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PREFACE

This student study guide has been prepared by Delco Electronics in response to:

Contract NAS 9-10356
for
System Assembly and Test, Inertial
Measurement Unit, Coupling Data Unit

Power and Servo Assembly - Project APOLLO

This study guide contains training material and should be used for instructional purposes only.
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OBJECTIVES

The intent of this study guide is to give the student a basic understanding of the CM PGNCS
system mechanization. The computer hardware input/output interface section is intended
to tie together the G&N System. The computer control and operation of the system will be
described in other Computer Program Study Guides.

This study guide is used in conjunction with the CM PGNCS Course No. SM-2100. The
study guide will be presented to the student on the first day of the class and retained by
the student after the course as a reference document. Maximum blank space is available
throughout the study guide to accommodate the student's class notes.

The study guide is organized in the sequence of instruction of the course and is divided
into nine major sections. Each section contains the documentation and copies of the
visual aids used during the class presentation of the section. A summary is included
at the end of each section to be used by the student for review.

The objectives of this study guide are to provide the student with:

a. The course materials organized in the sequence of classroom presentation for
self-study.
b. A list of references for further self-study.
C- Section summaries for reviewing.
xviii
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SECTION I

INTRODUCTION TO THE PRIMARY GUIDANCE, NAVIGATION
AND CONTROL SYSTEM

INTRODUCTION

This section describes the Primary Guidance, Navigation and Control System (PGNCS)
requirements for the SKYLAB mission and the relationship of the PGNCS to the astronaut
and other CSM systems. On each of the manned SKYLAB flights, the PGNCS utilization can
be divided into three phases. These phases are; launch through docking, attitude control of
the orbital cluster, and CSM separation through reentry.

1.1 GUIDANCE, NAVIGATION AND CONTROL REQUIREMENTS

The PGNCS performs three basic functions; inertial guidance, navigation and spacecraft
control as shown in Figure 1-1. These three basic functions are discussed below.

1.1.1 INERTIAL GUIDANCE. Inertial guidance, as the term applies to the CM
PGNCS, can be defined as:

a. The measurement of spacecraft acceleration and attitude changes (orientation
changes in space) due to the firing of Reaction Control jets or the Service
propulsion engine.

b. The use of these measurements in the calculation of engine on/off times for
the reaction control jets as well as on/off and gimbal slew signals for the
service propulsion engine to achieve a desired spacecraft position, velocity and
attitude.

The inertial guidance portion of the PGNCS employs three orthogonally mounted
accelerometers to measure spacecraft acceleration. These accelerometers are
mounted on a gyroscopically stabilized, gimbaled platform. It is from this
stabilized platform that spacecraft attitude is measured. A central guidance
computer calculates "ENGINE-ON'" times and issues the appropriate on/off
commands.

1.1.1.1 Attitude Determination. Attitude determination, as the term applies
to the PGNCS, can be defined as:

a. The determination of the stabilized platform's attitude with respect
to the celestial sphere (fixed star field) using optical sightings.

A scanning telescope and sextant are used to take optical sightings on two
or more stars. Using the lines of sight as a reference, the attitude of the
stabilized platform is determined. In that its orientation with respect to

the spacecraft is always known via the mutual angles of the gimbal supports,
the attitude of the spacecraft with respect to the celestial sphere will always
be known no matter what changes in spaceccaft attitude might occur.
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1.1.2 NAVIGATION. Navigation, as it applies to the PGNCS, can be defined as either
of the two following types: .

a. The refining of the guidance computer's estimate of the CSM's position and
velocity relative to the earth using optical sightings.

b. The refining of the guidance computers estimate of CSM position and velocity
relative to the Saturn Workshop (SWS) using optical sightings and/or VHF ranging.

Navigation with respect to the earth or the Saturn Workshop can be performed with
the same optical telescope and sextant used for attitude determination. When used for
navigation with respect to the Earth, sightings are taken on landmarks and known
celestial bodies. For navigation with respect to the SWS, sightings are taken on the
SWS. The VHF ranging technique can also be used for navigation, to provide the
guidance computer with range information.

1.1.3 CONTROL. The control function of the PGNCS can be defined as the identifica-
tion of spacecraft attitude errors with respect the inertial platform and the selection
and issuance of thrust control signals so as to maintain those attitude errors within
acceptable values. The spacecraft can be any of the following: the command module
(CM), the command service module (CSM), or the entire SKYLAB Orbital Cluster. The
thrust control signals can be issued to the CM-RCS jets, the SM-RCS jets or the SM
main engine. The control function can be divided as follows.

a. The issuance of thruster select and thruster on/off discretes to the SM reaction
control system to either maintain the CSM attitude or to rotate the CSM from one
attitude to another.

b. The issuance of SM-RCS thruster control signals to maintain the SKYLAB Orbital
Cluster in the -ZLV attitude mode.

c. The issuance of either SM-RCS or SM main engine control signals to accumulate
a desired change in spacecraft velocity.

d. The issuance of CM-RCS thruster control signals to control CM attitude during
reentry

The control portion of the PGNCS uses information from the inertial guidance portion to
keep the spacecraft axes aligned to some desired attitude. The control portion also
functions to keep the spacecraft thrust (SPS bell to center-of-gravity) vector parallel to
direction vector defining a desired change in velocity when the SPS engine is firing. A
direct statement defining control could be '"Spacecraft rotational and translational
management''.



1.2 PGNCS INTERFACE

The PGNCS has direct interface with six spacecraft systems: the stabilization and
control system, service propulsion system, reaction control system, electrical power
system, environmental control system and the communication and instrumentation system.

1.2.1 SPACECRAFT SYSTEMS INTERFACE. The PGNCS interface with the various
spacecraft systems is illustrated in Figure 1-2 and described in the paragraphs below.

1.2.1.1 Stabilization Control System. The stabilization control system

(SCS) is located in the command module and can sense and control spacecraft
attitude and velocity changes during any phase of flight. Steering and thrust signals
can be generated by either the PGNCS or the SCS.

The stabilization control system consists of two body mounted attitude gyro
packages, an accelerometer package, control electronics assembly, gyro display
coupler, an attitude set control assembly, two flight director attitude indicators,
and the necessary displays and controls to operate and monitor the system. The
stabilization control system can operate as a backup system for the PGNCS.
Attitude. attitude error, and attitude rate are displayed to the astronauts. Inter-
face signals from the PGNCS to the stabilization control system consist of
attitude signals, attitude errors, and technological backup data.

1.2.1.2 Service Propulsion System. The service propulsion system (SPS) pro-
vides the thrust capability to change the spacecraft's velocity. The system is
normally operated by the PGNCS.

The service propulsion system is utilized for mission abort, orbital injectors,
changing orbits, and orbital retrofire. The system is located in the service module
and consists of helium, fuel and oxidizer storage tanks, a gimbaled thrust
chamber, propellant control valves and distribution equipment. The service
propulsion system operates on a helium-pressurized hypergolic propellant and is
capable of developing 21, 900 pounds of thrust. The gimbal mechanism allows the
thrust chamber to be displaced 0 +6° in pitch and 0 +8° in yaw.

1.2.1.3 Reaction Control Systems. Two reaction control systems (RCS) are
utilized for attitude control and stabilization of the spacecraft. The systems can be
operated directly by the PGNCS. One reaction control system is required for the
command module and another for the service module. Each system consists of
helium, fuel and oxidizer tanks, propellant control valves, fixed thrust chambers
and distribution equipment.

The reaction control system of the command module consists of two independent,
and equally capable, pressurized reaction jet subsystems. The two subsystems are
operated simultaneously and provide three-axis control of the command module.

In event one reaction jet subsystem fails, the remaining reaction jet subsystem is
capable of providing the control necessary for safe entry. The reaction jet
subsystem provides four engine nozzles for each type of maneuver - roll, pitch

and vaw. Each of the 12 engines develops a nominal thrust of 100 pounds. The
engine exhaust ports are flared into the skin of the command module. The engines
are located in the aft equipment and forward parachute compartments of the
command module,
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The service module reaction control system consists of four equally capable
hypergolic propellant pressurized reaction jet subsystems. The subsystems are
located in the forward section of the service module and are mounted 90° apart.
Each subsystem has four engine nozzles. Eight of the 16 nozzles are used for roll
control, four for pitch and four for yaw. Each nozzle provides a nominal thrust
of 100 pounds.

1.2.1.4 Electrical Power System. The primary power required to operate the
PGNCS are supplied by two hydrox fuel cells in the service module which are used
during all mission phases except entry and recovery. Three zinc-silver oxide stor-
age batteries in the command module furnish power during entry and recovery.

The hydrox fuel cells operate in parallel and are capable of producing a 27 to 31
volt de output. The output is converted by a solid state inverter into 115 volt,
400 cycle power. The DC and AC powers are used for normal PGNCS operation.
The modules utilize hydrogen and oxygen as the reactants and potassium
hydroxide as the electrolyte. The reactants are stored in tanks that are

part of the cryogenic gas storage system which also furnishes oxygen to the
environmental control system. The water formed by operating the fuel cells is
collected and delivered to the environmental control system as potable water.

Auxiliary electrical power is provided by the three batteries in the command
module. Two of these batteries supply supplementary power during peak loads

on the fuel cell. The third battery is isolated from the electrical power system
and is used only for post-landing loads. A solid state battery charger is provided
to recharge any of the three batteries after normal or emergency discharge.

1.2.1.5 Environmental Control System. An environmental control system (ECS)
is used to sustain life in space. The system provides breathable atmosphere,
acceptable temperatures, food and water, waste disposal and radiation protection.
The environmental control system is essentially a storage type in which

the life support elements (breathable gasses, water, food, etc.) are stored and
used as needed, and the waste products collected and stored for disposal. How-
ever, some features of a regenerative system in which usable material is
extracted from the metabolic waste are used in the environmental control system,
especially in the conservation of water.

The environmental control system provides an atmosphere of 100 percent oxygen

at approximately 5 psia. Cabin temperature is maintained between 70 and 80° F.
and relative humidity between 50 and 60 percent. In addition, a water-glycol
coolant fluid is circulated about the temperature sensitive components of the PGNCS
and other spacecraft systems for thermal stability. In the event of cabin decom-
pression, the crew pressure suits supply a conditioned oxygen atmosphere of

3.5 psia.
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1.2.1.6 Communication and Instrumentation System. The communication

and instrumentation system (C&IS) provides voice, television and telemetry com-
munications with the earth and voice communications between crew members. In
addition, the VHF scimitar antennas provide range navigational data to the PGNCS
guidance computer. A television system permits ground viewing of external and
remote section of the spacecraft during flight. Telemetry data can be stored when
direct communication with the earth is not possible because of the location of earth
communication facilities. The earth stations can determine spacecraft position and
transmit this information to the crew to supplement information obtained from
onboard navigational systems. Critical signals of the PGNCS are conditioned and
supplied to pulse code modulated (PCM) telemetry equipment for transmission

to ground stations. Data transmitted from earth stations can be loaded into the PGNCS.

1.2.2 ASTRONAUT INTERFACES. The astronaut is an active and controlling part of
the PGNCS system. He is able to monitor information to and from the PGNCS and can
manually duplicate PGNCS control functions. The astronaut activities are classified
into the following five types:

a. Take Optical Sighting: The astronauts identify, select, and track celestial objects.
The sightings are used to align the inertial reference and determine spacecraft position.

b. Monitor System Performance: Mode, condition, and failure lights are monitored
by the astronauts to determine system status. As calculations are performed by the
computer, the results are displayed for astronaut evaluation and verification with
ground calculated data.

c. Load Data: Data is loaded into the computer through the display and keyboard

(DSKY) by the astronaut. The data includes such information as star selection, positional
data and system angles.

d. Select Mode of Operation: The astronaut, by means of the displays and controls,
can select the equipment modes of operation for the different spacecraft systems re-
quired to perform a particular function. In some cases, the sequencing of modes is
controlled by the computer. The program being performed by the computer can be
selected by the astronaut or initiated internally by the computer.

e. Provide System Backup: In case of PGNCS failure, the astronaut provides manual
control of the spacecraft and performs those functions normally performed by the
PGNCS.

1.3 PGNCS SUBSYSTEMS

The PGNCS is divided into three major subsystems: inertial, optical, and computer.
The PGNCS is designed so that each subsystem can be operated independently during an
emergency or backup mode. Therefore, the failure of one subsystem will not place the
entire PGNCS out of commission. Thethree subsystems, or combinations of subsystems,
with assistance from the astronaut can perform the following functions:

a. Establish an inertial reference which is used for measurements and computations.

b. Align the inertial reference by precise optical sightings.
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c. Update the position and velocity of the spacecraft by optical navigation and inertial
guidance.

d. Generate attitude error signals and thrust commands necessary to maintain the re-
quired spacecraft trajectory.

e. Provide the astronaut with a display of data which indicates the status of the guidance
and navigation problem.

f. Provide spacecraft rotational and translational management.

1.3.1 PGNCS SYSTEM EQUIPMENT. The PGNCS (Figure 1-3) consists of a navigation
base, inertial measurement unit (IMU), optical unit assembly (OUA), power and servo
assembly (PSA), command module computer (CMC), G&N indicator control panel (G & N
ICP) coupling data unit (CDU), PIPA Electronics Assembly (PEA) a signal conditioner
assembly (SCA) and two display and keyboards (DSKY's).

Figure 1-4 shows the PGNCS equipment installed in the spacecraft. The navigation
base is mounted to the spacecraft sidewall and is used as a holding fixture for the IMU
and OUA. The IMU and OUA are attached and precisely aligned to the navigation base.
The display and control panel comprises the front of the PGNCS equipment area and
contains several individual panels. The panels with displays and controls are located so
the astronaut can view and manually operate the controls from a standing position. The
PSA, which contains power supplies, amplifiers and miscellaneous electronics, is
mounted on a cold plate below the navigation base and indicator control panel. All PSA
modules are plugged into a single flat interconnect harness assembly which attaches to
the cold plate. Immediately below the PSA is the command module computer and
mounted to the left of the CMC is the coupling data unit. The PEA is mounted to the
left of the IMU to reduce cable lengths for critical switching signals. The signal con-
ditioners and one DSKY are mounted to the right of the optical assembly and indicator
control panel. The various hardware elements are interconnected by a cabling harness.

The following paragraphs present a brief functional description of the three PGNCS sub-
systems. Figure 1-5 illustrates the signal flow and interface between the subsystems.

1.3.2 INERTIAL SUBSYSTEM. The inertial subsystem consists of the IMU mounted
on the navigation base, a portion of the coupling data unit, portions of the power servo
assembly and the PIPA electronics assembly. Associated with the inertial subsystem
but located on the main display and control panel are the power switches and an IMU
cage switch.
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The inertial subsystem performs three major functions: (1) measures changes in space-
craft attitude, (2) assists in generating steering commands and (3) measures spacecraft
velocity changes due to thrust or atmospheric drag. To accomplish these functions, the
IMU provides an inertial reference consisting of a stable member with three degrees of
freedom and stabilized by three integrating gyros. When the inertial subsystem is
operated prior to launch, the stable member is aligned through a gyro compassing routine
and. during flight, it is aligned by sighting the optical instruments on stars. If the inertial
subsystem is operated over a prolonged period of time, realignment may be necessary
since the gyros which maintain the space referenced stable member may drift and cause
an error in flight calculations.

Once the inertial subsystem is energized and aligned, any rotational motion of the space-
craft will be about the gimbaled stable member, which remains rotationally fixed in space.
Resolvers, mounted on the gimbal axes, act as angular sensing devices and measure the
attitude of the spacecraft with respect to the stable member. These angular measurements
are displayed to the astronauts by the flight director att1tude indicator (FDAI) and angular
changes are sent to the CMC,

Desired spacecraft attitude is calculated in the CMC and compared with the actual gimbal
angles. Any difference between the actual and calculated angles causes a digital attitude
error signal to be generated by the computer and converted to an analog signal in the CDU.
The error signal is sent to the FDAI's for dlsplay, and during thrusting, to the SPS engine
gimbal to correct the spacecraft attitude.

Acceleration of the spacecraft is sensed by three pendulous accelerometers mounted on
the stable member with their input axes orthogonal. The resultant signals from the
accelerometer loops are supplied to the CMC which then calculates the total velocity.

The modes of operation of the inertial subsystem can be initiated automatically by the
CMC or by astronaut selection of computer programs through the computer keyboard.
The status or mode of operation is displayed on the display and keyboard as determined
by data from the computer.

1.3.3 OPTICAL SUBSYSTEM. The optical subsystem consists of the optical assembly
mounted on the navigation base, a portion of the CDU, portions of the PSA, and the G&N
indicator control panel.

The optical subsystem is used to update the position and determine the orientation of the
spacecraft in space, This is accomplished through the use of a catalog of stars stored
in the CMC and celestial measurements. The identity of celestial objects and the
schedule of measurements is determined before launch and is based on an optimum plan.

The optical subsystem performs two major functions: (1) provides the CMC with data

obtained by measuring angles between lines-of-sight to celestial objects, and (2) provides
measurements for establishing the inertial reference.
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The optical subsystem contains a sextant and telescope. The sextant is a high magnifi-
cation and dual line-of-sight device used for precision angular measurements. The
telescope has a wide field of view, one line-of-sight device and is used for coarse
acquisition of stars and landmarks and orbital tracking of landmarks.

The optical instruments are located side by side on the navigation base. The astronaut
makes observations by sighting through the sextant or telescope eyepieces located on the
display and control panel. The modes of operation of the optical subsystem are indicated
on the G&N indicator control panel and are supplied to the CMC. A sextant hand controller
on the front of the G&N indicator control panel is used by the astronaut to position the optical
lines-of-sight. Since the field of view of the optical instruments is limited, controls are
also provided by which the astronaut can maneuver the entire spacecraft to point the
optical instrument in any desired direction. The astronaut initiates a timing mark which
causes the CMC to record both optical and inertial angles and the time at the instant

the sextant is properly positioned for a measurement.

1.3.4 COMPUTER SUBSYSTEM. The computer subsystem consists of the command
module computer and the two display and keyboards (DSKY's).

The computer subsystem is used to perform space flight data handling and computations.
The CMC is a general purpose digital computer employing a core memory, parallel
operations and a built-in self-check capability.

Programs stored in the CMC are selected to control and solve flight equations. The
selection of programs can be controlled by automatic sequencing or manually by the
astronaut.

The computer subsystem performs six major functions: (1) calculates steering signals
and engine discretes necessary to keep the spacecraft on the required trajectory during
all mission phases, (2) positions the stable member in the IMU to a coordinate system
defined by precise optical measurements, (3) positions the optical unit to celestial
objects, (4) conducts limited malfunction isolation of the PGNCS by monitoring the
level and rate of system signals, (5) supplies pertinent spacecraft condition informa-
tion to the display and control panels, and (6) supplies discretes to spacecraft controls.

Using information from navigation fixes, the CMC computes deviations from the re-
quired trajectory and calculates the necessary corrective attitude and thrust commands.
The velocity corrections are controlled by the computer subsystem by processing in-
cremental velocity from the inertial subsystem. Velocity corrections are not made
continuously, but rather are initiated at predetermined check points in the flight. The
technique of check point velocity corrections reduces fuel consumption, since the
engines are used only when a significant correction in velocity is required. The CMC
also uses information from celestial measurements to align the stable member in the
IMU to a defined coordinate system.

Malfunctions in the PGNCS are detected by the CMC by monitoring critical signals and
rates. Lamps on the indicator control panel light to indicate malfunctions.

Numerical displays on the display and keyboard indicate the program being solved by the
CMC or the results of calculations. Selection of a computer program or insertion of
data into the CMC can be done by the astronaut with a keyboard or by uplink data
through the communication and instrumentation system from the ground station.
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1.4 SUMMARY

The PGNCS performs three basic functions: navigation, inertial guidance, and control. VHF
navigation is performed with the VHF scimitar antennas which provide the CMC with range
information. Optical navigation is accomplished by using a scanning telescope and a sextant.
The scanning telescope is used to acquire the celestial object and the sextant is used to
accurately measure the angles to these objects. The angles are inserted into a computer
which performs the calculations necessary for space navigation.

Inertial guidance is accomplished by the use of an inertially stablized platform. Three
stabilization gyros mounted on a three degree of freedom platform to provide inertial
stabilization. Three accelerometers, also mounted on the platform, and their associated
electronics provide the computer with incremental changes in velocity. These changes in
velocity are accumulated in the computer. The computer, using these velocity changes, time
and certain constants, then calculates the spacecraft position in space. The stable platform
of the inertial measurement unit is also used for an inertial reference in space. From this
reference, spacecraft attitude and velocity canbe controlled through the control portion of
PGNCS.

The PGNCS interfaces with the astronaut and six basic spacecraft systems: the Electrical
Power System (EPS), the Environmental Control System (ECS), the Communications and
Instrumentation System (C & IS), the Stabilization Control System (SCS), the Reaction
Control System (RCS) and the Service Propulsion System (SPS). The PGNCS receives
prime power from the EPS, cooling from the ECS and ground information from the C & IS.
The PGNCS provides steering and thrusting commands to the SPS and RCS for attitude,
thrust and steering control. The PGNCS also provides system information to the C & IS
for transmission to the ground stations.

The astronaut:

a. Loads data into the computer.

b. Monitors the systems operation.

c. Can control the mode selection of the system.

d. Provides system backup.

e. Takes optical sightings.
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The PGNCS includes the following major components.
a. Navigation Base (NB)

b. Inertial Measurement Unit (IMU)

c. Optical Unit Assembly (OUA)

d. Coupling Data Unit (CDU)

e. Power and Servo Assembly (PSA)

f. Display and Keyboards (DSKY's)

g. Command Module Computer (CMC)

h. PIPA Electronics Assembly (PEA)

i. Signal Conditioner Assembly (SCA)

J. G&N Indicator Control Panel (G&N ICP)

The PGNCS equipment is divided into three subsystems: inertial subsystem (ISS), optical
subsystem (OSS) and computer subsystem (CSS).
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SECTION II

INERTIAL SUBSYSTEM

INTRODUCTION

This section describes the components comprising the inertial subsystem (ISS) to
a block diagram level.

2.1 FUNCTIONAL DESCRIPTION

The Inertial Subsystem (ISS) performs three major functions:

a.

b.

It measures changes in CM attitude.
It assists in generating steering commands.
It measures spacecraft velocity due to thrust.

2.1.1 ISS ALIGNMENT AND TURN ON. Toaccomplish these functions, the IMU
provides an inertial reference consisting of a stable member with a three degree

of freedom gimbal system and stabilized by three rate integrating gyros. Each time
the inertial subsystem is energized, the stable member must be aligned with respect
to a predetermined reference. During flight and prior to launch from the earth's
surface, this alignment is accomplished by sighting the optical instrument on
celestial objects.

2.1.2 ATTITUDE MEASUREMENT. Once the ISS is energized and aligned, any
rotational motion of the CM will be about the stable member, which remains fixed
in space. Resolvers mounted on the gimbal axes act as angular sensing devices
and measure the attitude of the CM with respect to the stable member. These
angular measurements are displayed by the FDAI and angular changes are sent

to the CM Guidance Computer (CMC) via the Coupling Data Unit (CDU).

The desired CM attitude is calculated in the CMC and compared with the actual
gimbal angles. Any difference between the actual and calculated angles results
in the generation of attitude error signals by the ISS channels of the CDU which
are sent to the FDAI for display.

2.1.3 ACCELERATION MEASUREMENT. Vehicle acceleration is sensed by three
pendulous accelerometers mounted on the stable member with their input axes
orthogonal. The signals from the accelerometers are supplied to the CMC which
calculates the total vehicle velocity.

The modes of operation of the inertial subsystem can be initiated automatically

by the CMC or by the astronaut selecting computer programs through the DSKY.
The status or mode of operation is displayed on the DSKY.
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2.2 1SS EQUIPMENT

The ISS consists of the following equipment (figure 2-1)

a.

b.

Inertial Measurement Unit (IMU).

Navigation Base (NB).

Pulsed Integrating Pendulum (PIP) Electronics Assembly (PEA)
Power and Servo Assembly (PSA).

Portions of the Coupling Data Unit (CDU).

Signal Conditioner Assembly (SCA).

2.2.1 INERTIAL MEASUREMENT UNIT. The Inertial Measurement Unit (IMU) is a

gimbaled, three-degree-of-freedom gyroscopically stabilized device whose primary
functions are:

a. To maintain an inertially referenced coordinate system for spacecraft attitude
control and measurement.

b. To maintain three accelerometers in this coordinate system for accurate
measurement of spacecraft velocity changes.

The IMU (figure 2-2) consists of three gimbals, of which the inner gimbal is the
stable member, as well as having gimbal mounted electronic packages, and six
inter-gimbal assemblies which contain resolvers, slip ring assemblies and torque
motors. These are contained within the gimbal case. Refer to figure 2-3.

The orientation of the stable member, with respect to the spacecraft, is measured
by resolvers on the gimbal shafts. The resolver gimbal angle output signals are
supplied to the CDU. The resolver signals are also used as a total attitude input
to the Flight Directors Attitude Indicator (FDAI) for display to the astronauts.

The IMU uses three Apollo II inertial reference integrating gyros (IRIG's) to sense
changes in the orientation of the stable member, and three 16 pulse integrating
pendulums (PIP's) to sense changes in velocity.

The IMU gimbals consist of a supporting gimbal or case, an outer gimbal mounted
to the case, a middle gimbal mounted to the outer gimbal, and an inner gimbal

or stable member mounted to the middle gimbal. Gimbal movement is not limited
by hard stops. However, the software monitors a middle gimbal angle greater than
85° and will open the stab loops if such a condition exists.

The inner gimbal (stable member) is machined from a solid block of cold-pressed
and sintered beryllium with holes bored in the block for mounting the IRIG's and
PIP's. Small electronic assemblies are mounted on the gimbal surface.
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The spherical middle and outer gimbals are assembled from two hydroformed,
hemispherically shaped, aluminum alloy sections. Two blowers are mounted on
the outer gimbal to provide heat transfer from the middle gimbal shell to the
coldplate on the IMU support gimbal.

The support gimbal or case is spherical and also fabricated from an aluminum alloy.
The case provides a hermetically sealed environment containing air at atmospheric
pressure. The case contains a coolant passage formed by roll bonding two sheets of
aluminum together except where the passage is located. After the case is formed the
unbonded portion is inflated. This method forms a leak free coolant passage.

2.2.1.1 Inter-gimbal Assembly. An inter-gimbal assembly (figure 2-4) is
attached to each end of the stable member and to the middle gimbal to connect
these two units and to define the inner gimbal axis. A duplex pair of low-preload
ball bearings are used; one is fixed to, the other floated on a stub shaft within
each inter-gimbal assembly. The inter-gimbal assemblies also house a torque
motor and the resolvers used for angular data transmission. The stable member
power inputs and signal inputs and outputs are routed through a 40-contact slip
ring on each end of the inner gimbal axis. Angular data transmission is
accomplished by a multispeed transmitter resolver (1X and 16X) mounted on

the negative end of the inner gimbal axis (IGA). These resolvers supply 800 Hz
signals (proportional to the sine and cosine of the inner gimbal angle) to the
coupling data unit (CDU). A gyro error resolver (1X) is also on the negative end
of the inner gimbal axis and is used in the stabilization loop to transform gyro
error into gimbal axis errors. A dc torque motor is mounted on the positive
end of the inner gimbal axis. This torque motor which utilizes permanent
magnet stators, is used in the stabilization loop to maintain stable member
orientation about the inner gimbal when the system is inertial or reposition

the stable member during realignment

2.2.1.2 Middle Gimbal. The spherical middle gimbal is assembled from

two hydroformed hemispherically shaped sections to allow for separation. The
hemispheres are of aluminum alloy. The flanges used for assembly of the
gimbal are dip brazed to the hemispheres. An inter-gimbal assembly is attached
to each end of the middle gimbal and to the outer gimbal to connect the middle
and outer gimbals and to define the middle gimbal axis. The inter-gimbal
assembly provides 360 degrees of freedom. Each inter-gimbal assembly contains
a duplex ball bearing pair (one fixed; one floated) and a 40-contact slip ring for
routing electrical inputs and outputs. A multispeed transmitter resolver (1X

and 16X) is mounted on the negative end of the middle gimbal axis for angular
data transmission and a dc torque motor is mounted on the opposite end of the
axis.
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2.2.1.3 Outer Gimbal. The general configuration, fabrication and assembly
of the outer gimbal is similar to the middle gimbal. An inter-gimbal assembly
is attached to each end of the outer gimbal and to the support gimbal to connect
the outer and support gimbals and to define the outer gimbal axis. The inter-
gimbal assembly provides 360 degrees of freedom for the outer gimbal. Each
inter-gimbal assembly contains a duplex ball bearing pair (one fixed; one floated)
and a 50-contact slip ring for routing electrical inputs and outputs. A multispeed
transmitter resolver (1X and 16X) is mounted on the negative end of the outer
gimbal axis and a dc torque motor is mounted on the opposite end of the axis.
Other components on the outer gimbal include two axial flow blowers, which
circulate air over the middle and support gimbals.

2.2.1.4 Gimbal Case. The gimbal case is spherical in shape and fabricated
of aluminum alloy. The outside diameter of the case is approximately 12.5
inches. The gimbal case consists of two main sections which are brazed
together. These sections are hydroformed and have integral coolant sections
for passage of water-glycol from the environmental system. Mounting flanges
are provided for attaching the IMU to the navigation base. Each end of the
case contains the inter-gimbal assembly associated with the outer gimbal, and
inter-gimbal assembly cover plate and electrical connector for the IMU. In
addition, a precision resolver assembly module and blower control relay are
also mounted on the gimbal case. The case is hermetically sealed when a top
cover plate is installed. Insulation is used to cover the IMU in order to prevent
condensation of moisture on the coolant passages. The complete IMU weighs
approximately 42 pounds.

2.2.1.5 Stable Member. The stable member or inner gimbal is supported

by the middle gimbal and is free to rotate 360 degrees about the inner gimbal
axis. The stable member (figure 2-5) is machined from a solid block of
cold-pressed and sintered beryllium. Holes are bored in the block for mounting
three 25 Apollo II IRIG Assemblies, (inertial reference integrating gyros) and
three 16 PIP's (pulsed integrating pendulums). The 25 and 16 refer to the
respective diameters of each instrument in tenths of inches. Attached to the
stable member also are some of the gimbal mounted electronics (GME) modules.
These modules are as follows:

a. Three PIP preamplifiers.

b. Two stable member heater assemblies.

c. Temperature alarm, control, and blower control thermostats.
d. Temperature alarm, control, and blower control modules.

e. Ducosyn excitation transformer.

f. Two safety thermostats.
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2.2.2 NAVIGATION BASE. The nav base (NB) provides a mounting surface for the IMU
and the OUA. The outer shell is constructed by riveting and bonding anodized preformed
sheetaluminum alloy panels together. The shell is filled with polyurethane foam. Pre-
cisely machined mounting surfaces insure that the plane formed by the IMU mounts is
32032'23" from the plane formed by the OUA mounts. The nav base is positioned behind
the indicator control panel with the OUA along the conical surface of the command module.
Refer to figure 2-6. The nav base is constructed with a 20° offset and is approximately
27 inches long, 22 inches wide, and 4. 5 inches high.

2.2.3 PIP ELECTRONICS ASSEMBLY. The PIP Electronics Assembly (PEA) contains
12 modular electronics assemblies all of which are functional components within the PIPA
loops. The PEA measures approximately 9 inches high, 10 inches wide and 2. 6 inches
deep. Refer to figure 2-7. It is mounted close to the IMU to avoid line loss in critical
current signals. The PEA contains three of each of the following modules. s

a. DC differential amplifier and precision voltage reference - regulates torquing
current supplied through binary current switches.

b. Binary current switch - switches constant current pulses between windings of the PIP
torque generators. It also supplies pulses to the CMC forward-backward counter to indi-
cate incremental velocity changes.

c. AC differential amplifier and interrogator - amplifies signals from PIPA signal
generator and converts them to plus and minus torque pulses.

d. C/M PIPA calibration - compensates for differences in inductive loading of PIP
torque generator windings and regulates balance of plus and minus torques,

2.2,4 POWER AND SERVO ASSEMBLY. The power and servo assembly (PSA) contains
encapsulated electronic circuitry for the inertial and optical subsystems. It is approxi-
mately 2. 75 inches high, 23.1 inches wide, and 22. 6 inches deep. Figure 2-8 is a
picture of the Block II PSA and figure 2-9 is a layout of the PSA modules. The PSA
contains 37 modules mounted on a common frame which in turn is mounted on a cold-
plate. Table 2-1 identifies each of the PSA modules by name and by function.

2.2.5 COUPLING DATA UNIT. The coupling data unit (CDU) is explained in detail
in Section III.

2.2.6 SIGNAL CONDITIONER ASSEMBLY. The signal conditioner assembly (SCA)
is explained in detail in Section VIII.
2.3 1SS FUNCTIONS AND INTERFACE
The ISS maintains a platform fixed with respect to a pre-selected inertial reference frame,
senses acceleration along the coordinate system defined by the platform orientation, pro-

vides the computer with incremental velocity data, and the orientation of the platform with
respect to the spacecraft.
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Table 2-1,

PSA Modules

Figure Module Name
2-9
Callout
Number
Relay Module
Gyro Calibration
Module
3 DC Differential Ampli-
fier and PVR Module
4 Binary Current Switch
Module
5 Pulse Torque Power
Supply Module
6.7, Gimbal Servo Ampli-
and 8 fier Modules
(X, Y and Z)
9 800 Hz 5% Amplifier
Module
10 800 Hz 5% Amplifier
Module
i1 -28 vde Power Supply
Module
12 3,200 Hz AAC Filter
and Multivibrator
Module
13 IMU Load Compensa-
tion Module
14 3200 Hz 1% Amplifier
Module
15 800 Hz 1% Amplifier
Module
16 800 Hz 5% Amplifier

Module

Module Function

Provides relay switching for IMU control.

Applies plus or minus torque pulses to IRIG's as
directed by CMC.

Supplies precision reference voltage for IRIG pulse
torquing current control.

Switches current pulses to one of the IRIG torque
generators to control gimbal position.

Supplies + 120 vdc to PIPA loops and to fine align
electronics. Also supplies +28 vde, + 20 vde, and
-20 vdc to PIPA loops.

Amplifies outer (X), middle (Z), and inner (Y) gimbal
error and supplies correction signals to the gimbal
torque motors.

Supplies 28 volts 800 Hz for IMU blowers and PIP
heaters. Also supplies 28 volts 800 Hz ¢ B IRIG
wheel power.

Supplies 28 volts 800 Hz for IMU blowers and PIP
heaters and 28 volts 800 Hz ¢ A IRIG wheel power,

Supplies power to the three gimbal servo amplifiers
in the stabilization loop and the pulse torque power
supply to generate -20 vdc for the accelerometer loop.

Regulates operation of the 3200 Hz 1% amplifier.

Provides power factor correction for the 800 Hz 1%
and 5% power supplies.

Supplies 3200 Hz ducosyn excitation and magnetic
suspension voltage. Also used as a reference for
gimbal servo amplifier demodulator in all modes of
operation except the coarse align mode.

Provides IMU resolver excitation and a reference
to the FDAI and the 800 Hz 5% amplifier.

Supplies excitation for trunnion and shaft drive motors
in the SXT and SCT.
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Table 2-1.

PSA Modules

Figure
2-9
Callout
Number

Module Name

Module Function

17

18

19

20

21

22
23
24

25

26

27

28

29

30

31

32

800 Hz AAC Filter and
Multivibrator Module

800 Hz AAC Filter and
Multivibrator Module

Optics Load Compensa-
tion Module

800 Hz 1% Amplifier
Module

G&N Subsystem Supply
Filter

Relay Modules (3)

Two Speed Switch
Module

IMU Auxiliary Module

Anti-creep Electronics
Module

Motor Drive Ampli-
fier Module

Cosecant Generator
Module

Motor Drive
Amplifier Module

Motor Drive
Amplifier Module

Optics Automatic
Operate Relay Module

Supplies and regulates 800 Hz voltage to the ISS
1% power amplifier.

Supplies and regulates 800 Hz voltage to the OSS
1% power amplifier.

Provides power factor correction for 800 Hz 1%
and 5% power supplies.

Provides resolver and tachometer excitation and
a reference for the 800 Hz 5% amplifier in the OSS.

Filters the 0, 27.5, and 28 vdc power supplies for
ISS standby power.

Provides OSS relay switching control.

Provides signal selection for switching null seeking
servo loops from coarse to fine resolver error
detection in the OSS.

Indicates out of tolerance conditions on 28 vrms,
3200 Hz, 28 vrms, 800 Hz, the resolved IRIG pre-
amplifier outputs and IMU temperature. Also pro-
vides the IMU turn-on moding discrete.

Removes B+ from OSS motor drive amplifiers when
the optics hand controller output drops below certain
limits and thus prevents the optics from drifting.

Drives the SXT shaft motor. (No longer used)

Maintains constant optics shaft image drive rate re-
gardless of the trunnion angle in the manual resolved
OSS mode.

Drives the SCT shaft motor.

Drives the SXT trunnion motor.

Provides relays for computer control of optics.
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Table 2-1, PSA Modules

Figure Module Name Module Function
2-9
Callout
Number
33 G&N Subsystem Supply Filters 0, 27.5, and 28 vdc power for ISS operate
Filter Module power.
34 G&N Subsystem Supply Filters 0, 27.5 and 28 vdc power for OSS operate
Filter Module power,
35 Motor Drive Amplifier Drives SCT trunnion motor.
Module
36 SCT Moding Module Provides SCT trunnion control.
37 Reticle Light Dimmer Provides circuitry for controlling the brightness of
Module the SXT and SCT reticle lamps.

The ISS platform (stable member) alignment must be re-established during flight since
the stable member may deviate from its alignment due to gyro drift and during the
cycling of the ISS from operate to standby. Two star sightings are required for orienta-
tion determination of the stable member and two more sightings are required for align-
ment if a coarse align is performed. The stable member is aligned after the computer
manipulates angular data received from the optical subsystem (OSS), combines that

with the known IMU angles, and supplies alignment signals to the IMU to reorient the
stable member to some desired altitude.

The ISS measures acceleration along the axes of the stable member coordinate system and
supplies the incremental velocity data to the computer. The computer calculates the space-
craft's present position and velocity by adding the components of velocity due to gravitational
field accelerations with velocity due to thrust (from ISS) and the last known position and vel-
ocity. The position data is also used during spacecraft velocity corrections to determine
when the proper spacecraft trajectory is obtained and when thrusting can be stopped.

The ISS also generates signals which are used to control spacecraft attitude. Gimbal

mounted resolvers measure the alignment of the stable member axes with respect to the
spacecraft axes. This angular displacement is fed to the computer and displayed to the
astronaut. The astronaut or the computer can command changes to the angular displace-
ment by controlling the firing of the reaction control system or the service propulsion system.
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For the purpose of explanation, the inertial subsystem equipment is divided into the
functional blocks shown in figure 2-10. The operation and interrelationship of these blocks
is described in the following paragraphs.

2.3.1 NAVIGATION BASE (NB). The NB provides a rigid support for the IMU and
AOT. The IMU and AOT are precisely aligned on the NB. The NB also provides a
shockmount for the IMU and AOT to the spacecraft.

2.3.2 INERTIAL MEASUREMENT UNIT (IMU). The IMU is a three degree-of-freedom
gimbal system and uses integrating gyros, to detect deviations of the stable member (inner
gimbal) with respect to an inertial reference.

The orientation of the stable member, with respect to the spacecraft, is measured by
resolvers on the gimbal shafts. The resolver gimbal angle output signals are supplied
to the CDU. The resolver signals are also used as a total attitude input to the Flight
Directors Attitude Indicator (FDAI) for display to the astronauts.

The IMU uses three Apollo II inertial reference integrating gyros (IRIG's) to sense
changes in the orientation of the stable member, and three 16 pulse integrating pendulums
(PIP's) to sense changes in velocity.

The IMU gimbals consist of a supporting gimbal or case, an outer gimbal mounted to the
case, a middle gimbal mounted to the outer gimbal, and an inner gimbal or stable member
mounted to the middle gimbal. Gimbal movement is not limited by stops. However, the
computer software monitors for middle gimbal angle greater than 85 and will

open the stab loops if such a condition exists.

The inner gimbal (stable member) is machined from a solid block of cold-pressed and
and sintered beryllium with holes bored in the block for mounting the IRIG's and PIP's,
Small electronic assemblies are mounted on the gimbal surface.

The spherical middle and outer gimbals are assembled from two hydroformed, hemispher-
ically shaped, aluminum alloy sections. Two blowers are mounted on the outer gimbal to
provide heat transfer from the middle gimbal shell to the coldplate on the IMU support
gimbal.

The support gimbal or case is spherical and also fabricated from an aluminum alloy.
The case provides a hermetically sealed environment containing air at atmospheric
pressure. The case contains a coolant passage formed by roll bonding two sheets of
aluminum together except where the passage is located. After the case is formed the
unbonded portion is inflated. This method forms a leak free coolant passage.

2.3.3 TEMPERATURE CONTROL SYSTEM. The temperature control system is a
thermostatic system that maintains the IRIG and PIP temperatures within their required
limits during both IMU standby and operate modes. Heat is applied by end-mount heaters
on the inertial components, stable member heaters, and a temperature control anticipatory
heater. Heat is removed by convection, conduction, and radiation. The natural convec-
tion used during IMU standby mode is changed to blower controlled, forced convection
during IMU operating modes. IMU internal pressure is normally between 3.5 and 15 psia
enabling the required forced convection. To aid in removing heat, a water-glycol solu-
tion passes through coolant passages in the IMU support gimbal. Therefore, heat flow is
from the stable member to the case and coolant. The temperature control system con-
sists of the temperature control circuit, the blower control circuit, and the temperature
alarm circuit. A separate external temperature control system is also provided for test
configurations but will not be discussed in this manual.
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2.3.4 STABILIZATION LOOP. The stabilization loop holds the stable member
space referenced to a given coordinate system by isolating the stable member
from roll, pitch and yaw motions of the spacecraft. The stable member serves
two purposes in the system: (1) acts as a reference for measuring the attitude
of the spacecraft and (2) holds the three accelerometers (used in space for
measuring acceleration due to thrust) in a fixed coordinate system.

When the stabilization loop holds the stable member inertially referenced, the 25
IRIG's on the stable member generate error signals to indicate any change in the
orientation of the stable member with respect to inertial space. The error
signals are amplified by the servo amplifiers in the PSA and are supplied to

the IMU gimbal torque motors, which rotates the stable member back to its
original orientation.

When the stabilization loop is opened, the stable member is referenced to the
spacecraft by the coarse align loops. The stable member may then be aligned
to a desired orientation. The alignment can be done in two steps, coarse align
and fine align. If coarse align is done it is accomplished by injecting coarse
align signals into the stabilization loop servo amplifiers. The fine align is
accomplished by injecting a fine align signal from the CMC into the torque
ducosyn of each of the 25 IRIG's.

2.3.5 FINE ALIGN ELECTRONICS. The fine align electronics is used for fine
alignment of the stable member. The electronics contain a current switch which
is turned off and on by commands and timing pulses from the CMC. Using data
obtained from optical sightings, the CMC determines the number of command
pulses required. The output of the current switches is a constant amplitude
DC current and is supplied to the torque ducosyns of the IRIG's.

2.3.6 ACCELEROMETER LOOPS. The accelerometer loops sense change in
acceleration due to thrust or drag forces applied to the spacecraft and provide
incremental velocity change information to the CMC. The loops consist of
three PIP's with mutually perpendicular input axes on the stable member
and associated electronics in the PEA and PSA. As acceleration is applied
along the input axes of the PIP's, signals are generated and used by the
accelerometer loop electronics to generate digital feedback signals which act

to restrain the FIP pendulums. Incremental velocity, in the form of pulses,
is supplied to the CMC and used in calculating velocity and position data.
Timing pulses are supplied from the CMC to the accelerometer loop electronics
and are used in the development of torquing signals for the accelerometer, and
P and N pulses for the CMC forward-backward counter.
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2.3.7 COUPLING DATA UNIT. The CDU, an all electronic device, is used as an inter-
face element between the ISS and CSS, the OSS and CSS, and the CSS and various controls
and displays. It functions primarily as an analog to digital (A/D) or digital to analog (D/A)
converter. There are five, almost identical, loops; one each for the inner, middle and
outer IMU gimbals and one each for the shaft and trunnion optical axes. The ISS portion

of the CDU performs the following functions:

a. Converts IMU gimbal angles from analog to digital form and supplies the CMC with
this information.

b. Converts digital signals from the CMC to either 800 Hz or direct current signals.
c. Controls the moding of the ISS through logical manipulation of computer discretes.

2.3.8 POWER SUPPLIES. The power supplies operate on 28vdc prime power and are
synchronized by pulses from the CMC. Local oscillators in the power supplies allow
them to operate independent of the CMC. The outputs of the power supplies are monitored
by malfunction detection circuits.

2.3.9 MALFUNCTION DETECTION CIRCUITS. The malfunction detection circuits
monitor the power supplies, temperature control circuits, stabilization loop electronics,
accelerometer loop electronics and CDU electronics. When a malfunction occurs, the
computer malfunction detection circuits produce a failure signal which is sent to the com-
puter which then lights the condition indicators on the master caution panel of the main dis-
play and control, and the condition annunciator lamps on the G & N Indicator Control Panel.

2.4 AXES

The stabilization loop, accelerometer loops and the spacecraft error mechanization is based
on several sets of axes which are used to define and mechanize the PGNCS. Table 2-2 is

a summary of the primary guidance and spacecraft axes and their interrelationship. Each
set of axes is a right hand system with positive rotation defined by the right hand rule.
Figure 2-11 shows the relationship of the IMU to the spacecraft and figures 2-12 through
2-20 define the sets of axes and their angles.

Table 2-2. PGNCS - Axes Relationship

Axes Orthogonal | Inertially Spacecraft Axis Identification
Referenced | Referenced (Gimbal Angles = Zero)
Stable Member X N XsMm Ysm ZsSM
Accelerometer X X XA YA Z
Gyro X X Xa Yg -Z2G
Gimbal OGA IGA MGA
Spacecraft X X Y Z
X (ROLL) (PITCH) (YAW)
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Figure 2-14, Apollo II IRIG Input Axes.

The stable member axes are aligned in a
right-hand orthogonal coordinate system.
They are used as a reference to align the
inertial components and to define the inertial
axes during flight.

The positive inner gimbal angle is defined

as the angle from the stable member Z

axis to the middle gimbal Z axis as measured
counterclockwise from the stable member.
(As viewed from the positive Y inner gimbal
(axis.)

As another way of looking at it, if the gimbal
angles are all initially zero, a positive space-
craft pitch will produce a positive inner gimbal

angle.

The Apollo II IRIG input axes define the positive
input axis of the gyros and are fixed parallel
with respect to the stable member axes.

Note that the Z gyro input axis points toward the
minus Zgym axis. However, in that the Z gyro
signal generator output is electrically reversed
the output affects the stab loops in a similar
manner to that of the X and Y gyros.
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Figure 2-15,

16 PIP Input Axes

Figure 2-16.
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Figure 2-17.

Middle Gimbal Axes
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Middle Gimbal Angle

The 16 PIP axes define the positive input
axis of the accelerometer and are fixed
parallel with respect to the stable member
axes.

The middle gimbal axes are aligned in a
right-hand orthogonal coordinate system.
The axes are fixed to the movable middle
gimbal. If the inner gimbal angle is set
to zero, the axes are then parallel with
the stable member axes.

The positive middle gimbal angle is defined
as the angle measured counterclockwise

from the Y middle gimbal axis to the Y

outer gimbal axis. (As seen from the positive
Z middle gimbal axis.)

As another way of looking at it, if all the gimbal
angles are initially zero, a positive spacecraft
yaw will produce a positive middle gimbal angle.
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Figure 2-18. Outer Gimbal Angle
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Figure 2-20. Outer Gimbal Axes

The outer gimbal axes are aligned in a
right-hand orthogonal coordinate system.
The axes are fixed to the movable outer
gimbal. If the inner and middle gimbal
angles are set to zero, the axes are then
parallel with the stable member axes.

The positive outer gimbal angle is defined
as the angle measured counterclockwise
from the Z outer gimbal axis to the Z

gimbal case axis.

As another way of looking at it, if all the gimbal
angles are initially zero, a positive spacecraft
roll will produce a positive outer gimbal angle.

The gimbal case axes are orthogonal and
fixed to the spacecraft. These axes are

utilized as a reference frame when mounting

the IMU to the na