AR ET e T Tt R T e el R M e o
A R . ' D e e T4
N LMA790-3-LM 10 and..Subsequent -
 an ¢ “2 o ) . -
L APOLLO OPERATIONS
KO
LI HANDBOOK
.
LUNAR MODULE
T LM 10 AND SUBSEQUENT
VOLUME |
SUBSYSTEMS DATA
i: :
‘ M W
A Approved K/ '
[ 7 - -
. mnfo ss't Progra/m Director, Support
¥
Approved\ A=) @w@ﬁj:’
! . - W. J. Everett, Program Manager, LM Publications Section
(>
.
g NAS 9-1100
i Exhibit E Paragraph 10.4
[}
o TYPE | DOCUMENT
:3 Prepared under directicn of
THE NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
) wl ) SPACECRAFT SYSTEMS BRANCH / FLIGHT CREW SUPPORT DIVISION
X THIS PUBLICATION SUPERSEDES LMA790-3.LM 8
vy AND SUBSEQUENT DATED 15 JUNE 1970
.f"' e
Yo GRUMMAN
- L LM PUBLICATIONS SE_U"O“ / PROOUCT SUPPORT DEPARTMENT / GRUMMAN AEROSPACE CORPORATION / BETHPAGE / NEW YORK é
'm

1 APRIL 1971



| LIST OF EFFECTIVE PAGES

TOTAL NUMBER OF PAGES IN THIS PUBLICATION IS 746 CONSISTING OF THE

LMA790-3-LM

&

INSERT LATEST CHANGED PAGES. DESTROY SUPERSEDED PAGES.

NOTE: The portion of the text affected by the changes is indicated
by a vertical line in the outer margins of the page.

Manuals will be distributed as directed by the NASA Apollo Project Office. All requests for
manuals should be directed to the NASA Apollo Spacecraft Project Office at Houston, Texas.

,,—'\

FOLLOWING:
Page Page
No.. Issue No. Issue
Title . . 15 June 1970 2.1-73 thru 2.1-75 Original
A thru E . 15 June 1970 2.1-76 .. 15 June 1970
i thru xii . 15 June 1970 2.1-77 thru 2.1-78 Original
1-1 . 1 April 1971 2.1-79 thru 2.1-80 15 June 1970
1-2 . Original 2.1-81 .. Original
1-3 thru 1 20 . 1 April 1971 2.1-82 thru 2.1-83 15 June 1970
2.1-1. . 15 June 1970 2.1-84 o Original
2.1-2 thru 2 1 5 . Original 2.1-85 thru 2.1-87 15 June 1970
2.1-6 thru 2.1-9. . 15 June 1970 2.1-88 thru 2.1-92 Original
2.1-10 . . Original 2.1-93 . . . .. 15 June 1970
2.1-11 thru 2 1 12 . . 15 June 1970 2.1-94 thru 2.1-96 Original
2.1-13 thru 2.1-14 . . Original 2.1-97 e e 15 June 1970
2.1-15 . 15 June 1970 2.1-98 thru 2.1-100 Original
2.1-16 . e . . Original 2.1-101 thru 2.1-103 . 15 June 1970
2.1-17 thru 2 1-21. . . 15 June 1970 2.1-104 thru 2.1-111 . . Original
2.1-22 . Original 2.1-112 . 15 June 1970
2.1-23 . 15 June 1970 2.1-113 . Original
2.1-24 coe . Original 2.1-114 . « « « . . 15 June 1970
2.1-25 thru 2 1-29. . 15 June 1970 2.1-115 thru 2.1-123 . Original
2.1-30 thru 2.1-32 . . Original 2.1-124 thru 2.1-130 . 15 June 1970
2.1-33 . 15 June 1970 2.1-131 thru 2.1-133 . Original
2.1-34 . . Original 2.1-134 thru 2.1-135 . 15 June 1970
2.1-35 thru 2 1-36. . 15 June 1970 2.1-136 thru 2.1-137 . Original
2.1-37 . . 1 April 1971 2.1-138 thru 2.1-139 . 15 June 1970
2.1-38 e . 1 April 1971 2.1-140 . Original
2.1-39 thru 2 1 45 . . 15 June 1970 2.1-141 . . . . . . . 15 June 1970
2.1-46 thru 2.1-47 . . Original 2.1-142 thru 2.1-144 . Original
2.1-48 thru 2.1-51 . . 15 June 1970 2.1-145 thru 2.1-146 . 15 June 1970
2.1-52 . . Original 2.1-147 thru 2.1-150 . Original ‘
2.1-52A thru 2. 1- 52B . 15 June 1970 2.1-151 thru 2.1-156 . 15 June 1970
2.1-53 thru 2.1-55 . . 15 June 1970 2.2-1 thru 2.2-2 . 1April 1971
2.1-56 . Original 2.2-3 thru 2.2-4 . Original
2.1-57 thru 2 1 58 . . 15 June 1970 2.2-5 . 1April 1971
2.1-60 . . . Original 2.2-6 . . 15 June 1970
2.1-61 thru 2.1-62 . . 15 June 1970 2.2-7 thru 2. 2 8 1April 1971
2.1-63 . Original 2.2-9 thru 2.2-10 15 June 1970
2.1-64 . . . . . 15 June 1970 2.2-11thru 2.2-12 . 1April 1971
2.1-65 thru 2. 1 69 . . Original 2.2-13 . . . Original
2.1-70 thru 2.1-72. . 15 June 1970 2.2-14 thru 2. 2 15 1April 1971
*The asterisk indicates pages changed. added, or deleted by the current change.
NASA



LMA790-3-LM

INSERT LATEST CHANGED PAGES. DESTROY SUPERSEDED PAGES.

LIST OF EFFECTIVE PAGES

NOTE: The portion of the text affected by the changes is indicated
by a vertical line in the oucer margins of the page.

Page Page
No. Issue No.
2,2-16. « « « o . o Original 2.6-1 thru 2.6-8 . .
2,2-17. o o o = « o 1April 1971 2.6-9 . . o o o e o
2.2-19 thru 2,2-20 , Original 2,6-10 . . o o o .
2,2-21thru2.2-22 , 1 April 1971 2.6-11 . . ¢« o o ®
2.2-23 thru 2.2-24 ., 15 June 1970 2.,6-12 thru 2.6-44 ,
2.2-25 thru 2.2-26 . 1 April 1971 2:.7-1 ¢ o o o o o o
2,2-27 thru 2,2-30 ., Original 2.7T=2 ¢ « o o o o o
2,2-31 thru 2.2-32 , 15 June 1970 2.7-3 thru 2.7-5 . &
2:2-33 .. « o o o « LApril 1971 2,7-6 thru 2.7-7 . .
2¢2-34. .« o« o« o o o 15 June 1970 2,7-8 ¢ s o o o o o
2.2-35 thru 2.2-38 ., 1 April 1971 2.7-9 thru2,7-16 .
2.2-39 thru 2.2-42 , 15 June 1970 2,7-17 o o o o e
2:3-1 . « « = o o o Original 2,7-18 thru 2, 7-32 .
2¢3-2 . . ¢« ¢ s o o 1lApril 1971 2:,7-33 ¢ 6 ¢ o o o
2.3-3 thru2.3-4 . . Original 2,7-34 thru 2.7-36 .
2¢3-5 ¢« s s o o « o 15 June 1970 2,7-37 thru 2.7-39 .
2.3-6 thru 2.3-10 , . 1 April 1971 2,7T-40 o o o o o o
2.3-11. « « . o« o o Original 2,7-41 thru 2.7-42 ,
2.3-12, . . . . . 1 April 1971 2.7-43 thru 2.7-44 ,
2.3-13 thru 2. 3- 14 . Original 2.8-1thru2.8-2 , .
2.3-15, « « « « « o 1April 1971 2.8-3 thru 2.8-12 ,
2.3-16 thru 2.3-19 . Original 2:8-13 s 4 o 0 o o
2,3-20. « ¢ s s o o 15 June 1970 2,8-14 thru 2,8-15 ,
2,3-21thru 2,3-22 , Original 2,8-16 . . o o o
2.3-23 thru 2.3-29 , 1 April 1971 2.8-17 thru 2.8-22 ,
2.3-30 . o o o o« o o 15 June 1970 2.9-1thru 2.9-5 . .
2,3-31 thru 2.3-32 , Original 296 o o 5 o o o o
2,3-33 thru 2,3-35 . 1 April 1971 2.9-7 ¢« o o 5 o o o«
2. 3-36 thru 2.3-37 . Original 2,9-8 . ¢ s s o o
2,3-38. ¢ s o o o o 15 June 1970 2.9-9 thru 2.9-20 .
2,3-39: o« o« » o o o 1April 1971 2.9-21 thru 2. 9-22 ,
263-40. « o o o o o 15 June 1970 2.9-23 thru 2.9-25 ,
2.3-41. « + « o o o 1lApril 1971 2:9-26 . . . . . .
2.3-42 ., . e o 15 June 1970 2:9-27 . 4 s o e
2.3-43 thru 2 3 44 . 1 April 1971 2.9-28 thru 2,9-49 .,
2.4-1thru 2.4-24 , , 1 April 1971 2:9-50 ., o o o e @
2.5-1 . « . . « . . 1lApril 1971 2.9-51 thru 2.9-52 .
2¢5-2 ¢ ¢« ¢« s o o o Original 2.9-53 thru 2.9-54 .,
2.5-3 thru 2.5-34 , . 1 April 1971 2.9-55 thru 2.9-56 .
*The ascerisk indicates pages changed. added, or deleted by the current change.

Issue

1 April 1971
15 June 1970
1 April 1971
15 June 1970
1 April 1971
1 April 1971
Original
1 April 1971
Original
1 April 1971
Original
1 April 1971
Original
1 April 1971
Original
1 April 1971
Original
1 April 1971
Original
Original
1 April 1971
Original
1 April 1971
Original
1 April 1971
Original
15 June 1970
Original
1 April 1971
Original
1 April 1971
Original
1 April 1971
15 June 1970
Original
1 April 1971
Original
1 April 1971
Original

NASA

Manuals will be distributed as directed by the NASA Apollo Project Office. All requests for
manuals should be directed to the NASA Apollo Spacecraft Project Office at Houston, Texas.



LMA790-3-LM

INSERT LATEST CHANGED PAGES. DESTROY SUPERSEDED PAGES

l llST OF EFFE(T'VE PAGES I NOTE: The puruon of the text atfected by the changes is indicated
by a vertical line in the outer murgins of the page.
|
TOTAL NUMBER OF PAGES IN THIS PUBLICATION IS 746 CONSISTING OF THE
FOLLOWING:
Page Page
No. Issue No. Issue
2.9-57 thru 2.9-58 . 1 April 1971 3-37 .. . 15 June 1970
2.9-59 thru 2.9-61 . Original 3-38 thru 3-39 . . Original
2.9-62 1 April 1971 3-40 thru 3-43 . . 1 April 1971
2.9-63 Original 3-44 thru 3-45 . . Original
2.9-64 . . 15 June 1970 3-46 thru 3-49 . . 1 April 1971
2.9-65 thru 2.9~ 70 Original 3-50 . . Original
2.9-71 : 15 June 1970 3-51 thru 3- 52 . . 15 June 1971
2.9-72 Original 3-53 thru 3-57 . . Original
2.9-73 15 June 1970 3-58 . . . . . 1 April 1971
2.9-74 RN . Original 3-58A thru 3- 58B . 1 April 1971
2.9-75 thru 2.9- 84 . 15 June 1970 3-59 thru 3-78 . . Original
2.10-1 thru 2.10-9 . Original 3-79 thru 3-80 . . 1 April 1971
2.10-10 . . . . 1 April 1971 3-81 thru 3-88 . . Original
2.10-11 thru 2. 10 12 . 15 June 1970 3-88A thru 3-88B. . 15 June 1970
2.11-1 thru 2.11-5 . 1 April 1971 3-89 . 1 April 1971
2.11-6 15 June 1970 3-90 . . 15 June 1970
2.11-7 thru 2. 11 10 . 1 April 1971 3-91 thru 3- 92 . Original
2.11-11 thru 2.11-12 . Original 3-93 . . 1 April 1971
2.11-13 . 15 June 1970 3-94 thru 3- 100 .o . Original
2.11-14 . Original 3-100A thru 3-100B . . 15 June 1970
2.11-15 . . . . 1 April 1971 3-101 . . . . . . 1 April 1971
2.11-16 thru 2.11-17 . 15 June 1970  3-101 thru 3- 106 . . Original
2.11-18 thru 2.11-20 . 1 April 1971 3-107 . . . 15 June 1970
2.11-21 thru 2.11-23 . 15 June 1970 3-108 thru 3- 113 . . Original
2.11-24 thru 2.11-34 . 1 April 1971 3-114 . . . . . . 15 June 1970
3-1 . 1 April 1971 3-115 thru 3- 117 . . Original
3-2 . 15 June 1970 3-118 . . 1 April 1971
3-3 . 1 April 1971 3-119 . . . . . Original
3-4 . 15 June 1970 3-120 thru 3- 126 .. . 1 April 1971
3-5 . Original 3-126A thru 3-126B. . 1 April 1971
3-6 thru 3 7 . 1 April 1971 3-127 thru 3-130 . . 1 April 1971
3-8 15 June 1970 3-131 thru 3-137 . . Original
3- 9thru3 12 1 April 1971 3-138 . . . . . . 1 April 1971
3-13 thru 3-18 . Original 3-139 thru 3- 147 . . Original
3-19 . 15 June 1970 3-148 . . . . . . 1 April 1971
3-20 thru 3- 23 . Original 3-149 thru 3- 154 . . Original
3-24 15 June 1970 3-155 thru 3-164 . . 1 April 1971
3-25 . Original A-1 thru A-6 . Original
3-26 thru 3- 32 . 15 June 1970  B-1 thru B-2 . Original
3-33 thru 3-35 . Original C-1 thru C-8 . 15 June 1970
3-36 . 1 April 1971 C-9 thru C-10 . 1 April 1971
*The asterisk indicates pages changed, added, or deleted by the current change

NASA

Manuals will be distributed as directed by the NASA Apollo Project Office. All requests for
manvuals should be directed to the NASA Apollo Spacecratt Project Office at Houston, Texas.




LMA1790-3-LM
APOLLO OPERATIONS HANDBOOK

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

ASCENT St ACE

@ Page 1-12 Mission_LM Basic Date 1 Fet:ruary 1970

Change Data_ 1 April 1971




LMAT90-3-LM
APOLLO OPERATIONS HANDBOOK
SPACECRAFT

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

DESCENT STAGE
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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
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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

GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM
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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.

GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM
Mission_ LM Basic Date 1 February 1970 Change Date 15 June 1970 Page 2.1-23

GN&C



aded

2c-1°¢

UOISSTIN

0L61 Arenigaj |
WALSASENS TOHLNOD ANV ‘NOILVOIAVN ‘HIONVAIND

aje( aduey)n

ayeq otsed W'

1

RANGE AND VELOCITY DATA

ATTITUDE AND
YELOCITY DATA

=

LANDING

I renpezvous |
RADAR

—

PRIMARY GUIDANCE AND NAVIGATION SECTION

DATA IN

: o=

BRE

DISPLAY bl

AND

KEYBOARD DATA OUT

L

. .
I

I

|

I

I

I

l

RR TRACKING ANGLES ANGLE DATA
GIMBAL
DRIVE
COUPLING COMMANDS
DATA UNIT
GIMBAL
ANGLES
4
COARSE
ALIGN
SIGNALS
POWER AND
SERVO GYRO
ASSEMBLY ERRORS CIMBAL
ANGLES
GIMBAL
DRIVE
COMMANDS INERTIAL
MEASUREMENT
UNIT
A
TORQUING ACCELEROMETER
COMMANDS DATA
ACCELEROM=
ETER DATA
PULSE
TORQUE TORQUING
ASSEMBLY COMMANDS

M
GUIDANCE
COMPUTER

RADAR

Lo

ONTROL ELECTRONICS SECTION

GIMBAL COMMANDS

ARM COMMANDS

DESCENT ENGINE

THROTTLE COMMANDS

il

1

TRANSLATION COMMANDS

(MECHANICAL)

ASCENT ENGINE

I l AUTOMATIC GIMBAL
MM, COMMANDS|  GIMBAL
THROTTLE COMMANDS DESCENT 7od
ENGINE ACTUATORS
MANUAL THROTTLE | CONTROL
COMMANDS ASSEMBLY
I DESCENT ENGINE
| l ~J ON-OFF COMMANDS
I l DESCENT
/
()] THRUST/TRANSLATION ENGINE
CONTROLLER ON-OF¢
ASSEMBLIES COMMANDS
DESCENT
ENGINE ARM
e 1 | ENGINE ON.OFF COMMANDS ASCENT
l ] MANUAL ENGINE ENGINE
FROM CONTROLS _ COMMANDS c o?:rg oL ON- OFF
COMMANDS
I AND DISPLAYS AssEmaes
FROM CS
ASCENT ENGINE |,
UPLINK | ARMING ASSEMBLY|-
COMMANDS

THRUSTER ON-OFF COMMANDS

A

IROTATION COMMANDS N7 | Armituoe
I CONTROWER
ASSEMBLIES

- € J L

|
|
1
|
1
|
|
|
|
|
[l
l
|

ATTITUDE AND ON-OFF
TRANSLATION | COMMANDS
CONTROL (PRIMARY
ASSEMBLY COlLS)

4-)JET HARDOVER
ON-OFF COMMANDS
(SECONDARY COILS)

Figure 2.1-13. Primary Guidance Path - Simplified Block Diagram

LN

REACTION CONTROL
SUBSYSTEM

C-J00LM4.18)

>
ye]
o
c
e
(el
o
2%
ém
4
Re]
28
@z
U wm
>
<]
g
2
o)
=

WT-£-06LVIN'T



LMAT790-3-LM
APOLLO OPERATIONS HANDBOOK
SUBSYSTEMS DATA.

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.
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Figure 2.1-11. LM Vehicle and GN&CS Axes

2.1.1.5.3 IMU Axes.

The IMU axes are defined by the three gimbal axes. These axes are designated as outer
gimbal axis (OGA), middle gimbal axis (MGA), and inner gimbal axis (IGA). The gimbal axes are defined
when the gimbal angles are 0°; they are as follows: the OGA is parallel to the X-axis, the MGA is 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.
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The optical subsection (OSS) is used to determine the position of the vehicle using a catalog
of stars stored in the computer and celestial measurements made by an astronaut. The identity of
celestial objects is determined before earth launch. The AOT is used by the astronaut to take direct
visual sightings and precise angular measurements of a pair of celestial objects. The computer 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.

GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM
Mission_ LM _Basic Date__1 February 1970 Change Date 15 June 1970 Page 2.1-T1




LMA790-3-LM
APOLLO OPERATIONS HANDBOOK
SUBSYSTEMS DATA

. 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.

GUIDANCE, NAVIGATION, AND CONTROL SUBSYSTEM
Page 2.1-70 Mission LM Basic Date 1 February 1970  Change Date __ 15 June 1970




LMA1790-3-LM
APOLLO OPERATIONS HANDBOOK
SUBSYSTEMS DATA

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
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Figure 2.1-23. Navigation Base
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Figure 2, 1-24, IMU Gimbal Assembly
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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.

GUIDANCE, NAVIGATION. AND CONTROL SUBSYSTEM
Mission :.M Basic Date 1 Februarv 1970 C".-ue Date 15 June 1970 Page 2.1-52A 2.1-521




aded

26-1°¢

ajeq o1seg INT UOISSTIN

0L61 Areniqajg 1

ajeq aduey)

WALSASENS TOYLNOD ANV ‘NOLLVOIAVN ‘HONVAIND

SINB g
512 KC PULSE
1 SPEED 10 800- CPS GENERATOR
GIMBAL cos8 g LADDER NETWORK
RESOLVER X AND 16X 12.8 OR 64 Kc{ f 800 PPS LM
RESOLVER GUIDANCE
SWITCHING MAGNITUDE RATE COMPUTER
SELECTOR
1o6ic AND | (oo,
SIN 168G | COARSE-FINE ERROR
16 SPEED MIXING ) DETECTOR || *
GIMBAL
PHASE UP - DOWN
LV L_._ S
RESOLVER A
+ P
¥ - SELECTION
5 READ COUNTER () vl
cou 26R0  RATTG T g0+ T as® [22.5°01.25] 5.6° | 2.8° [ 1.4 | 0.7°[0.35°[0.17°]0.08+| 044 [ 022 40~ | 20~ A
FROM 1GC [ Sl AR 6°12 : 7" §0- . -08°)- : >
Hlustwjnaln]fojw]e]e]z7]els]alajalr]olnfe
- \+ +A8¢g
COARSE GIMBAL
ALIGNMENT ~Afg ANGLES
ANALOG/DIGITAL CONVERSION FEEDBACK
e e e E—— — S E——— —— —— —— — — — — Gm— — ——— — — — — — — — —
DIGITAL[ANALOG CONVERSION
COARSE
ALIGNMENT DISCRETE
ERROR E ERROR COUNTER u
FROM LGC —UNTER ENABLE 125 se ] 26°[ 1.4 Jo7-Jo3570.17[0 0aooas} 2] SWITCHING +ab¢ DIGITAL
E D LOGIC PULSES
tfejrlelisTafalal]o]n T -A8¢
{ POLARITY CONTROL
FROM SIN (8- %) AC-TO
RATE LIMITED -10-
ANALOG-TO.DIGITAL m;‘g;’:vé:;’”“ pe swg%n:ncm
PORTION CONVERTER | DC
[ [ / VELOCITY J
800 CPS 10 GIMBAL
SWITCHING TORQUE AMPLIFIERS
LOGIC
ATTITUDE ERRORS (800 CPS)
A J00LM4 154

Figure 2.1-27. CDU Digital-to-Analog and Analog-to-Digital Conversion - Functional Diagram

[ Y

VILIVAJ SWILSASHNS
AOO09AdNVH SNOILVHIEJO 071104V
WT-£-06LVIN'T



LMAT790-3-LM
APOLLO OPERATIONS HANDBOOK
SUBSYSTEMS DATA

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 refer