation initialization, and time initialization.

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

Ephemeris data from the LM and CSM are inputs for initialization. These inputs are initialized automati-
cally via the PGNS downlink by entering 414+10000, and ENTR on the DEDA. Completion of automatic
initialization is indicated by the DEDA address and data indicators being set back automatically to
414+00000. LM ephemeris data are initialized manually, using the DEDA.
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. The PGNS downlink data provide LM and CSM position, velocity, and epoch time, which are used to
initialize LM navigation and CSM orbit parameters (state vectors). The data are provided in the AGS
inertial coordinate frame. The LM and CSM epoch times are in the same time base as the AGS
absolute time. The sequence in which the PGNS downlink data are used to initialize the AEA is given
in table 2. 1-8.

Table 2.1-8. PGNS Downlink Data Update Sequence

‘ Initialization DEDA
Sequence Description Address

1 Identification word 414

2 LM X-position, AGS coordinates 240

3 LM Y-position, AGS coordinates 241

4 LM Z-position, AGS coordinates 242

5 LM epoch time (most significant) 254

6 LM X-velocity, AGS coordinates 260

7 IM Y-velocity, AGS coordinates 261

8 LM Z-velocity, AGS coordinates 262

9 LM epoch time (least significant) 254

10 CSM X-position, AGS coordinates 244

11 CSM Y-position, AGS coordinates 245

‘ 12 CSM Z-position, AGS coordinates 246

13 CSM epoch time (most significant) 272

14 CSM X-velocity, AGS coordinates 264

15 CSM Y-velocity, AGS coordinates 265

16 CSM Z-velocity, AGS coordinates 266

17 CSM epoch time (least significant) 272

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

Bit No. 0(1|2(3(4|5]6|7|8|9]10|]11 12|13 |14|15}16| 17

ID Word X| X| X| X| X| X| X| X| X| X| X
’ Data Word | 1| S| X| X| X| X| X| X| X| X] X[ X
‘ X =0o0r1, Y= Not applicable, S = Sign bit (0or 1).

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

data are being shifted into the input register.
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The three components of LM position are entered by keying address codes 240, 241, and 242, and the

value and sign of the data, on the DEDA. The three components of LM velocity are entered by keying

address codes 260, 261, and 262, and the value and sign of the data, on the DEDA. The LM epoch

time (a multiple of 6 seconds) is entered by keying address code 254 on the DEDA. Keying 414 and

+20000 on the DEDA completes initialization. When initialization is completed, the AEA is automatically

set back to the attitude hold submode, as indicated by the DEDA display (414+00000). Manual initial-

ization of CSM ephemeris data is identical with that for the LM, except for the address codes. .

_Time Initialization. Initialization of AGS absolute time consists of entering an absolute time of zero into
memory. This is accomplished by keying 377 on the DEDA. AGS absolute time is not limited to zero,
except by procedures. A timetag, referred to as epoch time, is associated with each state vector. Pri-
mary system time, referred to as ground elapsed time (GET) is referenced to the time of lift-off. There-
fore, the epoch times are the values of GET at which the state vectors were determined. The LGC clock
has a capacity of approximately 2. 7 million seconds; the AEA clock, approximately 0. 26 million seconds.
This disparity requires a procedure for modifying the epoch time transmitted from the LGC to the AEA at
initialization. Because the AEA does not require launch time, it is possible to modify epoch time with a
subtractive time bias. This bias is the GET at which the AEA clock is started.

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

2.1.4.4.7 Abort Guidance Section - Modes of Operation.

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

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

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

All active steering modes couple attitude errors about the LM body axes to the autopilot (CES). The magni-
tudes of the angular errors are limited to +15° and -15°. The autopilot attitude turning rates are limited

to +10°/second and -10°/second about the Y-body-axis and +5°/second and -5°/second about the X-body-
axis and Z-body-axis, except after staging, with the DEAD BAND (panel 3) switch set to MAX. At that
time, no rate limiting exists. AGS steering in no way protects the PGNS platform against gimbal lock.

In the following discussions it is assumed that the GUID CONT switch is set to AGS, the LM is in orbit
(lunar surface flag is not set), and the PITCH, YAW, and ROLL switches are set to MODE CONT.

Attitude Hold. The attitude hold submode generates steering commands to maintain the LM in the inertial

attitude that existed when the attitude hold mode was first entered. Attitude hold can be entered by setting

the MODE CONTROL: AGS switch to ATT HOLD or by using address 400 on the DEDA and entering .
+00000. Once the attitude hold mode is established, it can be released by causing the followup signal to

be issued (GUID CONT switch set to PGNS or MODE CONTROL: AGS switch set to ATT HOLD and ACA

in manual control) or by entering other than +00000 into DEDA address 400. The preferred method is to

set the MODE CONTROL: AGS switch to ATT HOLD and orient the LM to the desired attitude, using the

ACA. Reentering the attitude hold mode causes the LM to maintain the attitude that exists when the mode

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

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

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

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

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

The LM Z-body-axis is driven parallel to the CSM orbit plane. If the +X-body-axis
points ahead of the local vertical (posigrade), the Z-axis is below the local hori-
zontal. If the +X-body-axis is behind the local vertical the Z-axis is above the
local horizontal. If the X-body-axis is vertically upward, the Z-body-axis will be
pointed horizontally forward. If the X-body-axis is pointed vertically downward the
Z-body-axis will be directed horizontally opposite to the direction of motion.

e DEDA address 623+10000

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

e X-axis override

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

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

Prethrust steering is guidance steering (address 400 contains +10000) that is performed before ullage is
sensed and thrusting, to orient the LM for the burn. Prethrust guidance steering is implemented by set-
ting the GUID CONT switch to AGS, the MODE CONTROL: AGS switchto AUTO, and the ATTITUDE CON-
TROL: PITCH, YAW, and ROLL switches to MODE CONT, and entering +10000 into address 400. The
AGS then orients the LM to the particular guidance mode selected (address 410). AGS steering orientation
of the LM, before the engine burn, falls into two categories:

e CSI, CDH, external AV

Before initiation of these maneuvers, the desired attitude of the LM is established
in the local horizontal coordinate system. Before the CSI maneuver, if the CSI
computations are being performed and if the AGS is in the guidance steering sub-
mode, the LM is oriented so that the X-body-axis is maintained horizontal and
parallel to the CSM orbit plane.

e Direct transfer (TPI and Midcourse)

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

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

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

During open steering, the AGS is in control and the ATTITUDE CONTROL: PITCH, YAW, and ROLL
switches are usually set to MODE CONT. Any channel can be overriden by setting the switch for that
channel to PULSE or DIR. In some instances, manually orienting one LM axis more than 90° from the
desired direction (AGS-computed) can cause the LM to rotate through large angles about the two AGS-
controlled axes. In attitude hold and guidance steering, X-axis override can be accomplished through any
desired angle. In Z-body-axis steering, Z-axis override can be accomplished through any desired angle.
If manual override of any other steering channel is desired, the attitude excursion about that axis should
be limited to less than 90° from the desired orientation computed by the AGS.

Z-Body-Axis Steering. This submode is entered via the DEDA, using the address 400 and entering +20000.

No DPS or APS thrust can be accomplished in this mode. The following options are available for specify-
ing the desired direction of the Z-body-axis.

e DEDA address 507+00000

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

e DEDA address 507+10000

Orient the Z-body-axis in the desired thrust direction (used to perform small
thrusting maneuvers along the Z-body-axis).
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In either option, with the Z-axis pointed in the desired direction, the X-body-axis is oriented parallel to
the CSM orbit plane. If the +Z-body-axis is pointed ahead of the LM, the +X-body-axis is above the local
LM horizontal plane. If the Z-body-axis is behind the LM, the +X-body-axis is below the local horizontal
plane. The gain in the roll channel (Z-axis) decreases toward zero as the +Z-axis approaches a perpen-
dicular orientation with respect to the CSM orbit plane. When perpendicular, the gain in the roll steering
channel is zero for any orientation of the +X-axis. In this submode, the X-body-axis can be manually con-
trolled by setting the ATTITUDE CONTROL: ROLL switch to PULSE or DIR and operating the ACA.

Inertial Reference States. These states comprise followup, attitude control, and complete control.

Followup State. In the followup state, the AGS can perform the following functions:

e Maintain an inertial reference frame and provide total attitude signals for display

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

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

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

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

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

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

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

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

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

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

e At the completion of a maneuver when the engine is commanded off because the
conditions for issuing engine-on commands are no longer satisfied, the program
automatically returns to the attitude hold submode.
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When in the complete control state and the vollowing four conditions are simultaneously satisfied, the
program issues an engine-on command every 40 milliseconds. Otherwise, the flight program issues an
engine-off command every 40 milliseconds.

e The automatic discrete is present.

e The AGS submode selector has been set to guidance steering, via the DEDA.

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

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

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

Alignment Mode. Alignment consists of initializing the AEA to obtain an attitude reference to a desired
inertial reference. The AGS causes the attitude error signals to the CES to be reduced to zero during the
alignment mode. In response to an alignment submode instruction (a DEDA entry), the inertial reference
frame is aligned to a reference frame of the three alignment submodes: PGNS-to-AGS alignment, lunar
alignment, and body-axis alignment.

The PGNS-to-AGS alignment submode aligns the AGS direction cosines to the attitude reference determined

by PGNS Euler angles ¢, v, and ¢. (See figure 2.1-38.) The lunar alignment submode uses the local

vertical sensed by the Y and Z accelerometers and a previously stored azimuth angle (51,), which is up-

dated for lunar stay (subsequent missions) by the correction factor a s, for an attitude reference frame.

The body-axis alignment submode uses current LM attitude as the attitude reference. ‘

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

Lunar Alignment Submode. The AEA is aligned so that the computational inertial reference axes (Xj, Yj,
Zi) coincide with the axes of a selenocentric coordinate frame with the X-axis along the lunar local vertical
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(positive outward from the lunar center) and the Z-axis direction conceptually obtained by crossing the
unit angular momentum vector of the CSM orbit with a unit vector along the X-axis. Compensated veloc-
ity increments from the ASA Y-accelerometer and Z-accelerometer are used to determine the local
vertical with respect to the instantaneous LM coordinates.

The LM azimuth angle with respect to the CSM orbit plane at lunar touchdown is determined by storing,
upon command of the DEDA, the AGS azimuth reference as defined by appropriate elements of the trans-
formation matrix. An azimuth correction angle is subtracted from the stored reference to compensate
for the affects of lunar rotation during lunar stay and for any CSM plane changes. The azimuth correction
angle (A8), which updates the inertial Z-axis direction, is inserted via the DEDA (address 547) before
lunar alignment. This factor is provided to the astronauts via voice link.

The lunar alignment submode is entered by keying 400+40000, and ENTR on the DEDA. The astronauts
can store the landing azimuth of the touchdown point by keying 413 and +10000 on the DEDA.

Body-Axis Alignment Submode. For the body-axis alignment (orbital alignment) submode, the AGS inertial
reference frame is made coincident with the LM axes. Body-axis alignment is achieved by keying 400
+50000, and ENTR on the DEDA. To terminate this submode, the LM Pilot keys 400+00000 on the DEDA.

4Ca1ibration.. Calibration of the gyros and accelerometers comprises the following:

e Lunar surface gyro calibration
e In-flight gyro and accelerometer calibration

e In-flight accelerometer calibration only.

Lunar Surface Gyro Calibration. This calibration is automatically selected by program control when
calibration is selected via the DEDA. This program provides for gyro calibration, to update gyro fixed
drift compensation while the LM is on the lunar surface. Lunar surface calibration requires that lunar
alignment has immediately preceded it. The program then stores the existing transformation matrix to
provide a reference attitude. The input angular increment is compensated by the calibration equations to
remove the lunar rotation rate. The angular errors of the AGS indicated attitude (as defined by the trans-
formation matrix) with respect to the reference attitude are computed and used to maintain the AGS atti-
tude alignment with the stored reference attitude, and to correct the gyro drift compensation. The gyro
calibration routine provides updated values of 1K1, 1K6, and 1K11. (Refer to table 2.1-9.)

After lunar touchdown, 413+10000 should be entered via the DEDA. This entry stores AGS attitude for
possible future lunar alignment, sets the AEA lunar surface signal, and inhibits accelerometer calibra-
tion. The procedure for lunar surface gyro calibration is as follows:

e If the PGNS is operative, PGNS-to-AGS alignment is performed. If the PGNS is in-
operative, lunar alignment is performed. The alignment must result in a Y-inertial-
axis that is within 10° (half cone angle) of the lunar north polar axis.

e After alignment, 400460000 via the DEDA is entered.

e Calibration requires 302 seconds. Completion can be verified by reading out
DEDA address 400. At completion of calibration, the readout automatically returns
to +00000 (attitude hold).
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Table 2.1-9. Abort Guidance Section - Calibration Compensations

Equation
Symbol Address Description
1K1 544 X-gyro drift compensation coefficient
1K6 545 Y-gyro drift compensation coefficient ‘
1K11 546 Z-gyro drift compensation coefficient
1K19 540 X-accelerometer bias compensation coefficient
1K21 541 Y-accelerometer bias compensation coefficient
1K23 542 Z-accelerometer bias c;mpensatlon coefficient

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

to the IMU reference. Simultaneously, the accumulated error signals are multiplied by another gain !
factor and added to the gyro drift compensation so that, in steady state, the compensation is equal to the
gyro drift.

In-flight calibration of the accelerometer static bias compensation takes place concurrently with in-flight
gyro calibration. The accelerometer velocity increments accumulated during free fall are multiplied by
an appropriate gain factor and added to the accelerometer bias compensation so that the compensation is
equal to the accelerometer bias. Accelerometer calibration provides updated values of 1K19, 1K21, and
0 1K23. (Refer to table 2.1-9.) In-flight calibration aligns the AGS; therefore, it is not necessary to

follow in-flight calibration with a PGNS-to-AGS alignment. In-flight gyro and accelerometer calibration
should not be performed when the PGNS is inoperative. Instead, in-flight accelerometer calibration only
should be performed. The procedure for in-flight gyro and accelerometer calibration when the PGNS is
operative and attitude rotation rate is less than 0. 1° per second is as follows:

e Set MODE CONTROL: AGS switch to ATT HOLD.
e  Enter 400+60000 via the DEDA.

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

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

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

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

Calibration is completed in 32 seconds. * ‘ever, it takes 302 seconds for readout
of DEDA address 400 to return to +00000 . . .itude hold).

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

The routines are selected, using the DEDA. Refer to table 2.1-10 for the address and func-
tion of each guidance routine. Guidance calculations associated with the selected routine are completed
every 2 seconds of the submode selected. The LM, however, will not maneuver in accordance with the
selected routine unless the AGS has control of the LM and the guidance steering submode is selected.

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

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

Table 2.1-10. Abort Guidance Section - Guidance Routines

Address
and Code Routine Function
410 + 00000 Orbit insertion Engine and steering commands are generated to drive LM to specified
orbit injection conditions.
410 + 10000 CSI maneuver Engine and steering commands are generated to establish appropriate
LM-CSM phasing TPI time.
410 + 20000 CDH maneuver Engine and steering commands are generated to drive LM into orbit
that is coelliptic with CSM.
410 + 30000 TPI search AGS evaluates various direct transfer rendezvous solutions. Astronauts
select desired solution. Thrusting is not performed with this routine.
410 + 40000 TPI execute Engine and steering commands are generated to cause LM to be on
’ CSM intercept trajectory.
410 + 50000 External AV Engine and steering commands are generated to perform externally
specified thrust maneuver.
!

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

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

e Altitude rate at burnout; DEDA address 423.

The attitude commands provide yaw steering of the LM into the CSM orbit plane by the time the cutoff
conditions are attained. The capability of steering out a wedge angle of up to 2° is provided (assuming .
sufficient aAV). When the velocity to go to cutoff (AVg) reaches a preselected threshold, updating of the

command attitude is terminated. The engine is commanded off when AVg reaches the nominal ascent

engine tailoff velocity threshold and the total velocity to go is less than 100 fps.

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

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

® CSI (coelliptic sequence initiate) maneuver

e CDH (constant Ah) maneuver

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

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

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

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

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

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

on the DEDA.

After the CSI maneuver has converged to a solution, the time from the CSI to CDH can be obtained by

using address 373 on the DEDA. Time until CDH (when less than 136 minutes) can also be obtained by

using address 313. Other times available in the CSI routine are listed in the DEDA output list. (Refer

to Apollo Operations Handbook, Volume II, paragraph 4.4, addresses 274, 275, and 377).
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‘ The angle that the projection of the LM-CSM LOS on the X-Z inertial plane makes with the LM local
horizontal at the desired TPI time (positive, measured clockwise from the local horizontal forward of the
LM when looking in the direction of the +Y-inertial-axis) is another targeting condition.

The CDH burn is performed at ti:e time determined by the CSI routine. This time is the predicted time
of LM arrival at the first or second crossing of the LM orbit line of apsides, following the CSI burn. A
DEDA input (416+10000) specifies whether the CDH maneuver will be performed at the second crossing.
‘ Otherwise, it is assumed that the CDH maneuver will be performed at the first crossing. If the predicted
radial rate (rf) is nearly zero at CSI coast, it is possible that the subsequent coast orbit would be
circular. Selection of first or second apsidal crossing becomes meaningless for a circular orbit.

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

e CSI iteration error

e Time from CDH to TPI

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

e  Sign and magnitude of predicted horizontal (CSI) AV

‘ ° Predicted time from CSI to CDH.

The CSI routine provides a real-time commanded attitude. The CSI horizontal AV solution is valid at
CSI time (tigA). When real time (t) becomes greater than tigA’ the CSI routine is computed in real time.

Constant Delta Altitude. The CDH routine computes, in real time, attitude commands and velocity incre-
ment required to make the LM and CSM orbits coelliptic. The CDH routine provides commanded attitude
such that the horizontal component of vehicle X-axis thrusting is parallel to the CSM orbit plane.

The CDH routine is selected after completion of the CSI burn, by keying 410 and +20000 into the DEDA.
When this occurs, targeting is accomplished automatically for the CSI routine, by the CSI computations.
The CDH solution is computed for future time, predicted during the CSI routine, until real time exceeds
the predicted burn time. The solution is thereafter computed in real time.

If the CDH maneuver does not follow the CSI maneuver, the time to go until the CDH maneuver must be
entered as a targeting constant. This is accomplished by keying address 315 on the DEDA. Addresses
275, 310, and 377 are timing quantities available in this mode.

‘ In a nominal mission, the CDH maneuver is assumed to occur after the CSI maneuver; therefore,

targeting is accomplished automatically for the CDH maneuver by the CSI computations. The event
timer is set by using the quantity T A (after the CDH routine is entered), which is the time to go until the
CDH maneuver, if TA does not exceed 136 minutes. The times of interest during the CDH maneuver are
listed in table 2. 1-11,
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Table 2.1-11. Time (Minutes) Quantities Available in CDH Mode ‘
Address Quantization Equation Symbol Description
310 0.01 Ta Time to go until CDH maneuver
275 0.1 Te Time from CDH to nominal TPI maneuver
predicted during CSI ‘
275 0.1 B2 Nominal time of TPI maneuver (targeting
quantity)
313 0.01 Tperg Time to perifocus of present LM orbit
377 0.1 t AGS computer time

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

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

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

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

There are two modes that can be used for the TPI maneuver. Tables 2.1-12 and 2. 1-13 define the time
quantities of interest in each mode.

Table 2.1-12. Time (Minutes) of Interest for TPI Search Routine

Address Quantization Equation Symbol Description

310 0.01 Ta Input quantity. TPI search assumes TPI to
occur in T A minutes.

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

307 0.01 Jé Input quantity. Time from TPI to intercept
(assuming no burns after TPI).

311 0.01 Tr Time to go until intercept; output quantity

313 0.01 Tperg Time to perifocus of present LM orbit
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Table 2,1-12. Time (Minutes) of Interest for TPI Search Routine (cont)

Address Quantization Equation Symbol Description
377 0.1 t AGS computer time
306 0.01 J4 Time increment prior to rendezvous at

which node is created

312 0.01 J3 Stable orbit offset

Table 2.1-13. Time (Minutes) of Interest for TPI Execute Routine

Address Quantization Equation Symbol Description

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

310 0.01 Ta Time to go until TPI maneuver; output
quantity.

307 0.01 J6 Input quantity. Time from TPI to intercept
(assuming no burns after TPI),

311 0.01 Tr Time to go until intercept; output quantity.

313 0.01 Tperg Time to perifocus of present LM orbit

311 0.1 t AGS computer time

306 0.01 74 Time increment prior to rendezvous at

which node is created

312 0.01 J3 Stable orbit offset

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

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

The AGS can maintain the LM in any attitude in a local vertical coordinate frame during free flight. The
LM can be pitched at the orbital rate to maintain the X-axis along the local horizontal, using the external
aV routine. A fictitious velocity-to-be-gained vector is entered via the DEDA to obtain the desired
attitude.

2.1.4.4.9 Abort Guidance Section - Descent or Ascent Engine and Thrust Chamber Assembly Bur

When the LM is under AGS control during coasting flight, the AGS can fire the descent «.
ascent engine or thruster(s). The AEA is programmed in such a manner that translational thrust is applied
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(Refer to table 2, 1-14.) The nominal cant angle used by the AGS is con-

in certain nominal directions.
trolled by two constants in the AEA computer (DEDA-accessible in octal):

4K7 - Cant angle (radians) of thrust vector in the pitch plane. DEDA address 566.

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

® 4K8 - Cant angle (radians) or thrust vector in the yaw plane. DEDA address
602. Positive sign indicates thrust vector is canted from the +X-body-

axis toward the +Y-body-axis.

Table 2.1-14. Abort Guidance Section - Translational Thrust

Engine Direction of Thrust Assumed by AEA

Descent +X-body-axis

Ascent Canted. Cant angle data are used by AEA to
account for canted thrust direction.

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

Before in-orbit maneuvers, the astronauts choose which TCA(s) will be used. The AGS must

be informed, via the DEDA, of the decision to fire the ascent engine, so that steering transients will not
occur at the start of the burn. Before AGS-controlled orientation to the desired thrust attitude, the fol- ‘

lowing DEDA selection should be entered or verified:

e DPS or RCS: DEDA entry 411+00000

e APS: DEDA entry 411+10000.

Regardless of the selection, the AEA assumes the canted thrust direction whenever the

APS-on discrete is received. (See figure 2. 1-39.)

1O AEA ASSUMES
ADDRESS + 00000 _ } Aps DiscreTE APS OFF
STEERING ————in] o - @2) NONCANTED
LOGIC THRUST VECTOR
+ 10000 APS ON

’ e

AEA ASSUMES CANTED THRUST VECTOR IN
STEERING EQUATIONS

Y
STEERING
3000M4-258

Canted Thrust Selection Logic ‘

Figure 2, 1-39.
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Descent or Ascent Engine Burn. To prepare for an engine burn under AGS control, the following con-

ditions are required:

e Condition No. 1 - Th .UID CUNT switch must be set to AGS. This removes the
followup signal to the :..5S.

° Condition No. 2 - The MODE CONTROL: AGS switch must be set to AUTO. This
transmits an auto discrete to the AGS and removes the AGS from attitude hold.

e Condition No. 3 - The ABORT pushbutton must be presseq. "This‘arms the DPS.

e Condition No. 4 - The ABORT STAGE pushbutton must be pressed. This arms
the APS. .

e Condition No. 5 - +10000 must be entered into DEDA address 400. Thls enables
the engine-on signal and guidance steering.

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

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

e Condition No. 6 - The magnitude of the velocity-to-be-gained vector, as computed
in the AEA, must exceed 100 feet per second.

e Condition No. 7 - The component (sign and magnitude) of the velocity-to-be-gained
vector must exceed the engine tailoff AV value (currently +2.1 fps).

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

e Condition No. 8 - The AEA recognizes whether the sensed velocity change per
2-second compute cycle equals or exceeds 0. 2 fps in the +X-body-axis direction
for three consecutive compute cycles.

If the sensed velocity increment drops below 0.2 fps on a 2-second compute cycle, an engine-off discrete
is sent to the CES. Before the engine can be fired again, the AGS must again establish the ullage
recognition condition. During the powered-flight abort staging sequence, the sensed velocity accumulated
over any 2-second period will exceed 0.2 fps; therefore, ullage is maintained and the AEA generates
continuous engine-on signals.

Satisfaction of Ullage Condition Due To Angular Accelerations. The maximum distance between the ASA
and the LM center of gravity is approximately 10 feet in the +X-body-axis direction and 5 feet in the
+Z-body-axis direction. There is effectively no displacement in the Y-body-axis direction. Because

the ASA is offset in the Z-direction, angular accelerations about the pitch axis could. cause the ullage
condition to be satisfied. The required angular acceleration is slightly greater than 1°/ second? and must
exist for a minimum of 6 consecutive seconds.

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

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

° To fire the ascent engine, conditions No. 1, 2, 4, 5, 8, and either or both 6

and 7 are sufficient. ‘

Lunar Surface Lift-Off. On the lunar surface ullage is automatically generated and the orbit insertion
guidance routine generates a large value of velocity to be gained. To ascend to orbit insertion, the
following are required:

° The GUID CONT switch must be set to AGS; the MODE CONTROL: AGS switch, to
AUTO.

® The submode must be guidance steering (DEDA entry 400+10000).
e The AEA guidance routine must be orbit insertion (DEDA entry 410+00000).

o The ABORT STAGE pushbutton must be pressed. The AGS will issue an engine-on
discrete igniting the ascent engine.

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

aVgy is near zero. ‘

Thrust Chamber Assembly Burns. TCA translation can be used with AGS steering control when the
following are performed:

. Conditions No. 1, 2, and 5 must be established in sufficient time for the LM to
orient to the desired thrust attitude.

e DEDA address 500 must be selected for aVgy readout.
e The ATT/TRANSL must be set to the desired number of jets (2 or 4).

o The engine STOP pushbutton must be pressed. This inhibits the engine-on
discrete.

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

e At maneuver time, use the TTCA to null the DEDA reading.
° When aVgx equal zero, reduce thrust to zero. ‘

2.1.4.4.10 Abort Guidance Section - Thrust Termination.

When the LM is under PGNS control, the AGS outputs engine-on or engine-off discretes,
which are followups of the actual engine condition. These discretes are inhibited when the GUID CONT
switch is in the PGNS position. When the LM is under AGS control, the engine-off discrete is sent to the
CES when the velocity-to-be-gained magnitude falls below the threshold value.
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Ascent or Descent Engine. When the AGS sends an engine-off discrete to the CES, the ascent or descent
engine thrust automatically terminates, provided the engine was not turned on by pressing the engine
START pushbutton. Under AGS control, the engine-off discrete is generated i