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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.

1-13




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.

2-1



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.

2-20



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)

2-21



Xa Xg Xsm
T
g 7 »Zq0Zsm
0GA
: !
Ya Yg Ysm

STABLE MEMBER AXES

X (ROLL)

) 1
8 (e |
1
IMU > MGA
IGA
/ “90°
®
%0 > 7 (YAW)
//
| APPROXIMATE
X AR ) C/M CENTER
OF GRAVITY
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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 navigation base.

When all

gimbal angles are set to zero, the axes
are parallel with the stable member axes.
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2.5 STABILIZATION LOOP.

The stabilization loop (figure 2-21) mantains the stable member in a specific spatial
orientation so that three mutually perpendicular 16 pulsed integrating pendulum (16 PIP)
accelerometers can measure the proper components of LM acceleration with respect to
the coordinate system established by the stable member orientation. An input to the
stabilization loops is created by any change in LM attitude with respect to the spatial
orientation of the stable member. Because of gimbal friction and unbalances, motion

of the LM structure relative to the stable member will produce a torque on the stable
member which will tend to change its orientation. This change is sensed by the
stabilization gyros. When the gyros sense an input, they issue error signals which are
amplified, resolved, if necessary, into appropriate components, and applied to the
gimbal torque motors. The gimbal torque motors then drive the gimbals until the stable
member regains its original spatial orientation.

The stabilization loop consists of three pre-aligned Apollo II inertial reference integrating
gyro (Apollo II IRIG) assemblies, a gyro error resolver, three gimbal servo amplifiers,
three gimbal torque motors, three gimbals, and circuitry associated with these
compoaents. The inner gimbal is the stable member upon which the three stabilization
gyros are mounted. The gyros are mounted with their input axes oriented in an orthogonal
configuration. Movement of any gimbal tends to result in a movement of the stable member
and rotation about the input axes of one or more of the stabilization gyros.

The stabilization loop contains three parallel channels. Each channel starts with a
stabilization gyro (X, Y, or Z) and terminates in a gimbal torque motors. The torque
motor drives the gimbals resulting in a movement of the stable member and a movement
of the stabilization gyros. When a movement of the IMU support gimbal attempts to
displace the stable member from its erected position, one or more of the stabilization
gyros senses the movement and issues error signals. The phase and magnitude of the

3, 200 cps gyro error signal represents the direction and amount of rotation experienced
by the gyro about its input axis.

2.5.1 STABILIZATION LOOP OPERATION. The stabilization loop has three Apollo II
IRIG' s which sense any rotational changes in the orientation of the stable member. The
input axes of the IRIG's are oriented as described in figure 2-14. The gyro error

signals are generated whenever the stable member is rotated with respect to inertial
space. The error signals are amplified, resolved if necessary, and supplied to the
appropriate gimbal torque motor which drives the stable member back to its original
position to reduce the gyro error signal to zero. The path of the error signal originating
at the gyros and terminating at the torque motors is shown in figure 2-21.,
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The IRIG output is a. 3,200 Hz error signal which is proportional to the rotation of the
gyro about its input axis. The output of each gyro is amplified by a preamplifier which is
an integral part of the IRIG assembly. The amplification is required to achieve a high
signal-to-noise ratio through the gimbal slip rings. The Y gyro error signal, E (Yg),
then passes directly to the phase sensitive demodulator (DEMOD) located in the gimbal
servo amplifier while the X gyro error signal, E(Xg), and the Z gyro error signal, E(Zg),
are resolved about the inner gimbal angle by the gyro error resolver. Resolution is
required because motion of the spacecraft about the stable member will displace the X and
Z gyro input axes away from the outer and middle gimbal axes. The three phase sensitive
demodulators convert the 3,200 Hz gyro error signals to positive dc or negative

dc signals with the polarity being determined by the input phase. The gyro error

signals are applied to the servo amplifiers. Due to the poor high frequency res-

ponse of the IRIG's a method of stabilizing the loop by extending the bandwidth of

the loop is required. This is obtained by the addition of compensation networks to

the gimbal servo amplifier. The outputs of the gimbal servo amplifiers drive the

gimbal torque motors located on each gimbal axis. The torque motors drive the

gimbals to complete the stabilization servo loop.

The initial orientation of the stable member can be changed in either the coarse or fine
alignment mode. Signals to reposition the gimbals are injected into the gimbal servo
amplifiers during the coarse alignment mode and into the gyros during fine alignment
mode. These modes of operation are described in Section IV,

2.5.2 STABILIZATION LOOP MECHANIZATION. The purpose of the stabilization loop
is to maintain the stable member aligned with respect to an inertial frame of reference
defined by its inertial components, the three IRIG gyros. Any rotation of the platform is
sensed by these IRIG's and is manifested by a precessional movement of the float of the
affected unit. This float displacement results in an output from the IRIG signal ducosyn
which is then preamplified and sent to the gimbal servo amplifier. The servo amplifier
current output is fed to the appropriate torque motors to restore the stable member to

its original reference position. As the stable member is returned to its original reference,
the movement sensed by the IRIG is opposite in direction but equal in magnitude to the
disturbance input and results in a precessional movement of the float. Due to precession,
the float returns to its former null position. Since no output is then present from the
signal ducosyn, the loop is nulled and no further drive signals are applied until another
disturbance is introduced into the system.

The components which make up the three stabilization loops are identical with two
exceptions. First, the resistances used in series with the torque motor to provide
current feedback to the gimbal servo amplifier differ to account for the difference in
gimbal inertia. Second, a resolver is required in the middle and outer gimbal loop. This
gyro error resolver is shown in Figure 2-22, A description of the major components of
the stabilization loop follows.
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2.5.2.1 Apollo II Inertial Referenced Integrating Gyro. The Apollo II IRIG
stabilization gyro (figure 2-23) is a fluid and magnetically suspended, single-
degree-of-freedom , integrating gyro. It is one of the 25 series of inertial
instruments. The 25 designation denotes the case diameter in tenths of inches.
The stabilization gyros are the sensing elements of the stabilization loop. Three
such gyros are mounted on the stable member with their input axes mutually per-
pendicular. Any change in the attitude of the stable member is sensed by one or
more of the gyros. The gyros convert this displacement into an error signal which
is amplified and fed into the gimbal torque motors. The gimbal torque motors
reposition the stable member until the error signals are nulled and the original
orientation of the stable member is re-established.

The Apollo II IRIG consists of a wheel assembly, a spherical float, a cylindrical
case, a signal generator ducosyn, and a torque generator ducosyn. The wheel is
mounted within the sealed float on a shaft perpendicular to the float axis and spins
on preloaded ball bearings. The wheel is driven as a hysteresis synchronous motor
in an atmosphere of helium. The float is mounted within the case on a shaft axially
coincident with the longitudinal axes of both float and case. Precision hard-alloy
pivots and bearings are located at each end of the float shaft, with the bearing being
part of the float assembly. The torque generator ducosyn is mounted on one end of
the float shaft, while the signal generator ducosyn is mounted on the opposite end.
The volume between the float and case is filled with a suspension and damping fluid.

Four axes (input, spin, spin reference, and output) are associated with the Apollo
IT IRIG. While the wheel is spinning, the gyro tends to maintain its attitude with
respect to space. If the gyro is forced to rotate about the input axis (perpendicular
to the wheel spin axis), it will respond with a torque about the output axis (per-
pendicular to both spin and input axes). The spin axis is displaced from its normal
or 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 rotation about the output axis in
response to a rotation about the input axis in a single-degree-of-freedom gyro is
called gyroscopic precession. The output axis is along the float shaft. Rotation

of the gyro about its input axis results in a precession of the float.

The signal generator ducosyn is mounted on the positive output axis end of the float
to provide magnetic suspension of the float with respect to the case, and to serve
as a transducer for providing an eleetrical analog signal which indicates the amount
and direction of the angular rotation of the float about the output axis. The torque
generator ducosyn is mounted on the negative output axis end of the float to provide
magnetic suspension, and to serve as a transducer for converting electrical error
signals to a torque about the output axis when desired.

Since float movement is a measure of angular displacement of the gyro, friction on
the float shaft (output axis) is a critical factor of gyro sensitivity. To reduce this
friction to a negligible level, the space between the float and case is filled with

a fluid (polybromotri-florethelene) which has the same density (specific gravity) as

the float. This fluid causes the float to be suspended with respect to the base. Density

of the fluid is kept equal to the density of the float by the controlled application of
heat. Heating coils attached to the Apollo I IRIG end mounts maintain the density
of the fluid. Two sensors submerged in the fluid indicate the temperature of the fluid.
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The fluid also provides viscous damping of float movement. The fluid suspension
is supplemented by magnetic suspension which keeps the pivot centered in the
bearing. The magnetic suspension forces are created by the signal and torque
generator ducosyns. Under normal environmental conditions the pivot never
touches the bearing. Polished precision hard-alloy bearings and pivots are used
to minimize the friction which may result if the pivot touches the bearing under
extreme environmental conditions.

Since oxygen would rust the ferrous parts in the wheel assembly, the float is
filled with helium which will conduct heat away from the wheel motor. Because
helium is a light gas it generates little windage, resulting in the additional
advantage of low windage losses in the wheel motor. The float is filled with
helium at a pressure of one-half atmosphere to further reduce windage losses.

2.5.2.1.1 Gyro Wheel Assembly. The gyro wheel assembly consists of a
wheel, a shaft, hysteresis ring, ball bearings and bearing retainer. The
wheel consists of a beryllium hub with a steel rim. The purpose of the
composite wheel is to concentrate as much weight as possible in the outside
rim, providing the wheel with a high moment of inertia. The steel, hollow
shaft has female threads on each end and is machined to serve as the inner
race for the ball bearings. Preloading of the wheel is achieved and controlled
by bolting the bearing retainers to the hub. The bearing retainers press on
the outer bearing race exerting a wedging action on the balls. As a result, a
deliberate load (preload) is imposed on the wheel bearing to insure that the
wheel rotates precisely at a right angle to the shaft. The amount of preload is
carefully determined since excessive preload will introduce excessive bearing
friction that would limit bearing life. The hysteresis ring, constructed of
laminated, specially hardened steel, is fitted on the wheel hub and serves as
a rotor for the hysteresis synchronous motor which drives the wheel.

2.5.2.1.2 Float Assembly. The float assembly is essentially a float gimbal,
two hemispheres, hysteresis motor stator, and bearings. The wheel assembly
is bolted to the float by threaded rings. The rings also hold together the float
gimbal and the float hemispheres, both of which are made of beryllium. The
hysteresis motor stator is placed inside the float gimbal with the power leads
brought out through each end of the float gimbal. The float shaft is an integral
part of the float gimbal and extends outward from the float to serve as a mount
for the float bearings and ducosyn rotors. The bearings, when placed on each
end of the float gimbal, define the output axis. The float gimbal also has a hole
fitted with a ball and screw seal through which the float is evacuated and filled
with helium. Preliminary balance weights are placed on the float gimbal for
rotational balancing prior to the float being inserted into the case. Balance
weights along the spin axis and the input axis are accessible from outside the
case and are used for rotational balancing after final assembly.

2.5.2.1.3 Case. The case consists essentially of main housing and damping block
assemblies, end housing assembly, and main cover assembly. The float assembly
is encased in the main housing assembly and is supported with respect to the end
housing by the pivot assemblies. Beryllium damping blocks fill the space around

the float., These blocks provide the necessary control of the damping gap (the

width of the gap between the float assembly and case), thereby controlling the
damping coefficient. The end housings are held to the main housing by clamping
caps. The end housings contain the pivot assemblies, ducosyn stators, bellows to
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take up the expansion and contraction of the suspension fluid, and a setscrew
and ball seal to allow filling with the suspension fluid. Four balance adjusters,
provided in the main housing assembly, allow access to the adjustable balance
weights along the spin axis and the input axis. After hermetically sealing and
balancing the unit, the Apollo II IRIG is covered by a main cover assembly which
provides a magnetic shield plus a second hermetic sealing.

2.5.2.2 Apollo II IRIG Ducosyns. The Apollo II IRIG uses ducosyns for
magnetic suspension of the float, signal generator action, and torque generator
action. The ducosyn is a separate magnetic suspension microsyn and a separate
transducer microsyn in a single unit. The unit contains two separate stators
mounted in the end housing and two separate rotors mounted on a common mounting
ring of the float assembly. The inside stator assembly consists of eight outwardly
projecting tapered poles which are wound and excited to provide magnetic sus-
pension. The outer stator assembly consists of twelve inwardly projecting poles
which are wound to provide either signal generator or torque generator action.
The outer rotor is the transducer rotor and consists of eight unwound salient
poles. The inner rotor, which is the magnetic suspension rotor, is cylindrical,
tapered, and unwound. A beryllium ring separates the two rotors to reduce
cross-coupling effects.

2.5.2.2.1 IRIG Signal Generator Ducosyn. The signal generator ducosyn is
mounted on the positive output axis end of the gyro to provide magnetic suspension
and to serve as a transducer to provide an electrical analog signal representing
the position of the float relative to the case. (See figure 2-24). Poles 1, 4, 7, and
10 are wound with primary windings which induce a voltage into the secondary
windings on the pole pieces on either side of the primary winding poles. All secondary
windings are wound with equal turns. The secondary windings (2-12, 3-5, 6-8,
and 9-11) on either side of each primary pole are wound in opposition to each
other. When the rotor pole pieces are symmetrically located between the pairs of
secondary poles, the flux density in the secondary poles is equal and equal
voltage in induced in the secondary windings. Since the secondary windings are
wound in opposition, the induced voltages cancel and the net output voltage is zero.
This is the null position of the rotor. When the rotor is rotated from the null
position as a result of float displacement, the equality of air gap reluctance is
disrupted resulting in unequal flux density in the pairs of secondary poles and,
therefore,unequal induced voltages in the windings. The magnitude of the new
output voltage depends on the degree of air gap reluctance unbalance; the greater
the rotor displacement from null, the greater the net output voltage. The phase
of the net output voltage is determined by the direction of rotor rotation. As a
result of counterclockwise rotation, higher voltages are induced in the secondary
windings that are wound in phase with the primary windings, causing the net
output voltage to be in phase with the primary excitation. In the same manner,
clockwise rotation produces a net output voltage that is out of phase with the
primary excitation.

The Apollo II IRIG ducosyns require a 4 volt, 3,200 cps single phase excitation
for the signal generator primary windings and for the magnetic suspension portions.
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2.5.2.2.2 IRIG Torque Generator Ducosyn. The Apollo II IRIG torque
generator ducosyn is mounted on the negative output axis end of the float to
provide magnetic suspension and to serve as a transducer to convert an electrical
error signal into a torque about the output axis. Figure 2-25 shows the torque
generator with the rotor in the null position. To develop torque, current is
allowed to flow through the common winding and through either the T+ or the

T- winding. The direction of torque is determined by the winding through which
current flows. The torque generator stator may be considered as divided into
four symmetrical groups of three poles. The center pole of each group (1, 4, 7,
and 10) has a common winding only and will always be a north pole when energized.
The poles on either side (2-12, 3-5, 6-8, and 9-11) of the center poles have both
T+ and T- windings with the polarity of the poles determined by which of the two
windings is energized. In either case, one pole in each group will become a north
pole and the other a south pole. Since the center pole is always a north pole, each
group of three poles will consist of two north poles and one south pole whenever
the windings are energized. The rotor will tend to align itself symmetrically
between the north and south poles, creating a torque. When the T- winding is
energized, pole 12 will become a south pole and pole 2 will become a north pole.
The rotor, in attempting to align itself, will tend to rotate clockwise until rotor
pole 8 is directly opposite stator pole 12 and rotor pole 1 is directly between
stator poles 1 and 2, since 1 and 2 are both north poles. When the T+ winding is
energized, stator pole 2 will become a south pole and stator pole 12 will become
a north pole. The rotor will tend to rotate counterclockwise attempting to align
rotor pole 2 opposite stator pole 2, and rotor pole 1 between stator poles 1 and
12. The other poles attempt to align themselves in the same manner.

The direction of the desired torque is controlled by gyro select pulses from the
LGC. The pulses act through a switching network in the gyro calibration module
to close the torque current path through either the T+ or the T- winding. The
magnitude of the torque current is held constant to develop a constant torque.
Torque on the rotor produces torque on the gyro float. The resulting float dis-
placement creates an error signal from the ducosyn signal generator. Thus,
the position of the IMU stable member is changed by the compensating reaction
from the stabilization loops.

2.5.2.2.3 IRIG Ducosyn Magnetic Suspension Unit. The Apollo II IRIG
ducosyn magnetic suspension units have a tapered cylindrical rotor and tapered
stator poles that develop radial and axial magnetic suspension of the gyro float.

Each stator winding is part of a series resistance inductance capacitance (RLC)
circuit. (See figure 2-26). Although the equivalent circuit illustrated shows only
two poles, it is representative of any of the four pairs of diametrically opposed
stator poles. Inductances Lj and Lg represent the total inductances of the stator
windings. Resistances R1 and R2 represent the total resistance of each stator
circuit, Capacitors C; and Cy are the external fixed capacitors in series with
the resistance and inductance. The values of L. and L vary inversely with the

size of air gaps A and B respectively. - ;
That is:
1 1
Separation distances (A) ¢« = and (B) o —
e ko
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The excitation to the magnetic suspension unit is maintained at precisely 3, 200

Hz; the inductance is the only circuit variable. When theinductance is adjusted

so the inductive reactance equals and cancels the capacitive reactance, circuit
resonance is achieved. At resonance, the total circuit impedance is at a minimum,
consisting only of resistance, and the current is thus at a maximum. At resonance,
the resonant frequency of the LRC circuit associated with A is given by:

1
W. =

1
v 161

During construction and testing, a fixed suspension capacitor is selected that
develops a value of capacitive reactance that is less than the value of inductive
reactance present when the rotor is at null. The resulting impedance allows a
current flow that is less than the maximum or resonant current. In operation,
translational movement of the rotor from its null point alters the inductance to
bring the circuit closer to or further from resonance.

In figure 2-27 a translation of the float to the left decreases the air gap A
and conversely increases the air gap B.

Since:
1 i
Ao— and Ba—
L1 L2

the resonant frequency for the R1L1C circuit goes down. In that the circuit
is excited by a constant 3200 Hz signa]t the resulting current flowing through the

R 1L1 & C_ drops. The attractive force between the rotor poll about which L
is wound and the fixed stator ring is proportional to the current passing through Ll’

Fal

Therefore as the rotor moves further left from null, the lower the attractive
force across A becomes. Using the same reasoning the larger the air gap B
the greater the attractive force across B will become. This force relationship
suspends the IRIG float in the center of the stator ring.

Since the rotor and the stator poles are tapered, end play on the float tends to
increase or decrease the air gaps of the magnetic suspension units located at
each end of the float. The two magnetic suspension units act together to develop
a component of force that supports the float axially.

2.5.2.2.4 Reset, Bias and Suspension Windings. There are two additional

sets of windings on the torque ducosyn, the reset winding and bias winding.

(Refer to figure 2-27). The torquing current applied to the poles is a dc level
which tends to magnetize the rotor and stator. Small residual magnetism is
adequate cause for changing the torque to current relationship in the ducosyn
between torque commands. This would cause the scale factor of the gyro to be
inconsistent since it would be a function of previous command polarity and duration.
The reset coil has a 3.2 KHz excitation present on it at all times and therefore
performs a degaussing function on the ducosyn, wiping out any residual magnetism,
The bias winding is used to apply a level of reaction torque on the float equal but
opposite to any flex lead torques that are present in the gyro. Bias torques on the
functioning unit are thereby minimized.
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2.5.2.3 Normalization Package. The normalization package (figure 2-28) contains two
resistive elements that directly affect torquing scale factor as well as other elements
necessary to gyro function. The two resistors are each located in parallel with the
torque windings to control the current in the windings to obtain a gyro scale factor of
.618 second of arc per CMC torque pulse to the binary current switch. Also located

in the normalization package are the ducosyn suspension capacitors, a thermistor pad-
der resistor, a heater assembly, a bias control resistor, and a signal generator output
preamplifier. This assembly makes each gyro a prealigned unit, interchangeable with
any other Apollo II IRIG, The normalization components are located on one end of the
gyro to form the Apollo II IRIG assembly.

2.5.2.4 IRIG Preamplifier, The gyro error signal from the signal generator is
amplified by the IRIG preamplifier to achieve a high signal-to-noise ratio for
transmission through the gimbal slip rings to the gimbal servo amplifier. The
preamplifiers are each mounted in the gyro assembly and have a gain of 214
volts/volt. The signal input is phase shifted 180° at the output, and saturation
outputs of 10 volts rms are obtained with a 46 millivolt input. In terms of IRIG
angular error the total IRIG preamp gain is 1200 volt/rad.

2.5.2.5 Gyro Error Resolver. The gyro error resolver in the X and Z loop
has a 1 to 1 gain ratio and quadrature generation of less than 50 millivolts/volt.
The use of the resolver in the system is to enable the middle and outer gimbals to
be controlled only by the Z and X IRIG errors sensed along the gimbal axis. For
example, if a disturbance torque occurs about the middle gimbal axis with the
stable platform at some angle other than zero, the disturbance will be felt by both
X and Z gyros. The resolver sums the components of gyro error that lie along
the middle gimbal axis and routes these to the middle gimbal servo amplifier and
torque motor only. The same type of operation results with respect to a torque
about the outer gimbal axis except that the sum of the gyro error components is
routed to the outer gimbal torque motor.

2.5.2.6 Gimbal Servo Amplifier (GSA). The GSA module is used to drive the
torque motor when an input voltage is applied. The amplifier module consists of
the demodulator, a difference amplifier and power amplifier as well as several
compensation networks as shown in figure 2-29, Each gimbal has associated with
it one GSA. All three amplifiers are identical. Different gains for the three loops
are accomplished by connections through the module connector. This varies the
amount of feedback to the difference amplifier. The dc gains of the three ampli-
fiers are as follows:

a. Inner Gimbal Servo Amplifier 22.2 Amps/Volt.

b. Middle Gimbal Servo Amplifier 44,4 Amps/Volt.
°®

c. Outer Gimbal Servo Amplifier 66.6 Amps/Volt.

The demodulator is a full wave diode bridge with an AC reference applied. The bridge
changes the 3200 Hz gyro error or 800 Hz CDU coarse align input into a positive or
negative dc signal for further amplification. The reference input is switched between
800 Hz and 3200 Hz along with the demodulator input by the coarse align relay. The
demodulator is followed by a tuned filter to suppress any noise than may be present.
The gain of the demodulator is 1 volt dc per volt rms and its output saturation voltage
is £10 vdc. :
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Compensation networks are used in the amplifier to provide the desired dynamic stabi-
lization loop operation characteristics and for high frequency attenuation at gimbal
resonant frequencies. A notch compensation network is used in the feedback loop to
increase the high frequency response of the amplifier compensating for the IRIG high
frequency attenuation. A series compensation network is used to improve large signal
stability by varying the natural phase response of the amplifier as it approaches satur-
ation. Additional current feedback to the power amplifier provides the capability for
constant current output independent of load impedance. During coarse align operation
the elements of the compensation networks are changed due to the variation in the
required gimbal dynamics for this mode.

2.5.2.7 Torque Motor. One dc torque motor is used to drive each gimbal. Two of
these, located on the inner and middle gimbals have a sensitivity of 1.12 foot pounds
per ampere. The third, located on the outer gimbal has a sensitivity of .906 foot
pounds per ampere. The motors are located in the inter-gimbal assembly on the posi-
tive gimbal axes. :

2.6 FINE ALIGN ELECTRONICS

The purpose of the fine align electronics is to allow the introduction of external loop con-
trol driving signals into the stabilization loops during closed loop conditions. By purposely
introducing a torque to the IRIG floats through the torque ducosyns it is possible to cause the
IMU gimbals to drive to new positions. This permits a fine alignment of the stable member
to a desired reference with considerable accuracy. Figure 2-30 shows a block diagram of
the complete torquing electronics. When gyro torquing is required during the fine align
mode of operation, the computer issues pulses that:

a. Enable the torquing electronics.

b. Select the gyro to be torqued.

c. Select the direction of torquing.

d. Control the amount of torque applied.

The three IRIG' s are torqued sequentially by the computer during fine alignment and it is
therefore possible for all three gyros to be controlled through one set of torquing electronics.
Figure 2-31 shows the CMC pulses and their timing required for gyro torque control of all
three gyros. The subsequent discussion illustrates the function of the components in the

electronics.

Power for gyro pulse torquing electronics is obtained from the 120 volt dc output of the pulse
torque power supply, and 28 volt dc spacecraft prime power.
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2.6.1 GYRO CALIBRATION MODULE. The gyro calibration module is located in the
power servo assembly (PSA). The gyro calibration module contains the six transistor
switches required for the selection of the gyro torque winding to be pulsed. It also con-
tains the gyro compensation components, the current control resistors, and a to.rqu.mg
power enabling relay. A simplified diagram of the calibration module is shown in figure

2-32.

2.6.1.1 Torque Enable Relay. The 102.4 KPPS computer command (torque enable)
is applied to a half-wave rectifier. The rectified signal is filtered and used to

drive a transistor into conduction, thereby energizing the torque enable relay. This
relay applies 120 vdc and 28 vdc to the pulse torque electronics.

2.6.1.2 ue Winding Selection Switches. The 6 computer gyro select signals
(102.4 KPPS) +A8x, +A8y, +0by, —AE&%, -ABy, and -AB7 are applied to 6 gyro
select transistor switches through individual transformers and rectifiers. Presence
of a select signal on any switch causes the transistor to conduct thereby providing

a ground to the selected gyro torque winding and enabling the flow of current through

the winding.

2.6.1.3 Compensation and Dummy Load Resistors. A dummy load is located in the
calibration module to present a constant impedance to the torque current supply during
the time that the torquing loop is enabled. This condition exists just prior to gyro
selection and during selection changes.

A current sensing resistor for external monitoring is in series with the current return
line feeding the select switches and dummy load. This permits a check of current in
the loop. A scale factor resistor is applied to the current sampling resistor low and
provides the path to ground for the torque current. The voltage developed across this
resistor is nominally 6 volts when the proper operating current is present in the circuit.
This voltage is the regulator input to the constant current supply.

2.6,2 BINARY CURRENT SWITCH. The binary current switch converts the LGC set
pulses of 3 usec duration to dc current pulses of 312.5 usec or a multiple of 312.5

usec if more than one set pulse is applied. These +T (torque) pulses are applied to the
selected gyro through the calibration module and are present as long as set pulses are
issued by the LGC. During the periods prior and subsequent to the + T pulses, the binary
current switch routes the torque current to the calibration module dummy load. This
presents a constant load on the constant current supply at all times to minimize transients.
Figure 2-33 is a block diagram of the binary current switch as used in the gyro torquing
electronics. The stab loop binary current switch is identical to that used in the acceler-
ometer loop. Inputs of power to the binary current switch are 120 volts through the torque
enable relay and regulated voltage of 85 vdc to the current regulator located in the binary
current switch module.

2.6.3 CONSTANT CURRENT SUPPLY. The constant current supply for the gyro torquing
loop consists of a voltage regulator, precision voltage reference and dc differential
amplifier located in one module and the power amplifier (current regulator) in the binary
current switch. (Refer to figure 2-34,)
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The differential amplifier has two inputs which it compares to control its output voltage.

Six volts is applied to one input from the scale factor resistor of the gyro calibration

module. The other input is the six volt precision voltage reference, obtained by a zener

diode regulated three stage voltage divider. The 120 volt dc B+ voltages to each stage

are passively regulated by resistor and zener regulators. Regulation of the amplifier is
essential to the maintenance of a constant current to the IRIG torque ducosyns. This is

to insure that at all times the torquing electronics scale factor is maintained at . 617981

seconds of arc of rotation of the stable member for each +set torquing pulse applied to the binary
current switch from the CMC. This is accomplished by maintaining current to the ducosyn
windings at a nominal 85 ma.

2.7 ACCELEROMETER LOOP

The three accelerometer loops measure the acceleration of the stable member along three
mutually perpendicular axes and integrate this data to determine velocity. The velocity is
used by the CMC to determine the LM velocity vector. Figure 2-35 is a functional diagram
of an accelerometer loop.

The three accelerometer loops contain three prealigned 16 PIP assemblies, three PIP
preamplifiers, three ac differential amplifier and interrogator modules, three binary
current switches, three calibration modules, three dc differential amplifier and precision
voltage reference modules, a pulse torque isolation transformer, and associated electronics.

The three mutually perpendicular PIP's are acceleration sensitive devices. When fixed in
its associated accelerometer loop, the PIP becomes an integrating accelerometer. The

PIP is basically a pendulum-type device consisting of a cylinder with a pendulous mass
unbalance (pendulous float) pivoted with respect to a case. The axis of the pivots defines the
PIP output axis. A signal generator is located at the positive end of the output axis to
provide electrical output signals indicative of the rotational position of the float. A torque
generator located at the other end of the float acts as a transducer to convert electrical
signals into mechanical torque about the float shaft. The accelerometer loop using a PIP

is mechanized to operate in a binary (two state) mode.

In the binary mode, the PIP pendulum is continually kept in an oscillatory motion. Thus
the two states: positive rotation or negative rotation. The rotation is accomplished by
continuously routing torquing current through the torque generator plus or minus windings.

The torque generator has two windings, one to produce torque (rotation) in a positive
direction, the other to produce torque (rotation) in a negative direction. Only one winding will
have current in it at any one time. The torque winding selection is accomplished by the
setting of a flip-flop in the binary current switch. When the loop is first

energized, the interrogator sets the flip-flop to route the torquing current to one of the
windings, which will rotate the float to null. As the float passes through null, the phase of
the output signal of the signal generator changes, which causes the interrogator to issue
pulses to reset the flip-flop in the binary current switch and thus route torquing current to
the other torque winding. The float is then torqued in the opposite direction until the signal
generator output again changes phase as the float passes through null which reinstates the
cycle.
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The output of the signal generator, after being amplified by the PIP preamplifier is
interrogated 3200 times a second by the interrogate pulse. The binary current switch
flip-flop can be reset only when the interrogate pulse is present and the signal generator
is of the proper phase.

The PIP pendulum motion is an oscillatory motion about its null point and can be
measured in cycles per second. As is characteristic of every electro-mechanical loop,
there exists some natural resonant frequency. The natural frequency is dependent upon
float damping, signal and torque generator sensitivities, and other loop characteristics.
In the case of the accelerometer loop this natural frequency is approximately 500 cps,
and the pendulum oscillates at a frequency close to that. At a torque winding selection
rate of 3200 pulses per second, the value of this frequency can be any value equal to
3200 + x where x is any even number.

Using the above ratio, it is possible for the pendulum to have a maximum frequency of

1600 cps (x equals 2). A frequency of 1600 cps means that for every torque selection

pulse, the torque current would be routed to the opposite torque generator winding. Solving
the equation f = 3200 + x, the frequency closest to 500 is 533-1/3. In this case; the value
of x is six. Thus one complete pendulum cycle will occur during six torque selection pulses.
Dividing the time for the six pulses into positive and negative rotations, it is seen that the
PIP functions in a 3-3 mode (positive rotation for three torque selection pulses, negative
rotation for three torque selection pulses).

The physical configuration of the PIP is such that the float, when moding in its 3-3 state
and sensing no acceleration, rotates an equal angular distance on both sides of an
electrical and mechanical null.

The 2 volt rms, 3200 cps, one phase signal generator excitation voltage is synchronized
with the CMC clock. The signal generator has a center tapped secondary winding which
provides a double ended output, one side having a zero phase reference with respect to
the 3, 200 cps excitation and the other side a pi phase reference. The center tap is
connected to ground. The output signal is representative of the magnitude and direction of
the rotation of the pendulous float about the output axis. The error signal is then routed to
the preamplifier mounted on the stable member. The phase of the output signal from the
preamplifier is -45° from the reference excitation. The phase shifted zero or pi phase
signals from the preamplifier are applied as separate inputs to the ac differential ampli-
fier and further amplified. The two signals are then sent to the interrogator.

2.7.1 ACCELEROMETER LOOP OPERATION, The accelerometer loops use three

16 PIP's which sense linear acceleration of the stable member. The input axes of the

16 PIP's are oriented as described in figure 2-15. Usable velocity outputs of the PIPA
loops to the computer are generated whenever the stable member is accelerated due to
thrust applied to the spacecraft or when the guidance and navigation system is subjected to
gravitational forces of the moon. The output signals are checked to determine the direction
of the acceleration so torquing signals can be generated to torque the 16 PIP's back to

null., While this process is occurring, signals, representative of incremental velocity
changes, are generated by the loop and sent to the CMC.

A typical accelerometer loop data flow is shown in figure 2-35. The 16 PIP signal gen-
erator ducosyn outputs are 3,200 Hz error signals which are proportional to the rotation
of the pendulum about its output axis. The two outputs are amplified by the preamplifier
and routed to the ac differential amplifier. The amplified signals are then transmitted to
the interrogator which also receives the interrogator pulse and the switching pulse from
the CMC. These inputs to the interrogator are used to generate the T+ SET or T - SET
commands to the binary current switch,
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The T + SET and T - SET commands are used to produce plus (+) torque or minus (-)
torque outputs from the binary current switch. A data pulse from the computer.to the
binary current switch is used to generate the positive (P) and negative (N) velocity pulses
which are sent to the forward-backward counter in the CMC. The + or - torque output

of the binary current switch is sent to the calibration module and then to the PIP torque
generator ducosyn where a torque is developed which will move the pendulum back to.wa.lrd
null. A feedback signal from the calibration module to the dc amplifier and the precision
voltage reference is used to regulate the torquing current supplied by the binary current
switch. The positive and negative velocity pulses are routed to the forward-backward
counter in the CMC. During normal accelerometer loop operation when no acceleration is
being sensed, an equal number of positive and negative pulses are generated. When an
acceleration is sensed, more of one type of pulse will be generated. This unbalance
produces either plus AV or minus AV pulses which are routed to the CMC PIPA counter
to be accumulated as spacecraft velocity changes. Power inputs to the accelerometer
loop are 120 vde, 28 vde, +20 vde, and -20 vde. The PIP's and preamplifiers are
located on the IMU. The pulse torque power supply is located in the PSA. All other
components of the PIPA loop are located in the (PTA) pulse torque assembly. The

PTA is located on the left side of the lower D&C and is a sealed assembly.

2.7.2 ACCELEROMETER LOOP MECHANIZATION, The components which make up
the three accelerometer loops are identical. A description of the major components of
an accelerometer loop follow.

2.7.2.1 Pulsed Integrating Pendulum. The 16 PIP's are used as accelerometers
in the IMU. Refer to figure 2-36. The 16 PIP in itself is not an accelerometer, but
an acceleration sensitive device. In its associated accelerometer loop, the 16 PIP

becomes an integrating accelerometer (16 PIPA).

The 16 PIP is basically a cylinder with pendulous mass unbalance (pendulous float)
and is pivoted with respect to a case. The pendulous float has no electrical power
requirements as it is completely mechanical in operation. The space between the
pendulous float and case is filled with a fluid. A signal generator ducosyn, located
at one end of the float, provides magnetic suspension of the float with respect to the
case and acts as a transducer to convert mechanical rotation of the float with respect
to the case into electrical analog signals. A torque generator ducosyn, located at the
other end of the float, provides magnetic suspension of the float with respect to the
case and acts as a transducer to convert electrical signals into mechanical torque
about the float shaft. A 2 volt rms, 3,200 cps, single phase excitation is required
for the magnetic suspension portion of each ducosyn and for the transducer portion
of the signal generator ducosyn.

The output axis of the 16 PIP is defined by the axis of the pivots which support the
float with respect to the case. The pendulum axis is defined by a line which passes
through the mass unbalance and intersects the output axis at a right angle. The input
axis isthe axis along which the 16 PIP is sensitive to acceleration. The input axis and
pendulum axis form a plane that is perpendicular to the output axis. When the float
rotates about the output axis, the pendulum axis is displaced proportionately from

its normal or null position (pendulum reference axis). The pendulum reference, input,
and output axes are always mutually perpendicular.

The mass unbalance hangs below the output axis and is forced by loop torquing to
swing like a pendulum. The torquing required to keep the pendulum action oscillatory
at no acceleration is a known value. When acceleration is sensed along the input axis,
an additional torque is felt by the pendulum and the loop compensates for the
acceleration torque by supplying torquing current for additional time.
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Figure 2-37 illustrates the direction the pendulous mass tends to swing due to
acceleration torque as viewed from the positive end of the output axis or signal
generator end of the PIP.

Acceleration in the direction of the positive input axis (the direction in which the
arrowhead points) results in a torque on the float about the output axis which tends to
rotate it in the negative angular direction (-8 OA) about the output axis. Conversely,
acceleration in the direction of the negative input axis produces a torque on the float
tending to rotate it in the positive angular direction (+8 OA) about the output axis.
When no acceleration is being felt along the input axis, the summation of the angular
displacement about the output axis is zero; and by definition, the PIP is at a null.

Maximum sensitivity and linearity of the 16 PIP occur near null. To assure maximum
sensitivity and linearity, the accelerometer loop in which the 16 PIP is used restricts
the angular displacement about the output axis to very small excursions in either
direction from null. The accelerometer loop is designed so that the torque developed
by the torque generator is equal to and opposite the pendulous torque resulting from
applied acceleration. The signal generator, located at the positive end of the output
axis, senses an angular displacement of the float about the output axis. The phase
and magnitude of the output signals from the signal generator secondary winding are
determined by the direction and amount of float displacement. The error signals are
processed by the accelerometer loop into incremental velocity pulses to the CMC and
into torquing current to the torque generator.

2.7.2.1.1 Float Assembly. The float is a hollow beryllium cylinder fitted with

a shaft on which the float pivots are located. On both ends of the float are salient four
pole transducer rotors and cylindrical magnetic suspension rotors with tapered
inside diameters. The rotor itself is a solid one piece device. The pendulous mass
screws into and protrudes slightly from the float. A pin and screw which provides
pendulousity adjustment also serves as a stop to limit float rotation about the output
axis to #1 degree. Adjustable balance weights for rotational balancing of the float
are located along the pendulum axis and the input axis. The completed float assem-
bly is placed in a main housing assembly filled with a suspension fluid. The sus-
pension fluid provides fluid suspension of the float with respect to the case and
viscous damping of the float.

2.7.2.1.2 Housing Assembly. The housing assembly consists of a main housing
assembly and two end housings. Damping blocks line the inner diameter of the

main housing so as to surround the float. Four bellows assemblies are located within
the damping blocks and take up the expansion and contraction of the suspension fluid
resulting from variations in fluid temperature. Each end housing contains a pivot
bearing, an eight pole magnetic suspension stator, and either an eight pole signal
generator stator or an eight pole torque generator stator. The two end housings are
called the signal generator end housing (on the + OA end) and the torque generator
end housing (on the -OA end). The magnetic suspension microsyns have tapered
stator poles and a tapered rotor, developing magnetic suspension forces in both
radial and axial directions.

2.7.2.1.3 Outer Case Assembly. The housing assembly is completely covered

by an outer case which provides magnetic shielding and a hermetic seal for the unit.
Heating coils are placed between the main housing and the outer case to heat the
suspension fluid to the proper temperature for fluid suspension of the float. All
electrical connections for signal generator, torque generator, magnetic suspension
microsyns, and heaters are brought out through the torque generator end of the case.
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2.7.2.1.4 Normalizing Network. The 16 PIP normalizing network module
contains the suspension capacitors, torque generator normalizing resistors, and
temperature sensor normalizing resistors. This module is mounted over the 16
PIP and bridges the 16 PIP end cap. However, to avoid PIP alignment problems,
the module is fastened to the stable member instead of the PIP.

2.7.2.1.5 PIP Ducosyns. The 16 PIP ducosyn signal generator and torque
generator differ from the Apollo II IRIG units in both construction and operation.

The 16 PIP signal generator and torque generator have eight pole stators. The 16
PIP ducosyn rotor is constructed from a solid piece of ferrite. Flats are ground

onto the outer diameter of the rotor to create pseudo salient poles which serve as

the transducer rotor. The inner diameter of the rotor is tapered and serves as the
magnetic suspension rotor. There is no magnetic separation between the transducer
rotor and the suspension rotor which allows the magnetic suspension rotor to degauss
the torque generator rotor. The degaussing prevents the storage of residual magnetic
poles in the magnetic material which could cause unwanted torques to be created.

The torque generator stator has a single winding per pole. The windings on the
even poles develop negative torque and the windings on the odd numbered poles
develop positive torque. The accelerometer loop applies constant dc current to
either the odd or even poles. The torque generator stator also has a reset winding
which degausses the stator thus preventing the storage of residual magnetic poles
which could create unwanted torque.

The signal generator stator poles have both a primary and secondary winding per
pole. The secondary windings are wound in opposition so that when the rotor is

at null the air gap reluctance at each pair of stator poles is equal and the net output
voltage is zero. When the rotor is displaced from null, the air gap reluctance
becomes unequal and a net output voltage proportional to the direction and magnitude
of the float displacement is developed. The output of the signal generator is amplified,
phase shifted, and applied to the interrogator module in the accelerometer loop

which detects the direction of float displacement.

The output of the secondary of the signal generator ducosyn consists of two
amplitude-modulated, suppressed-carrier signals, one of zero phase and the

other of m phase. These two 180-degree out-of-phase signals are phase shifted 45
degrees from the reference excitation by the effect of a resistor in series with the
secondary winding, and amplified by a preamplifier mounted on the stable member.
Refer to figure 2-38 for pulse relationships in the accelerometer loop.
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2.7.2.2 AC Differential Amplifier and Interrogator Module. The ac differential
amplifier and the interrogator are packaged in the same module which is located in

the pulse torque assembly (PTA). The interrogator analyzes the ac differential
amplifier outputs to determine the direction of the 16 PIP float movement and
generates appropriate torquing commands. The two amplified signals from the ac
differential amplifier go to two summing networks and threshold amplifiers (repre-
sented in figure 2-39 by AND gates). Interrogate pulses (IP) are continuously being
received by the interrogator from the CMC. An interrogate pulse is a two micro-
second pulse occurring at 3, 200 pps and timed to occur 135 degrees after the positive
going zero crossing of the reference excitation. With this phasing, the interrogate
pulse occurs at the 90 degree peaks of the phase shifted zero or pi phase input signals
from the PIP preamplifiers. The interrogate pulse occurs at a positive 90 degree

peak of the zero phase signal if the float angle is positive and at a positive 90 degree
peak of the pi phase signal if the float angle is negative. The zero and pi phase signals
and the interrogate pulses are ANDed by the summing network and threshold amplifier.
The gated outputs of the threshold amplifier are applied to a flip-flop as set or reset
pulses. If the flip-flop is in the +set condition, a succession of set pulses will maintain
the +set condition. The +set condition will remain until the float angle passes through
null. At this time, a reset pulse is produced to cause the flip-flop to go the -set
condition.

The outputs of the flip-flop are applied to two AND gates which are also driven by
switch pulses received from the CMC. The switch pulses are a train of clock driven
3, 200 pps pulses three microseconds in width, timed to occur three microseconds
after the leading edge of the interrogate pulse. The flip-flop enables only one output
gate at any switch pulse time. The outputs of the AND gates are called the TM + set
pulse and the TM -set pulse.

2.7.2.3 Binary Current Switch. The binary current switch (figure 2-40) utilizes

the TM +set and TM -set outputs of the interrogator to generate 16 PIP torquing
current. The TM +set and the TM -set pulses furnish the input to a flip-flop. If the
flip-flop is in the +set condition, a succession of TM + set pulses will maintain the

+ set condition. The + set condition will persist until the float angle passes through null.
The phase change will cause the flip-flop of the ac differential amplifier and
interrogator module to reset to the -set condition. At this time a TM -set pulse is
developed and causes the binary current switch flip-flop to go to the -set condition.
The outputs of the flip-flop control two transistor current switches. If the flip-flop is
in the +set condition, the + set output will be at the base of the +torque current switch
and will turn it on. The +torque current switch closes the path from the current
regulated 120 vdc supply through the PIPA calibration module to the 16 PIP T+ torque
generator coils. If the flip-flop is in the -set condition, the -torque current switch will
be turned on, closing the path through the T- torque generator coils.
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An acceleration along the PIP input axis causes the pendulous mass to produce a
torque which tends to rotate the float about the output axis. The torque produced by
the acceleration is proportional to the magnitude of the acceleration. The acceleration
produced torque aids and opposes the torque generator forces causing changes in the
time required for the float to be torqued back through null. A change in velocity (AV)
is the product of acceleration and incremental time (At), the torque is actually
proportional to an incremental change in velocity (AV).

TACCEL = Kla At = KlAV

The float is already in motion due to loop torquing, therefore additional torque is
required to overcome the acceleration torque and to keep the pendulum in its oscilla-
tory motion. The additional torque is obtained by supplying torquing current for addi-
tional time through one of the torque windings. The current at any one time is a con-
stant, therefore the current must be present for a longer period of time. Thus to
determine the amount of acceleration sensed by the PIP, it is necessary only to
measure the length of time torquing current is applied to each torque winding.

ACCELp =K, T [(T+) - (T-)] At

From the above identities, it is seen that torquing time (At) is proportional to the
change in velocity (AV).

K1 AV = K2 ZL(T+) - (T-) ] At

Ko
AV =—=3F [(T+) - (T-)]At
B,

The time (At), representative of the AV, is sent to the LGC in the form of P and N
pulses.

In addition to selecting the proper torque generator winding, the outputs of the
binary current switch flip-flop also go to two AND gates where they are ANDed with
the 3, 200 cps data pulses from the CMC. The data pulse is three microseconds in
width and is timed to occur two microseconds after the leading edge of the switch
pulse. The data pulse and switch pulse are both 3,200 cps, therefore the CMC
receives either a P pulse or an N pulse once every 1 + 3200 second. When the PIP
is sensing no acceleration, the pendulum is oscillating at a frequency of 533-1/3
cps; and the CMC is receiving three P pulses and three N pulses once every cycle or
once every 1 + 533-1/3 seconds. The CMC contains a forward-backward counter
which receives the velocity pulses and detects any actual gain in velocity.
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The counter counts forward on the three P pulses and then backward on the three N
pulses. The counter continues this operation and generates no AV pulses. With an
acceleration input to the PIP, however, the loop no longer operates at the 3-3 ratio
and the counter exceeds its capacity and reads out the plus or minus AV pulses which
are then stored and used by the CMC. The additional pulses above the 3-3 ratio are
representative of the additional torque supplied by the torque generator to compensate
for the acceleration felt by the CM. Each pulse indicates a known value of AV due to
the loop scale factor.

2.7.2.4 PIPA Calibration Module, The PIPA calibration module (figure 2-41) com-
pensates. for the inductive load of the 16 PIP torque generator ducosyns and regulates
the balance of the plus and minus torques. The calibration module consists of two load
compensation networks for the torque generator coils of the 16 PIP. The load com-
pensation networks tune the torque generator coils to make them appear as a pure
resistive load to the binary current switch. A variable balance potentiometer regulates
the amount of torque developed by the torque generator coils. Adjustment of this
potentiometer precisely regulates and balances the amount of torque developed by the
T+ and T- torque generator coils. This balancing insures that for a given torquing
current an equal amount of torque will be developed in either direction.

2.7.2.5 Constant Current Supply. The dc differential amplifier and PVR are
identical to the ones used in the fine align electronics. The dc differential amplifier
and PVR module maintain the current through the ducosyn torque generator coils at a
set value which produces the proper scale factor (approximately 43 milliamperes).
The PVR is supplied with regulated 28 vdc and, through the use of precision circuits,
develops a stable 6 volts (nominal) for use as a reference voltage. The scale factor
resistor in the calibration module also develops 6 volts when the set value of current
flows through it. A comparison is made by the dc differential amplifier of the PVR

6 volts and the scale factor 6 volts. Any deviation of the torquing current from the set
value increases or decreases the scale factor resistor voltage and results in an
output error signal from the dc differential amplifier. This error signal controls the
current regulator in the binary current switch. The current regulator, which is in
series with the 120 vdc source and the ducosyn torque generator coils, maintains the
torque current at the set value.

2.7.2.6 Forward-Backward Counter. A PIPA loop is mechanized to operate in
binary mode. In this mode, the pendulum is kept continually in motion because current
is fed alternately to each torquer. In operation, the PIPA loop is able to handle inputs
as high as%19.1 g's with 41 milliamps of torquing current applied.

The binary mode is further defined as a binary 3-3 mode. The 3-3 refers to the number
of torque pulses applied during the pendulum oscillation. It is obvious that since the
pendulum is kept constantly in motion, motion about the pendulum null point must be an
oscillatory one. Due to the natural frequency of the loop of approximately 530 Hz, the
pendulum will oscillate at a submultiple of 3.2 KHz which is nearest that frequency.
This is 533-1/3 Hz and results in 3 pulses to the binary current switch for each side of
the pendulum cycle, hence 3-3.

If each of these pulses were sent to the computer processing circuitry, it is apparent
that the computer would act on a constant train of incremental velocity data even

though no velocity is being gained by the spacecraft. The purpose of forward-backward
counter is to insure that the data processed, represents an actual gain in velocity

and thereby avoid unnecessary processing by the CMC. Refer to figure 2-42,
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The forward-backward counter is located in the computer, however, its action is
parallel or independent of the computer processing circuitry and only its output is
processed by the CMC. The forward-backward counter is driven by the positive and
negative pulses from the binary current switch. During operation of the PIPA loop
with no acceleration input, the loop will operate at a rate of three positive pulses and
then three negative pulses. The counter counts forward on the positive pulses and then
backward on the negative pulses. The counter continues this operation and generates
no AV pulses to the CMC. However, with an acceleration input to the PIP, the loop

no longer operates on the 3-3 ratio and the counter exceeds its capacity and provides
AV pulses to the input circuitry of the CMC from the forward-backward counter.

2.7.2.7 PIPA Failure. The PIPA failure detection circuitry monitors for the
following conditions:

a. That each PIPA has output pulses (plus and minus) within a given period of time.
b. That no PIPA has both plus and minus pulses at the same time.
c. That each PIPA has a plus or minus pulse within a given time.

If any of these three conditions exist, a PIPA fail (PIPAFL) signal is generated.
This signal is applied to channel 33 bit position 13 and is used internal to the
computer,

The circuit that monitors for plus and minus pulses within a given time period is
illustrated in figure 2-43. When a PIPA pulse is generated, the associated input
flip-flop is reset and generates signal NOXP, NOXM, NOYP, NOYM, NOZP or
NOZM equal to logic zero. All six NO_ _ signals are applied to an "NOR" gate

and if all inputs are logic "ZERO" the output of the NOR gate will be a logic "ONE'".

A logic "ONE" applied to the next NOR gate will force its output to be a logic "ZERO".
If all inputs to output flip-flop are logic "ZERO", the flip-flop will remain reset
(signal PIPAFL = 0). At time F18AX, the input flip-flops are all set (signals NO_ =1).
If any PIPA does not produce both a plus and a minus pulse within the following 1.3
seconds, the particular input flip-flop will not be reset; therefore, the next NOR gate
will have a logic "ZERO" output. This logic "ZEROQO'" output is applied to the next

NOR gate and at time F18B the gate will produce a logic "ONE" which sets the output
flip-flop and generates signal PIPAFL.

The circuit that monitors for a plus or a minus PIPA pulse within a given period of
time will generate the PIPA fail signal (PIPFL)A if each PIPA does not generate
either a plus or a minus pulse for every PIPA data pulse generated. Timing signal
F5ASB2 sets the input flip-flops associated with this circuitry every time that a PIPA
data pulse is applied to the PIPA binary current switches. Each PIPA loop must
produce a plus or a minus pulse for every PIPA data pulse. The plus or minus pulses
reset the input flip-flops prior to timing signal F5ASBO0. If all PIPA loops generate a
plus or a minus pulse. All three of the input flip-flops will be reset (MISSX, MISSY
and MISSZ = 0). The next NOR gate will generate a logic "ONE' and prevent the
setting of the output flip-flop. If one of the PIPA loops fails to produce a plus or a
minus pulse prior to time F5ASBO, the output flip-flop will be set (PIPAFL =1).

The circuit that monitors for both plus and minus PIPA pulses occurring at the same

time will generate the PIPAFL signal by setting the output flip-flop through the
extended NOR gate. Signal Both X, Both Y, or Both Z will set the output flip-flop.
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SECTION III

COUPLING DATA UNIT

INTRODUCTION

The Coupling Data Unit (CDU) is a completely electronic device developed to replace the
electro-mechanical coupling display units used on the Block I Series of Apollo G & N sub-
systems. See figure 3-1.

3.1 PURPOSE OF THE COUPLING DATA UNIT (CDU)

The CDU performs the following functions (see figure 3-2):

a. Analog to digital conversion of the IMU gimbal angles and optical subsystem trunnion
and shaft angles.

b Digital to analog conversion of computer derived data.

C Control of the ISS modes of operation using discretes issued by the computer.

d. Internal failure detection for ISS and OSS CDU channels.

3.2 PHYSICAL DESCRIPTION OF THE CDU

The CDU sealed container contains modular packaged solid state electronics necessary to
provide five completely separate CDU channels for use with the inner, middle and outer

IMU gimbal resolvers and the shaft and trunnion resolvers of the optical subsystem.

Table 3-1 lists the 32 modules contained in the CDU and figure 3-3 illustrates the location
of these modules within the CDU.

Table 3-1. CDU Modules

Module Quantity

Quadrant select module

Coarse system module 3
Digital to analog converter module

Main summing amp and quadrature reject
module

Error angle counter and logic module
Read counter module

Mode module

Interrogate module

Digital supply module

O S S S| < T3

Digital mode module
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Figure 3-1. Coupling Data Unit
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The mode, interrogate, digital mode and power supply modules are common to all 5 channels
of the CDU.

The CDU (figure 3-1) is approximately 20 inches long, 11.3 inches wide and 5.5 inches high.
The unit is mounted on a cold plate located below and to the left of the PSA in the lower

‘equipment bay.

The CDU inputs required for normal operation include the following:

a. 28 vdc prime power.

b. 28 v £1% 800 Hz - ISS and OSS.

c. 3200 pps 7 v pulses - gimbal angle commands (ABC).

d. Mode control commands.

e. Sine 6 and cosine 6 (68 is gimbal angle).

f. Sine 16 8 and cosine 160 (8is gimbal angle or optics shaft angle).

g. Sine 646 and cosine 646 (6 is the optics trunnion angle).

Under normal operating conditions, the CDU outputs include the following:

a. Read counter output - gimbal angle position (A6 Gr).

b. IMU or optical subsystem coarse align (drive) signals.

c. Attitude error signals to the FDAI.

d. Pitch and yaw steering signals to the SPS

e. SIVB, pitch, yaw and roll steering signals.

The CDU has the capability to repeat gimbal angles under static conditions to %20 arc seconds,
and under dynamic conditions to £20 arc seconds for gimbal driving rates up to 71° per
second. However, the maximum drive rate is limited to 35.5° per second.

3.3 CDU SINGLE CHANNEL FUNCTIONAL DESCRIPTION

The primary functions of the CDU are to convert analog information to digital, digital infor-
mation to analog and to provide ISS mode control. The analog inputs consist of the 1X and
16X IMU gimbal resolvers and the 16X and 64X optics shaft and trunnion angle resolvers.
The inputs to the CDU from the resolvers are a sine or cosine, 0 - 28V RMS (800 Hz) sig-
nal. The output signal from the CDU to the computer is a serial pulse train with each

pulse equivalent to 40 sec of gimbal movement and shaft movement of the optics. For the
optics trunnion movement, each pulse equals 10 seconds of movement. See figure 3-2.
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The 3.2 K pulse/sec trains that the computer sends to the CDU represent a computed drive
angle. Each pglse is equal to 160 arc seconds of IMU gimbal movement, or optics shaft

movement. With respect to trunnion each pulse is equal to 40 arc seconds of optics trunnion
movement. The pulse trains from the computer are converted to an equivalent analog signal

of 800 Hz, 0 or m¢, 0 to 5 V RMS, which is sent to the ISS OSS, or the FDA i
: ! ) ) DAI,
the mode of operation selected. I, depending on

To control the ISS and OSS modes of operation, computer issued discretes are sent to the
CDU. These discretes are used within the CDU to drive the counters to zero and to enable
the error counter at the proper time. The Coarse Align discrete is buffered within the CDU
and then used to provide a ground path for energizing the coarse align relay located in the
PSA.

3.3.1 ANALOG TO DIGITAL CONVERSION. The functional block diagram shown in
figure 3-4 shows a single analog to digital and digital to analog conversion channel in the
CDU. There are three similar channels for the inner, middle and outer IMU gimbals, and
two for the optics shaft and trunnion angles.

The analog to digital conversion will be investigated first. This conversion is accomplished
by solving the trogonometric identity:

+ Sine (8- ¥) = + Sine 6 Cosine ¥+ Cosine 6 Sine V¥
where: 6= gimbal angle.
V¥ = angle in the read counter.

When the incremental values of ¥ are equal to 8, the equation equals zero and the system
is considered nulled.

The CDU inputs from the IMU and optical sensor are the sine and cosine of the 1 and 16
speed gimbal angle resolvers. These inputs are phase shifted and attenuated by the switch-
ing logic and coarse fine mixing block (see figure 3-4). The signals are mixed and used as
an input to an error detector circuit. The error detector monitors the phase and amplitude
of the 800 Hz 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 mixed signal determines what rate the digital pulses, equivalent to 20 arc seconds of
gimbal displacement, shall be generated, 800 pps or 12. 8 kpps. The digital pulse train,
either 12.8 or . 8 kpps, and either up or enabling signals 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 (2%2€r0) or least significant bit output
is transmitted to the CMC as a A6 gimbal angle change equivalent to a 40 arc second
gimbal angle change. This is the only information pertaining to gimbal angles or angular
changes transmitted from the CDU to the CMC. During the coarse align mode of operation
of the ISS or the optical subsystem, pulses weighted at 160 arc seconds per pulse are trans-
mitted from the 22 output stage to the error counter of the CDU. These pulses count the
contents of the error counter down to zero. The read counter permits the accumulation of
the gimbal angle the least significant bit being equivalent to 20 arc seconds of gimbal angle
and the most significant bit (219) being equivalent to 180° of gimbal displacement. The read
counter can accumulate a total gimbal angle of 359°59'40'". The contents of the read counter
are not accessible for readout or display at any time.
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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 the mechanization of the trigonometric identity
sin (8- V). When the read counter has accumulated a value ¥ equal to the angle 6, the input
to the error detector will be nulled and the read counter will not receive additional input
pulses until a change in the gimbal angle again occurs. During certain ISS modes of operation
the read counter receives a reset pulse to cause the counter to be set to zero. This command
is generally given when the system is energized to allow the gimbals and the read counter to
come into agreement with each other prior to utilizing the gimbal angle information stored in
the computer.

3.3.2 DIGITAL TO ANALOG CONVERSION. The error counter, a 9 bit (:2O to 28) counter,
is used primarily in the conversion of digital data to its analog equivalent. With only one
exception, coarse align, the error counter is operated solely from CMC input data. Each
pulse into the error counter, whether from the CMC or from the read counter is equivalent
to 160 arc seconds of gimbal angle displacement or attitude error. The counter when com-
manded must be enabled by an error counter enable discrete from the CMC. When attitude
error is to be displayed the counter accumulates the pulse train from the computer and
maintains that value until the computer either counts the value down or removes the error
counter enable discrete. In the coarse align 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.

The only output from the error counter is a switching action. When the binary stages of the
error counter are switched, switches in the 800 Hz ladder network of the digital to analog
converter are opened or closed. As the ladder switches are closed an 800 Hz analog signal,
the amplitude of which is proportional to the contents of the error counter and whose phase is
determined by the positive or negative value of the ABc pulses, is generated in the DAC. If
the CMC moding control has selected a coarse align or attitude error display mode, the

800 Hz signal is used without conversion to dec. If the error counter contents are indicative of
a computer calculated steering signal, the 800 Hz, 0 or 7 phase, signal is converted from

ac to dc for use as steering input to the SPS gimbal servo amplifiers or the SIVB instrument
unit.

The functional block diagram (figure 3-4) is intended solely to illustrate the functional
operation of the CDU. Some of the blocks shown can be related directly to the actual opera-
tion by title and operation, but the remainder are for illustration purposes only.

3.3.3 ISS AND OSS MODE CONTROL. The CDU receives the ISS and OSS moding dis-
cretes from the computer. The discretes are:

a. ISS CDU Zero CH 12 B5
b. ISS Error Counter Enable CH 12 B6
c. OSS CDU Zero CH 12 B1
d. OSS Error Counter Enable CH 12 B2
e. TVC Enable CH 12 B8
f. ISS Coarse Align CH 12 B4
g. SIVB Takeover Enable CH 12 B9
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The CDU zero discretes are used within the CDU to drive the counters in the CDU to zero
during the IMU Turn On mode when the IMU gimbals are also being driven to a zero angle
position. The error counter enable discretes are used within the CDU to enable the error
counter during the Coarse Align mode and attitude error display mode of operation. The ISS
coarse align discrete is buffered within the CDU and provides a ground path to the coarse
align relay in the PSA to energize this relay during the Coarse Align mode of operation. The
TVC and SIVB Take over Enable discretes energize relays in the CDU to route steering
signals from the Error Counters to the appropriate engine gimbal.

3.3.4 CDU FAIL DETECT. Both the ISS CDU failure detection and the OSS CDU failure
detection perform in the same manner. Therefore, only the ISS CDU failure detection will
be discussed.

The coarse error (1IX resolver outputs) and the fine error (16X resolver outputs) from the
inner (I), middle (M), and outer (O) gimbals are used to determine if the resolvers are
nulling as they should. The detection is accomplished by rectifying the 800 Hz resolver
error signals and comparing them with a predetermined voltage specification. When one
of the coarse signals exceeds 2.5 vrms or one of the fine signals exceeds 1 vrms an ISS
CDU fail is generated.

Special detection circuits are used to detect the limit cycling of the up line in the read
counter when the CDU read counter contains the gimbal angle. In this loop as in any servo
loop when the loop is nulled a slight oscillation occurs around the null. The error detect
circuit recognizes the changing phases of the signal around null and causes an up line
energization or a down line energization to the read counter. Under normal operation this
limit cycle is expected to be less than 250 Hz. If the limit cycle exceeds 250 Hz, and ISS
CDU fail is generated. The limit cycle is checked for the I, M, and O gimbals.

Another "OR" gate in the CDU failure detection section is used as a low level detect circuit.
The signals cos (8- V) are checked to determine whether their levels drop below 2. 5v
(rms). If any of these three signals drops below the set level, or the mode module 14 vde
supply drops below 10 vdc the OR gate will send a fail indication to the computer.

3.4 TIMING INTERFACE

In the previous section, the CDU interfaces with the computer, the ISS and the OSS were

discussed. In order for the CDU to function as an interface between the computer and the
ISS and OSS, synchronization between the timing references used in the CSS, OSS and ISS
subsystems is required.

The computer timing is based on a 51. 2 kpps signal and the ISS and OSS timing is based

on an 800 Hz signal. The CDU uses these two basic timing references to generate its
internal timing control and to generate timing pulses which synchronize the computer timing
with the ISS and OSS timing.

3.4.1 COMPUTER REFERENCE. The logic circuitry withinthe CDU generates six pulse
trains and two square waves based on the 51. 2 kpps timing signal from the computer. Table
3-2 lists these computer referenced timing signals used in the CDU. Figure 3-5 is a related
timing diagram.
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Table 3-2. Computer Referenced Timing Signals

Designation Frequency Waveform

25.6 kpps Square Wave

12. 8 kpps Square Wave

¢1 12.8 kpps 3 M sec pulse

®2 12, 8 kpps 3 M sec pulse

%3 : 12. 8 kpps 3 M sec pulse

P4 12. 8 kpps 3 K sec pulse

6.4 kpps 3 4 sec pulse

800 kpps 3 Msec pulse

The 4 VDC power supply in the CDU requires an input synchronized with the computer

51.2 kpps. To meet the power supply requirements, a 25.6 k pulse/sec training is generated
by the 25.6 kpps generator. This pulse train is generated by routing the ¢ 2 and ¢4 pulse
trains through an OR gate.

The ¢ 1, 2, $3, and ¢4 pulse trains are generated by the clock and decoder logic. These
pulse trains are generated by dividing the 51.2 kpps clock pulse train from the oomputer

by four and "and''ing appropriate signals. These pulse trains are used throughout the CDU
for synchronization and control. The interval between ¢1 pulses is approximately 80 micro-
seconds, divided into four intervals by ¢2, ¢3 and ¢4. Each interval is, therefore,
approximately 20 microseconds.

The clock and decoder logic also contains a two stage binary counter which is driven by the
51. 2 kpps clock pulse train from the computer. The 1st stage output is a 25.6 kpps square
wave and the 2nd stage output is a 12.8 kpps square wave that is applied to the decoder
logic.

The countdown circuit generates an 800 pps ¢4 pulse train used in the read select logic
circuit to develop the low rate of read counter incrementing pulses. The countdown circuit
also generates a 6.4 kpps ¢4 pulse train, used in place of the normal 12. 8 kpps ¢4 pulse
train, during the coarse align mode to develop a lower rate of read counter incrementing
pulses.

3.4.2 ISS REFERENCE. The logic circuitry within the CDU generates one pulse train
and two square waves based on the 800 Hz timing signal from the ISS.

Table 3-3 lists the ISS referenced timing signals used in the CDU and figure 3-5 is a
related timing diagram.
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Table 3-3. ISS Referenced Timing Signals

Designation Frequency °  Waveform
R1 800 Hz Square Wave
R2 800 Hz Square Wave
Interrogate Pulse 1,600 pps 3 usec pulse

The ISS Reference Generator in the Interrogate Module produces an 800 Hz square wave
(R1) which is in phase with the 800 Hz sine wave timing signal from the ISS. R is used in
the Inner, Middle and Outer Error Counter and Logic Modules and the Digital Mode Module.
Ry is generated in the Error Counter and Logic Modules by inverting R;.

The ISS Interrogate Generator in the Interrogate Module produces the 3 M sec., 1600 pps
interrogate pulse. One interrogate pulse is issued each time the 800 Hz sine wave from the
ISS reaches a positive or negative maximum value. Therefore, the interrogate pulse is in
phase with and twice the frequency of the ISS timing reference.

3.4.3 SYNCHRONIZATION LINK. The logic circuitry within the CDU Digital Mode
Module generates the 1600 pps pulse trains (I and 13) which are the synchronization links
between the ISS and computer timing.

The I2, I3 interrogate generator is used to produce the two synchronization pulses; one
coincident with the ¢ 2 timing pulse and the other coincident with the ¢ 3 timing pulse. The
ISS interrogate pulse (I) can occur at any time with respect to the 51. 2 kpps CMC clock
pulses. The synchronization link between the ISS interrogate pulses and the CMC clock
pulses is provided by generating two additional interrogate pulses, I and I3, at the ¢2 and
¢ 3 time, respectively, after each occurrence of an I pulse. I and I3 are then used by other
logic circuits for synchronization and control purposes. I will follow I within approximately
20 to 80 microseconds, and I3 will follow Ig by approximately 20 microseconds. The logic
gate will be reset by ¢4 prohibiting the generation of another I, or I until the next occur-
rence of I. The frequency of Iy and I3 will be 1600 pps compared to the 12. 8 kpps frequency
of 2 and ¢3. See figure 3-5.

The synchronization is accomplished by having Iy and I3 occur at the frequency of the ISS
reference and coincident with the time of occurrence of the ¢2 and ¢ 3 pulses of the computer
reference.

3.5 CDU MODULE INTERCONNECT (SINGLE CHANNEL)

In section 3.2, a description was given of the basic functions performed by the CDU and
figure 3-4, CDU Functional Block Diagram, was used to show the signal flow within the
CDU. In this section a simplified block diagram of one of the five CDU channels, figure 3-6,
will be used to show the actual operation of the CDU, and to relate the operations performed
with the modules in which they occur.
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3.5.1 ANALOG TO DIGITAL CONVERSION. The analog signal inputs from the IMU are
outputs of the 1X and 16X gimbal resolvers located on the Inner, Middle and Outer IMU
gimbals. The resolver outputs represent the sine and cosine of the IMU gimbal angle (8)
and 16 times 6. This is an 800 Hz 0 to 28 V RMS signal whose magnitude is a function of the
sin or cos of Bor 166. The sin 8 and cos 6 are routed to the coarse module and the sin 166
and cos 166 are routed to the Quadrant Select Module.

In the Coarse Module, the sin §and cos 6 are phase shifted and attenuated by the switching
logic. Selection of the proper phase for the sin 8and cos 6and the proper attenuation repre-
senting the cos ¥ and the sin ¥, where ¥ is the gimbal angle as indicated by the read
counter, will result in the mechanization of the trigonometric equation.

+ sin (B- V) =+ sin Bcos V¥ cos Bsin V.

In the event that the angular difference between 6 and Vig greater than approximately 7. O0
a coarse error signal (C;) will be generated in the coarse module and sent to the coarse
fine mix circuitry of the error counter and logic module.

In the quadrant select module and main summing amplifier module sin 166 and cos 166 are
compared with ¥ in the above trigonometric identity and will result in the generation of

fine error signals Fg and Fj. Fo will be generated whenever the angular difference between
6and V is greater than approximately . 1°. F1 will be generated whenever the difference is
greater than approximately 20 sec. Error signals Fo and F1 are also routed to the coarse
fine mix circuitry of the error counter and logic module.

The phase of the error signals is compared with an in phase and out of phase reference
(R7 and Ryp) in the up-down logic and the result of this comparison determines whether
the read counter will be counted up or down.

The presence of the error signals C1, Fg and Fj will determine the rate at which the digital
pulse will be generated and sent to the read counter. With C; or Fg present the rate at
which the read counter will be pulsed is 12.8 kpps. With F, present the rate will be 800 pps.

The read counter then is counted up or down depending on the direction of IMU gimbal rota-
tion, until the magnitude of the read counter (¥) is equal to the gimbal angle (8). The
trigonometric identity sin (8- ¥) is then equal to zero and the loop is considered nulled.

3.5.2 DIGITAL TO ANALOG CONVERSION. The digital signal input from the computer
is a 3.2 kpps train representing polarity and magnitude of gimbal angle displacement. In
the Coarse Align mode, this gimbal angle displacement represents the direction and amount
the computer desires the gimbals to be driven from their present location. In the attitude
error display mode, this gimbal angle displacement represents deviations of spacecraft
position as indicated by the gimbal angle resolvers.

The computer pulse train (+A6) is routed to the error counter and logic module where

it is synchronized with ¢ 2 time and then used to pulse the error counter. The polarity of
the ABc pulses is used to control the phase 0 or mof the 800 Hz ladder network in the DA
converter module. The ladder network of the DAC is controlled by the binary stages of the
error counter, To drive the error counter each pulse from the computer equals 160 arc
seconds. Each bit from the binary counter equals 13.2 mv RMS or dc in the ladder network.
The output of the DAC is sent to the stabilization loop amplifier located in the PSA, when

in the coarse align mode and to the FDAI when in the attitude error display mode of opera-
tion. The DAC output can also be converted to dc and sent to the SPS gimbal servo ampli-
fiers or the SIVB instrument unit.

3-14



When the ISS is in the Coarse Align mode of operation, a feedback loop to the computer and
the CDU error counter is established.

The analog signal representing a desired gimbal angle position introduced into a stabiliza-
tion loop amplifier will result in the gimbal torque motors rotating the gimbals a prescribed
amount. This gimbal rotation will be detected by the 1X and 16X resolvers resulting in an
analog input to the CDU coarse module and quadrant select module. This analog input results
in the counting up or down of the read counter. As the read counter is counted up or down,
depending on the direction of gimbal angle change, the output of the 1st stage counter flip flop
(A 2°) will be sent to the computer to reglster the gimbal angle changes (+A6) and the output
of the 3rd stage counter flip flop (AZ ) will be sent to the error counter logic module to
decrement the error counter. When the desired gimbal angle (8) has been reached, the read
counter angle (V) will be equal to it and the error counter will again be at zero.

When the contents of the error counter are used to display attitude error, the counter
accumulates the pulse train from the computer and maintains that value until the computer
either counts down the value or the error counter enable discrete is removed. During this
mode of operation, there is no feedback loop between the read counter and error counter.
3.6 CDU COARSE MODULE

The coarse modules of the CDU perform part of the analog to digital conversion discussed
in sections 3.3 and 3. 5.

The coarse module inputs include:

a. 28v sine 6.

b. 28 v cos .

c. 28v 800 Hz 1% reference.

d. 28 vdc.

e. Twelve switch commands designated DC1 through DC12.
The module outputs include:

a. An 800 Hz coarse error signal to a test point, to the DAC, and to the monitoring
circuitry.

b. A coarse ternary level signal C1.
c. An 800 Hz signal for ambiguity detect (Ad).
d. IMU cage error signal.

3.6.1 THEORY OF OPERATION. It should be recalled from the functional description
of the CDU that the circuitry in the CDU is designed to solve the trigonometric equation

+ sin (8- V) =+ sin 8 cos ¥ F cos Bzin ¥

where @ is the gimbal angle and ¥ is an incremental angle generated in the read counter
of the CDU.
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The function of the coarse module is to generate a coarse error signal which results from
the comparison of 8and V. The coarse module has been mechanized such that the actual
equation used for the comparison of §and Vis:

sin (8- V) = + sin 6 cos ¥ ¥ cos B sin ¥ + K sin ¥

where K is the constant based on the 800 Hz reference input, and the sign of the factors in
the equation are determined by selection of an in phase or out of phase signal. (See figure
3-8.) The coarse error signal (C7) is the 800 Hz, 0 or m¢square wave output of the Schmitt
trigger error detector. C; is 0 ¢ with the reference when ¥>6and 7 pwhen V<6, and 1s
generated only when the difference between ¥ and 8is greater than approximately 7. 0°

Figure 3-7 illustrates the relationship of the mechanical angles of the gimbals, the read
counter bit positions associated with the mechanical angles, and the coarse fine switching
associated with each of the read counter bits. It can be noted that bits 29 through 211 are
associated w1t§1 fme sw1tch1ng and 2° through 215 are associated with coarse switching.

The overlap 2 1 that exists allows a smooth transition from coarse control to

fine control. It can also be seen from the diagram that the coarse switching control can only
increment the angle W in the equations to a value of 2. 8%, The angles in the coarse switch
blocks are mechanical angles of the 1X resolver and the angles of the fine switch blocks are
equivalent to the mechanical angle through which a 16X resolver turns. It can be seen that
180° mechanical angle of the 16X resolver is equal to 11.25° of mechanical angle for the 1X
resolver. It should be remembered, however, that the resolvers on the IMU are not geared
but the multispeed system is accomplished by the electrical wiring of the resolver.

A functional block diagram of the coarse module is shown in figure 3-8. The analog inputs
to the module, 28 v sin B, 28 v cos 6§, and 28 v 800 Hz are transformer-coupled to the
resistor attenuation circuits. The maximum output from the transformer secondaries, high
to center tap, is 5 v rms, thereby limiting the maximum input to the attenuation circuits to
5 volts times the sine or consine of the gimbal angle. A two-phase output is always available
from each of the transformers.

An example of the signals available into the switching circuits is in order. Suppose the
gimbal angle is +30° the transformer outputs are:

5v rms sin 30° = 2,5 v rms
5v rms cos 30° = 4,33 v rms

The center-tapped secondary of the transformer gives both an in-phase and an out-of-phase
signal of equal amplitudes. These signals are used as inputs to two transistorized switches
as shown in figure 3-9. A detailed diagram of one switch (S1) is shown in figure 3-9a.

Switch S1 of figure 3-9 consists of a transistor driver, Q1 of figure 3-9, and the series
switch Q2. When the logic equation , given in 3-9b, for DC1 is not satisfied, DC1 is at a
logic 0 level (+4 vdc) allowing Q1 to conduct grounding the base of Q2. Switch Q2 will be cut
off preventmg the transformer output from reaching the attenuation resistor labeled cos
22.5°, When DC1 becomes a logic 1 switch driver Q1 is cut off biasing Q2 into conduction
allowmg an ac path to be completed from the high side of the transformer through the
transistor through the attenuation circuit to ground completing the current path. All of the
switches (S1 through S12) of the coarse module operate in an identical manner but may have
different values of attenuation resistors in their loads.
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In the mechanization of the equation sin (8- ¥) = sin fcos I - cos @sin ¥ + K sin ¥ a sub-
traction process 1s accomplished by proper selection of in phase and out of phase signals
available at the transformer outputs. The subtraction is done at the summing input to the

ope rational amplifier in figure 3-8. Figure 3-& also shows the phase relationship of the sine
and cosine of the 1X resolver output with respect to the reference voltage. The sine and
cosine signals of the 1X resolver are attenuated by a value proportional to the cosine or
sine, respectively of an angle determined t, the incremental angle ™. The attenuation
values chosen >re t sin 22.59, x sin 67.5° for the cosine 6 signal attenuation and + cos 22.5°,
- cos 67. 5" for the sin @signal attenuation. The attenuation switches closed are logically
chosen so the phase of the signal sin 6 (= cos 67.59 where the + refers to the phase output of
the step down transformer, is always out of phase with the values cos 6 (x sin 22.5°) or cos
B (z sin v7.5%. The logic equations used to determine which switches are closed are
included 1n ngure 3-Y. A convenient means of determining which switches from S1 through
SY will be closed for a given angle is included 1n figure 3-10 (Coarse Switching .iagram).

The coarse switching diagram, figure 3-10 illustrates the range of gimbal angles over
which each switch 1s closed. The switch numbers are in agreement with S1 through S9 of
figure 3-%.

Therefore. these diagrams can be used ~imultaneously when analyzing the operations of the
coarse module. The +S on figure 3-10 indicates + sine switch, the +C indicates a + cosine
switch, the value ot which is shown on the diagram. The R reference indicates the closure
of switch 89 applying a reference signal to the summing function. Switch S9 is controlled by
the 212 bit of the read counter. The L of the diagram indicates a ladder voltage. The ladder
is an attenuation signal controlled bg S10. S11. and S12. These switches are in turn con-
trolled by read counter bits 211 210 59 respectively.

An explanation of the use of figures 3-% 3-9 and 3-10 in the solving of the trigonometric
equation sin (8- ¥) = sin Bcos ¥ + cos 6 sin ¥ + K sin ¥ is now in order. Figures 3-11,
3-12, and 3-13 will also be referred tc in the following examples. Figure 3-11 shows the
sin 6, the cos ¥ attenuation values, and the result of the sin 8 cos ¥ at the input to the
operational amplifier. Figure 3-12 shows the cos 6, the sin ¥ attenuation values, and

the result of the cos Bsin W at the input to the operational amplifier. Figure 3-13 shows
the result of summing cos 8 sin ¥ + sin 8 cos ¥ and compares it with the constant and
ladder attenuation values of switch 89. S1v, S11, and S12. It will be shown in the following
examples that through the proper selection of switches the phase ot the sin 8and cos 6,

and the magnitude of the attenuation values of ¥ will result in the sin (8 - ¥ ) = sin 8 cos ¥
+ cos B sin ¥V - K sin ¥ equation being a null or zero whenever ¥ = 8 within the tolerance
of the coarse module (7.00).

Example #1- 6 = 0" First Quadrant

From the coarse switching diagram, figure .:-10 for 0° switches R +C 22.5 and -S 22.5
are closed by the switch control fron the read ¢ unter and represent ¥ 0°. These
correspond with 89, S5 and S3 of figur« 3 8 The signal value at the sumnming junction due
to 83 closure 1s 0 v rms, Figure 3-11. The value due to S5 closure 1s 5 v (-cos 0

=10 22.5% = -5 . (.383) = -1.91 v, or 1.91 volts rms out of phase with the reterence
excitation. figure 3-12. This out of phase signal will be added to the output of S9 which

is 5 v rms (sin 22.59) = +1.91 v rms. The two signals are equal in magnitude and opposite
in phase. figure !-13 and therefore cancel at the input to the oper ational amplifier.
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Applying the above values of example 1 to the mechanized equation:

sin (8- V) = sin B cos ¥V + cos B sin ¥ + K sin ¥

5 v (sin 0%) (cos 22.5°) + 5 (-cos 0°) (sin 22.5°%) + 5 (sin 22.5°)

- 5v (0) (.924) + 5 (-1) (. 383) + 5 (. 383)

=0 + (=1.91) + (1. 91)

Example #2 8 = 135° Second Quadrant

From the coarse switching diagram, figure 3-10, for 135° switches R, -C 22.5 and -S

22.5 are closed by the switch control from the read counter and represent ¥ = 135°

These correspond with S9, S5 and S1 of figure 3-8. The signal value at the summing junction
due to S1 closure is 5 (-sin 135") (cos 22.5°) = 5 (.707) (.924) = -3.26 v rms. The value due
to S5 closure is 5 (-cos 135°) (sin 22.5%) =5 [ - (-.707) ](.383) = + 1.34. The value due to
S9 closure is 5 (sin 22.5) = 5 (.383) = + 1.91. Therefore at the main summing junction the
above values are summed together as follows:

sin (8- V) = sin Bcos ¥ + cos 6 sin ¥ + K sin ¥

33.26 + 1.34 + 1,91

I}

-3.26 + 3.25

-.01 v rms

This is considered a null since it is well within the threshold of the coarse module
schmitt trigger (.47 v RMS).

Example #3 6= 225°  Third Quadrant

From the coarse switching diagram, figure 3-10, for 2250, switches R, -C 67.5, and

+8 67.5 are closed by the switch control from the read counter and represent ¥ = 225°,
These correspond with S9, S8 and S2 of figure 3-8. The signal value at the summing junction
due to S2 closure is 5 (-sin 2259) (cos 67.5°) =5 [- (-.707) | (.383) =+ 1.34. The value due
to S8 closure is 5 (cos 2250) (sin 67.5%) = 5 (-.707) (.924) = -3.26. The value due to S9
closure is = + 1.91. The magnitude and phase of these values are the same as in example 2
and therefore the result will be the same.

A more complex example of attenuation will now be investigated which will require the use of
the ladder switches S10, S11, and S12 to satisfy the requirements of the switching circuit.

Example #4 6= 310° Fourth Quadrant
From the coarse switching diagram, figure 3-10. for 3100, switches +C 67.5 (S4) + S 67.5
(S8) and L are closed. To determine which of the ladder switches are to be closed it will be

necessary to refer to figures 3-7 and 3-9. For the read counter shown in figure 3-7 to re-
present 310° will require a one in the following bit locations.
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1
215 214 212 211 20

180 + 90 + 22,5 + 11,25 + 5.6 = 309. 35°

Referring now to the Coarse Switch logic equations, figure 3-9b it can be determmed ﬂ

of the driver fércults will be at a one (switch closed) position. Since we have 215 and 2% put
do not have 2 the logic for DC 4 (S4) and DC 8 (S8) is satisfied. This agrees with the
switch posmons as determined from figure 3-10. We have 2-“ therefore DC 9 (S9) will not
be closed. We have 211 and 210 therefore DC 10 (S10) and DC 11 (S11) will be closed.

The signal value at the summing junction of the coarse module, figure 3-8, due to the
closure of 84 is, 5 (sin 310°) (cos 67.5° =5 (-.766) (.383) = -1.47.

The signal value due to the closure of S8 is 5 (cos 3100) (sin 67.5%) =5 (.643) (. 924) = +2,97.

The signal value due to the closure of the ladder switch S10 and S11 is, -5 (sin 11. 250) =
-5 (1.99) = -.995 and -5 (sin 5.69) = -5 (. 078) = -, 390.

Applying the above values to the mechanized equation,

sin 8 cos ¥ + cos 6 sin ¥ + K sin ¥

sin (6- V)

==154T 209 = :9951=5:390

=-2.856 + 2.97

+ 0.12 v rms which is considered a null since it is well within the threshold
of the coarse module schmitt trigger (.47 v RMS)

The coarse module will function and the coarse error signal C; will (l)oe generated whenever

(6 V) is greater than approximately 7, 0°. For 6E less than 7.0 the output of the
operatmnal amplifier is below the triggering level of the Schmitt trigger and C1 is not
generated. At this point the analog to digital conversion function is continued in the quadrant
select and main summing amplifier.

The coarse system module also performs two additional functions: generates the ambiguity
detect signal (Ag) and the IMU cage signal. The IMU cage signal is taken from a separate
secondary winding of the sin @ transformer T1 and is used during the IMU cage mode to
drive the gimbals to their zero positions. To develop the ambiguity detect signal, the output
of a separate secondary winding on the cos 8 transformer, T2, is applied through an emitter
follower to a Schmitt trigger which fires when its input exceeds a nominal value of approxi-
mately 12.25 v rms. The Schmitt trigger output is an 800 Hz square wave, which will exist
when the gimbal angle is between 125 degrees and 235 degrees. The ambiguity detect signal
is sent to the ambiguity logic circuit in the digital mode module to prevent the CDU from
nulling at an ambiguous angle.

The theory and mechanization of the ambiguity detect circuitry will be discussed in the
digital mode module section of the CDU (section 3. 12),
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3.7 QUADRANT SELECT MODULE AND MAIN SUMMING AMPLIFIER MODULE
The quadrant select module and main summing amplifier and quadrature reject module work
together to perform the fine portion of the analog to digital conversion. The quadrant select

module and the main summing amplifier and quadrature reject module will be discussed in
the same section since together they perform a single function.

3.7.1 QUADRANT SELECT MODULE. The inputs to the quadrant select module are:

a. Cos 166 :
these angles are treated as 6 in the description to follow

b. Sin 166

c. Switch control signals D1 through D14

The module outputs include:

a. Four 800 Hz signals referred to as S1, S2, S3, S4 Cos 6

b. Four 800 Hz signals referenced as S1, S2, S3, S4 Sin 6

c. Two 800 Hz signals referred to as S12 -11.25° and 89 - 11.25°

d. Two 800 Hz bias signals referred to as S10 A K.

3.7.1.1 Theory of Operation. The function of the quadrant select module and main summ-
ing amplifier and quadrature reject module is to generate two fine error signals which result
from the comparison of 6 and ¥ . The quadrant select module and main summing amplifier
and quadrature reject module have been mechanized such that the actual equation used for
the comparison of § and ¥ is the same as that used by the coarse module. sin (8 - V) =

sin @ cos ¥ + cos 6 sin ¥ + K sin ¥ where K is a cos (8 - V) function from the ladder

amplifier and the sign of the factors in the equation are determined by selection of in phase
or out of phase signals.

Figure 3-8 shows the relative phase relationships between the sine and cosine signals in
each quadrant with respect to a reference and therefore with respect to each other. It can be
seen that the signals are out of phase only in quadrants II and IV. The quadrant select cir-
cuit will insure that the signals are always properly phased by inverting the phase of the
sine @ electrical signal when the @angle is in quadrants I and IV and inverting the phase of
the cosine 6 signal when 6 is in quadrants III and IV. Figure 3-14 is a block diagram of the
quadrant select module and main summing amplifier and quadrature reject module.

The inversion of the signals is done in the following manner. Amplifiers Al and A2 and
switches S5 and S6 are used to invert the sine 6 signals. Amplifiers A3 and A4 along with
S7 and S8 invert the cosine signals in the appropriate quadrants.

Switches S5, S6, S7 and S8 are closed when the following logic equations are satisfied:
S0 *
10 211 o 210 211

By e *The exponent of the 2 refers to the
56 = 210 911 | 910 511 corresponding bit positions in the read
S counter.
S7 = 211
S8 = 211
3=21
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Sine 6 inversion is done in quadrants I and IV of the angle 8. When inversion is required, S6
is closed and S5 is open. Switch S6 provides a feedback path around A2 and disconnects the
output of A2 from the input of Al. The input of Al is inverted giving the desired output. When
no inversion is required, S5 is closed and S6 is open. The inverted output of A2 is applied to
the input of Al. Through the summing network the A2 inverted output is twice the amplitude
of the normal sine input to A1. The resulting summed inverted signal is reinverted making
the output of Al the same phase as the phase of the sine of the gimbal angle.

Cosine inversion is done in the same manner using A3, A4, S7 and S8. The inversion is done
in quadrants III and IV.

Switches S1 through S4 perform two functions. First, they select resistance values which
attenuate the properly phased sine and cosine signals for inputing to a main summing
junction. The MSA output, if nulled, will not provide signals to the read counter to change the
attenuation switches. If an angle of 33. 750 exists at the resolver, the in phase sine signal is
inverted by Al. The in phase cosine signal is not inverted. Switching logic shows

that for an angle 6 of 33.75°, switch S2 will be closed. The switch closure results in two
inputs to the summing amplifier from the attenuation circuits: -sin 33.75° cos 33.75° and
+cos 33.75° sin 33.75°, These signals without any additional inputs cause the main summing
amplifier to be nulled. If some angle 8 were chosen which is not an exact multiple of the
angle 11. 259, the attenuation required cannot be accomplished by switches S1 through S4
alone. Additional switching is then performed in the main summing amplifier module ladder
circuits.

The logic equations mechanized to control switches S1 through S4 are as follows:
8.9 10+2829210

s1=282%2
52 = 28 29 910, 98 59,10
53 =28 29210, 58,9 ,1

B8 9 10 8 9 10

where: the exponent of the 2 refers to the corresponding bit in the read counter.

Figure 3-15 illustrates which of the switches S1 through S4 are closed over the various
segments of the 360° rotation of the resolver. Note that only one switch is closed at any
time.

A second function of the quadrant select module is the generation of an electrical 800 Hz
signal proportional to the cosine (8- V). This function is performed by the sine amplifier
A5, the cosine amplifier A6, and switches S9 through S14. The reference equation,

cos (6- V), in complete form is cos (- V) = sin 6 sin ¥ + cos 6 cos ¥ . This equation
implies that the two signals must be of the same phase in order to generate the ladder
reference cos (6- V).
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In the quadrant select circuit the sine and the consine signals were purposely made to always
be out of phase with each other. The inputs to the sine amplifier are sin 6 sin 11.259°, sin 6
sin 33.75°, sin 6 sin 56.25°, or sin 6 sin 78.75°, depending on the switch (S1 through S4)
selected by the %uadrant select circuit. The cosine amplifier inputs are cos 6 cos 78. 759,
cos 6 cos 56.25%, cos 8 cos 33.75°, or cos 6 cos 11.25°, again dependent on S1 through S4
settings. It should be remembered that the sine and cosine amplifier inputs are always out
of phase with each other.

The input signals to the sine and cosine amplifiers are inverted. Each amplifier has two
outputs, but switching logic prevents the application of more than one output to the ladder
amplifier at any time. Switch S11 switches the output of the sine amplifier to the input of

the cosine amplifier and switch S14 switches the output of the cosine amplifier to the input

of the sine amplifier. Switches S11 and S14 will never both be closed at the same time. S11 is
closed when the 8 angles are in the first or third quadrant; S14 will close when the 6 angle is
in quadrants II or IV. If S14 is closed, the output will be taken from the sine amplifier. The
cosine amplifier input is an out of phase signal which is inverted and summed with the in
phase signal at the input of the sine amplifier. The summed value is then inverted making it
an out of phase signal once again. This signal is connected to the ladder amplifier through
switches S9 or S10. Only one of these switches will be closed at any instant. The output of
the amplifier then is equivalent to cos (6 - V) = sin 8 sin ¥ + cos 8 cos ¥, where 8 is again
the angle through which the 16X resolver has rotated (electrically) and ¥ determines one of
the incremental angles 11.25°, 33,759, 56.25°, or 78.75°. The cos (6 - V) signal applied as
a reference to the ladder amplifier in the main summing amplifier will always be out of
phase with the reference signal and approximately the same amplitude for all inputs to the
cos (6 - V) generator. :

The logic equations mechanized to control the switching in the cos (6 - ¥V ) generator are as
follows:

gpi=pi il s12 = 2" 21°
510 = 27 210 s13 = 27 210
s11 = 210 s14 = 210

Figure 3-15 illustrates the operation of these switches and the quadrant select switches
through 360 electrical degrees of resolver output. It can be noted from the switching
diagram that S11 and S14 alternate when 8 goes from 0° to 360° with S11 being on in
quadrants I and III and S14 being on in quadrants II and IV. Switches S9 and S10 are used in
conjunction with S14 and therefore are on in alternate 11.25° sectors in quadrants II and IV.
Switches S12 and S13 operate in alternate 11.25° sectors in quadrants I and III when S11 is
energized.

One output from the cos (8 - V) generator is used as an input to the ladder amplifier of
the main summing amplifier module. A second output is always taken from the amplifier
selected and is provided as a bias to the main summing amplifier summing junction. This
signal is also referred to as a AK signal on the mechanization drawings of the CDU. This
bias value minimizes passing the error through null as 6 changes.
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3.7.2 MAIN SUMMING AMPLIFIER AND QUADRATURE REJECTION MODULE. The main
summing amplifier and quadrature rejection module (main summing amplifier) must operate
in conjunction with the quadrant select module to electrically mechanize the fine portion of
the CDU equation, sin (8 - ¥) = sin 6 cos ¥+ cos @ sin ¥ + Ksin ¥ . |

The fine system of the CDU utilizes the quadrant select and the main summing amplifier
modules plus the 20 through 211 bits of the read counter. The read counter stages provide
the switching control signals necessary to null the equation, setting ¥ equal to 6 within
approximately two bits. The main summing amplifier module inputs include the following:

a. All the 800 Hz signal outputs of the quadrant select module.

b. Switch control signals D15 through D21 from read counter stages 20 through 26.

The outputs of this module include the following:

a. A fine error signal to the DAC (summed output).

b. F1 - a fine ternary output, 800 Hz square wave.

c. F2 - ahigh ternary output, 800 Hz square wave.

d. Cos (8 - V) at 90° phase angle.

3.7.2.1 Main Summing Amplifier Module Theory of Operation. The main summing

amplifier module operation can be broken down into separate functions: summing, quadrature
rejection, and F1, F2 generation.

3.7.2.1.a Summing. In the summing operation of the main summing amplifier module,
the inputs shown in figure 3-14 are summed at the main summing junction with the output of
the quadrature reject circuit and the ladder circuit. The ladder circuit includes the ladder
amplifier and switches S15 through S21 and their associated attenuation resistors.

The summing operation is as follows: Assume first that there is no input required from the
quadrature reject circuit and that a gimbal angle 8 of 11.25° exists. This gimbal angle is
equivalent to an electrical angle of the 16X resolver of 180°. Figure 3-15 switching logic
indicates that switches S1, S6, and S7 of the quadrant select module are closed which gives
an input of S1 sin 8 (out of phase) and S1 cos 8 (in phase) to the main summing amplifier
module. These signals, when routed through the attenuation resistors in the MSA module,
become sin 8 cos 11.25° and cos 6 sin 11, 25° respectively at the junction of the main
summing amplifier. These signals, equal in amplitude and opposite in phase, will null each
other out. The main summing amplitude input and output are therefore nulled without
further switching.

Figure 3-15 also indicates that switches S11 and S12 or S13 are closed at this time. The
output of the cos (8 - V) generator will put an out of phase bias into the main summing
junction. If S13 is closed, an out of phase bias value will be applied to the main summing
junction. This bias minimizes the error generated in the implementation of the cos (6 - ¥)
equation. This signal is applied to the ladder amplifier. The ladder amplifier inverts the
signal putting it in phase with the 800 Hz reference excitation. If the 11. 25 bit is selected by
switch S12, the ladder amplifier has a bias compensation incorporated in its input gain con-
trol circuits. At 6 = 11.25°, S13 will be closed.
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If a gimbal angle 8 is selected which is not an exact multiple of 11.25°, the main summing
junction cannot be nulled by the operation of switches S1 through S4 of the quadrant select
module alone. If this condition exists, an in phase signal from the ladder amplifier is applied
through switches S15 through S21 to attenuate the signal at the junction. Switches S15

through SZl are controlled by bits 20 through 26 of the read counter. Bit 20 controls switch
S21. Bit 26 controls switch S15. The remainder of the switches are controlled in the same
inverse order from the read counter bits.

Example #1

Assume an angle of 166 = 19. 65° exists. Figure 3-15 again shows that S1, S6, S7, and S13
of the quadrant select module are closed. The resulting signal at the main summing junction
is out of phase. The incremental closing of the ladder switches applies an in phase signal to
the junction. When the in phase value is equivalent to the out of phase signal from the
quadrant select module, the input to the MSA will be nulled. This condition will exist when
S15 and S16 of the ladder amplifier are closed. Inserting the values from figure 3-14 into
the mechanized equations will show the module operation.

sin 6 cos ¥ + cos B sin ¥ + K sin V¥

sin (8 - V)

-sin (19.65°) cos (11.25°) + cos (19.65°) sin (11.25°) + K sin ¥

- (.336) (.98) + (.94) (.195) + K sin ¥

-.33+.183 + K sin ¥V

-.147 + K (sin 8.49)

=-,147 + ., 147
where K is a cos (8 - V) function and approaches 1 as 6 and ¥ approach equality.
If the selected angle is in the next 11.25° sector (i.e. 25°) the switching diagram, figure
3-5, indicates that S11, S12, S2, S6 and S7 will be closed. With this combination of switches
the voltage at the main summing junction from the quadrant select module will be in phase
with the reference excitation. Figures 3-16 and 3-17.
sin (8 - ¥) = sin 6 cos ¥ + cos 6 sin ¥ + K sin ¥

= gin 25 cos (33,759 + cos 25 sin 33.75 + K sin ¥

= (-.422) (.835) + (.905) (.555) + K sin ¥

=-,.352+ .,505+ K sin ¥

=+.153 + K sin ¥
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If the ladder switches were closed, the resulting in phase signal (K sin ¥) will increase the
total in phase signal and the circuit will be inoperative. It is necessary to supply an out of
phase signal to the junction for nulling with the ladder signal. Switch S12 closure applies a
-11. 25 bit bias signal to the junction, changing the signal to an out of phase condition which
can then be nulled with an in phase signal from the ladder amplifier. The -11. 25 signal in
the main amplifier input performs the same function as the reference controlled by S9 in the
coarse module. It can be seen that in electrical degrees indicated below on each side of the
ladder switch that the -11.25 input can be nulled out almost completely. With this out of
phase signal applied to the summing junction the solution of the sin (8- ¥) equation for 25°
follows:

sin (6 - V) = +.153 + (-K sin 11.25°) + (K sin 2. 530) where (-K sin 11. 250) is the out of
phase signal applied to the junction and K sin 2. 53° is the ladder network sum of switches
S21, S19, S18, S17 which will be closed for an angle of 25°. See figure 3-18.

sin (6 - ¥) =+,153 -.199 + . 044
=-,002 v rms

This value is well within the theoretical least bit error voltage of 6 mv rms and the equation
can be considered nulled.

3.7.2.1.b Quadrature Rejection. In any electrical signal generated by an inductive device
such as a resolver, a certain percentage of quadrature component of the signal will be
present. This quadrature component, if large enough, could cause the fine error Schmitt

to fire, giving an erroneous input to the error counter logic and allowing the read counter to
count to a false angle indication. To overcome this possibility, a quadrature reject circuit is
incorporated into the main summing amplifier module.

The quadrature component is rejected by taking the cos (6 - ¥ ) output of the ladder ampli-
fier, shifting the phase by ninety degrees, and using the cos (6 - ¥ ) £90° signal to control

a phase sensitive modulator and also key a chopper to provide modulation of a signal. The
800 Hz output of the main summing amplifier is sampled, amplified, and applied to the input
of the phase sensitive demodulator, which uses a 90° phase angle signal for a reference. If
the MSA output contains a quadrature component in its output, this value will be demodulated
and allowed to charge a capacitor in a filter circuit. The charge on the capacitor polarity will
depend on whether the quadrature component was at 90° or 270° with respect to the phase
reference.

The + DC charge on the capacitor is accepted as an input to a chopper (modulator) which is
controlled by the cos (8 - ¥)Z£ 900 signal. The modulated output is amplified and will be
18090 out of phase with respect to the input quadrature component and the quadrature reject
circuit. This out of phase signal is applied to the main summing junction and tends to buck
out any quadrature component of the voltage present. When the angle ¥ = 8, the total output
of the main summing amplifier is less than 6 mv rms.

The output of the cos (6 - ¥) 90° phase shift circuit is used as one of the CDU fail test
points.
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3.7.2.1.¢c F1, F2 Generation. The main summing amplifier output is the input to an
error amplifier. The error amplifier is used to fire two Schmitt triggers, one generating
an 800 Hz square wave (F1) and the other generating an 800 Hz square wave (F2). F1 is
used to select the low read counter rate and will be generated whenever the read counter is
within 20 pulses of reading the gimbal angle. The error amplifier output must be greater
than . 1v peak to peak to fire the F1 Schmitt. The F2 Schmitt will fire whenever the error
amplifier output is greater than 1.7v peak to peak.

.

3.8 READ COUNTER MODULE

The read counter of the CDU contains the circuitry necessary to accumulate, in digital
form, the CDU indicated value of the gimbal angle or the optics trunnion or shaft angle.
The counter also provides the switching signals used in the coarse module, the quadrant
select module, and the main summing amplifier module, for the attenuation of the signals
from the IMU or optics resolvers. The read counter provides the incremental angles ¥
used in the equation, sin (6 - ¥) = sin 6 cos ¥ + cos 6 sin ¥+ K sin ¥ . Five identical read
counter modules exist in the coupling data unit.
The read counter inputs include: :
a. Incrementing pulses Py at ¢4 time at 12.8, 6.4 or 0.8 kpps.

b. Up or down commands indicating to the read counter to count up or down.

c. $2 and ¢3 timing pulses.

d. CDU zero moding discrete. (Z)

e. Turn-on enable discrete from the digital mode module. (Q)

The outputs from the read counter module include:

a. A20 (A22€T% gimpal angle changes 40 sec/pulse. (*=A6Gg)

b. A22 gimbal angle changes 160 sec/pulse. (+AB8G)

c. Switch control signals D1 through D22,

d. Switch control signals DC1 through DC12.

A block diagram of the read counter module is shown in figure 3-19.

3.8.1 READ COUNTER THEORY OF OPERATION. The read counter consists of a series
of 16 binary divider circuits, NAND logic elements used as buffer circuits, and NAND logic
gates used to set up the control switching in the main summing, quadrant select, and coarse

modules. The counter is capable of storing angles from 0° to 359959'40". The angular value
of each stage of the counter is shown in the block diagram.
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The read counter will be pulsed at a 12. 8 kpps rate when the magnitude of the 8 g signal
resulting from the sin (8 - W) comparison is such that C1 and Fg are generated. Cq will be
generated when the input to the coarse module Schmitt trigger is greater than .47 v RMS.
F2 will be generated whenever the error amplifier output of the main summing amplifier
output of the main summing amplifier module is greater than 1.7 v RMS. The pulse rate to
the read counter will be reduced to 800 pps when the read counter is within 20 bits (= 0.1
degree) of reading the gimbal angle. At this point C; and Fg will no longer be generated and
only Fy will be present. When the read counter is within 2 bits (40 §ec of equalling 6 the
output of the error amplifier will have been reduced to below the . 1 v RMS nominal trigger-
ing level of the fine Schmitt trigger (F1) and the system will be nulled.

The direction that the read counter is to be pulsed is determined by the direction of move-
ment of the IMU gimbal. For a positive change of IMU gimbal angle the read counter will

be counted up and for a negative change in IMU gimbal angle the read counter will be counted
down.

The computer will be kept up to date on the gimbal angle position by the :tAOG pulses issued
from the first stage of the read counter. Each pulse equalling 40 Sec of gimbal angle.

During the coarse align mode of operation the read counter will be pulsed at a 6.4 kpps
rate. Afg pulses from the third stage of the read counter will be sent to the error counter
of the pulses equal to 160 §ec of gimbal angle.

The switching effect that the read counter has on the Quadrant Select Module and main
summing amplifier was discussed in sections 3.6 and 3. 7.

The effect that the A8 pulses, sent to the error counter and logic module, have on the
error counter will be discussed in section 3. 9.

3.9 ERROR COUNTER AND LOGIC MODULE

The error counter and logic (EC and L) module is, perhaps, the most complex of the
modules of the CDU when considering total inputs, outputs, and interdependent logic circuit
elements. The error counter and logic module contains, as the name implies, an error
counter, the control logic to allow the error counter and read counter to operate properly,
buffer amplifiers to isolate the counter from the D/A switches, and rate select circuits

and control logic to select up or down read counter operation, and the rate at which the
counter will operate. Figure 3-20 is a block diagram of the error counter and logic module.

The inputs to the EC & L module and the outputs from the module are numerous. There are
also numerous signals generated and used within the EC & L module. Table 3-4 is a listing
of the signals which will be encountered during the discussion of the EC & L module opera-
tion.
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Table 3-4.

LOGIC Equations For EC & L Module

LOGIC BLOCK

LOGIC EQUATIONS.

UP-DOWN D, = (-P.,) U, + (+P_ ,)D
1.OGIO L DA’ VP DA’"P
(ERROR CTR)

Yy OPpe Up T IS 0

P8

SATURATION N=ll, ~2 .2
DETECT
ZERO DETECT Z4= 20 . gl...58
D/A POLARITY Py =Up v 7, b
PULSE SELECT G=CA-ABC2-N P, = E *N (ABC2+CA2%)
LOGIC
PULSE SELECT D= Do »EOA U Uy=lg, + X *CA D
SINGLE PULSE ABC2 = [ (+ABC) + (-ABC)]
SYNC

X =C between ¢1 and ¢ 3
COARSE SELECT L0 1 M=
SELECTED ERROR S=1(C, "Cy+ FIC_)
UP-DOWN LOGIC Us=B"R,:0, U =8 R,t&

(READ COUNTER)

D=(S'R,+A)

G i
COMP LOGIC +A8,=U - A2° -AB, =D - A2°
RATE SELECT PG = HIGH RATE = H[S(C2+F2)+AOJ

OR ;
LOW RATE =L[SC, 'F, A/]

PI INHIBIT LOGIC
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Table 3-5. EC & L Signal List

Letter Signal Description
Designation

A d Ambiguity Detect Secondary of the cosine 1X resolver Schmitt
trigger output. 09 A, for 8 between 30530 and 55°
and ¢ Ay for 8 between I25° and 235°.

A Ambiguity Override Issued whenever Aq is present. Forces the read

(o] 0 i
counter to count to 225" whenever there is a
danger of the read counter nulling at an ambig-
uous angle.

CA Coarse Align Discrete | CMC issued discrete, 0 level for issued discrete.

C1 Coarse Ternary Level | 800 Hz, 0 or ¢ square wave occurs when
8k (8- V) is >~ 7.0° Schmitt trigger fires at
.47 v RMS or greater. If m$ (180 out with respect
to 800 Hz Ref. the read counter must count up.
0¢ the read counter must count down.

C, High Speed Clamp Cq -+ I+ M = output of coarse/fine F. F. com-

Signal mands the incrementing read counter pulses at
the high rate (12. 8 kpps)

D Down Level Command = SRy + A, commands the read counter to count
down. DC level which changes only at ¢ 2 time.

DG Down Gimbal Pulses =SR; ¢2 sent to EC & L module to pulse the
error counter up during coarse align. 12.8 kpps
at ¢ 9 time.

DP Polarity Pulse @ ¢2 =Dgc + X CAUG will cause the error counter to
be counted down during coarse align or when
-AB ¢ pulses are received from the CMC.

DL Down Logic =(-Ppp) Up + (+Ppyp) Dp generated in the :
error counter up down logic. Used to determine
up or down count in the error counter.

D Down CMC Pulse Generated as a result of the receipt of a -A8

6cC . : : C
pulse. Occurs at ¢ 9 time following receipt of
respective -AGC pulse.

E Error Counter Required to enable pulses to be sent to the error

Enable Discrete counter.
F1 Fine Ternary Level 0 or mo 800 Hz square wave exists whenever

Or 20 to 400 seconds equivalent gimbal angle
causes read counter to be pulsed at low rate
(800 pps) when Fy and C, are not present.
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Table 3-5. EC & L Signal List

Letter Signal Description
Designation
F2 High Ternary Level 0 or mp 800 Hz square wave exists whenever
Signal 8 =0.1° (20 x 20 sec). Causes read counter
to be pulsed at high rate 12. 8 kpps.
G Gimbal Pulse Command|= CAABcy + X + N Duration of G is ¢1 to ¢1
Inhibit time following receipt of a A8 pulse. Inhibits
the pulses to the read counter.

I Interrogate Pulse 1600 Hz timing pulse based on 800 Hz ISS refer-
ence.

I and Synchronization Pulses | Occur at ¢2 and ¢ 3 pulse following an I pulse.

Ig Act as synchronization between ISS and CMC
reference timing.

M Alternate Sync Pulse Operates on the coarse select logic to prevent
resetting the coarse fine F. F. on alternate
interrogate pulses.

N Saturation Detect . 28 inhibits error counter Up pulses
when 2 and 2° stages are at a 1.

+Pp Polarity Set and reset outputs of D/A polarity F. F. Used
to apply either 0¢ or m¢ 800 Hz to error counter
ladder output.

Pg Error Counter = EN (A6 cz2 t+ CA A 22) 3.2 kpps transmitted

Input Pulses to the error counter at ¢4 time.
Pg Read Counter Drive High Rate = H [S(Cq + Fy) + A, ]
Pulses (High or Low R
rate) Low Rate = L. [SCg Fy A |
Sync pulse I, I3, ¢1 and ¢ 9 allow change of Pg
to high or low rate at next I2 time preceding H
or L pulse or upon receipt of A,.
P; Read Counter el o o Y ) G pulse rate of 12.8, 6.4 or .8
Input Pulse kpps to the read counter.

S Selected Error =1(C1Cqy + Fq Cy) 0 or ¢ 800 Hz. S is
requlred2 by the up-down logic and rate select
logic to determine direction and rate of read
counter incrementation.

U Up Level Command =8 Ro A, commands the read counter to count

up. DC Level which changes only at ¢ time.
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Table 3-5. EC & L Signal List

Letter Signal Description
Designation

Ug Up Gimbal Pulses =S Ry ¢4 sent to EC & L module to pulse the
error counter down during coarse align.
12. 8 kpps at ¢ 9 time.

UL Up Logic = (+Ppa) Up + (-Ppp) Dp generated in the error
counter up-down logic. Used to determine up or
down count in the error counter.

Up Polarity Pulse @ ¢2 = Ugc +X CA Dg will cause the error counter
to be counted up during coarse align or when
+A6 ¢ pulses are received from the CMC.

UGC Up CMC Pulse Generated as a result of the receipt of a +A8
pulse. Occurs at ¢ 2 time following receipt
of respective A8 pulse.

X Gate Signal One pulse is generated each time the CDU re-
ceives a +A6 ¢ pulse from the CMC exists from
®1 to 3 time and inhibits read counter pulses
to the error counter.

N Read Counter PR S

CIREN gy LS,
Random Po

Zd Zero Detect = 20, 21 .« .. 28 of the error counter. Pre-
vents error counter from being counted down
from zero.

Z ISS CDU Zero Discrete| From CDU.

6 Gimbal Angle Represented by sine and consine of 1X and 16X
resolver outputs.

24 Read Counter

Angle

OE Error Angle Difference between 6 and V¥ .

:tAGC CMC Pulse Train Represents desired gimbal angle. 3.2 kpps max.

to CDU rate to error counter @ 160 sec. per pulse.
:I:AOG 20 stage of Read Represents gimbal angles as accumulated in read
Counter Output to counter. Stored in E memory location 32, 33,
CMC 34 of CMC.

B Ambiguity Reset =215 214 213 (2250

Q Turn on Enable Sets 90° bit in the read counter (no longer used)
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3.9.1 ERROR COUNTER AND LOGIC MODULE THEORY OF OPERATION. In the follow-
ing paragraphs the logic flow between the many functional blocks of the EC & L module will
be analyzed. The paragraphs of this section will identify the inputs and outputs to the func-
tional blocks and it will be the responsibility of the reader to refer to tables 3-4, 3-5, and
figure 3-20 for the required signal description and functional block relationships.

The EC & L module contains the logic circuitry controls for both the read counters and the
error counters of the CDU.

3.9.1.1 Error Counter Logic Circuits. The first signal flow to be analyzed will be the
inputs to the EC & L module which will result in pulsing the read counter and sending pulses
to the computer.

Coarse Select. The coarse select inputs are I, M (I and I3), C1 and F;. The output of the

coarse select circuitry is the signal C2. Whenever a coarse error signal, Cj is inputed to
the coarse select, Co will be generated according to the logic equation: C9=C; . I . M .Cg
is then sent to the selected error circuitry.

Selected Error. The input to the selected error circuitry are I, C;, C9 and F;. The
selected error logic generates a select logic command, S. This signal is an indication to the
rate select for the read counter and the read counter up-down logic that an analog error still
exists and the read counter must continue incrementing its counter circuits at the rate
selected. The signal, S, is generated when the logic equation S = I (C7 * Cg + F; Co) is
satisfied.

Rate Select. The inputs to the rate select logic are: S, C2, Ao, I2, I3, ¢2, ¢1, ¢4,

800 pps, and F2‘ The receipt of an S signal from the selected error logic in conjunction with
numerous other signals make it possible to generate an incrementing pulse train for the
read counter.

These signals are logically manipulated to generate a pulse train, PG’ at rates of 800 pps,
6400 pps or 12.8 kpps. The logic equations are:

P, = low rate (800 pps) = L [SCg . Fy . Ay ]

PG = high rate (6400 pps) = ¢4 [S(Cz + Fg) + A, ] where ¢4 is 6400 pps

P, = high rate (12.8 kpps) = ¢4 (S (Cy + Fg) + A, ] where ¢4 is 12.8 kpps

Low rate, 800 pps at ¢4 time, is generated whenever S is present, the coarse level signal
is sufficiently nulled to prevent the firing of its Schmitt trigger generating C; and Co, the
fine circuit error signal is less than 4 volts P to P, preventing the high level Schmitt in the
main summing amplifier from firing, and the ambiguity detect circuit does not indicate an
ambiguity condition.

The intermediate counting rate, 6400 pps and ¢4 time, is used only during the coarse align
mode of operation which aids in limiting the maximum drive rates of the IMU gimbals to 35
degrees per second. This pulse rate will be generated whenever a coarse align command is
present in the digital mode module causingthe ¢4 input to be 6400 pps.
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The high count rate, 12.8 kpps at ¢4 time, is generated whenever an analog error exists as
indicated by S and either a coarse error (Cg) or a fine error above a certain level (Fg), is
present. The high count rate is used after the coarse errors are sufficiently nulled to pre-
vent the firing of the coarse Schmitt (C;) and while the Fg error Schmitt firing level is still
exceeded.

A second means of generating a high counting rate is, if after the CDU zero discrete has
been removed by the computer, an ambiguity override discrete is generated. When the A,
signal is injected into the rate select circuit, a high rate and down count command are
generated causing the read counter to count to 2259,

The timing signals, inputs to the rate select logic, are not required to generate a specific
pulse rate. They are used to generate control pulses internal to the rate select circuit to
change pulse rates at the next high or low rate pulse following in Ip timing pulse or on
receipt of the ambiguity override signal.

The Pg pulse generated according to the rate select logic equation is used to generate P;
according to the following logic equation: P = Pg G G . Y . Either of two control pulses,
G, which is generated by the pulse select logic of the error counter, or Y, a read counter
inhibit command generated by the digital mode logic, can prevent the generation of the

read counter incrementing pulses, Pj. Y is generated during a CDU zero command from the
computer. The discrete resets the read counter and prevents the incrementing pulses from
driving it. The G control pulse is a pulse that occurs every ¢ 1 time period following a A6
to the error counter. This will prevent the read counter from incrementing, and possibly
from generating a A22 pulse from the 22 stage output at the time the error counter is
incrementing the A8 command. It is undesirable to have the error counter receive incre-
menting pulses simultaneously.

Up-Down Logic. In the discussion of the selected error logic, the output signal S was sent
to the read counter rate select logic. which was discussed in the previous paragraphs, and
to the read counter up-down logic. Along with the S the other inputs to the up-down logic are,
Ri, Ro, Ay, and ¢2. The logic equations to be satisfied to generate the read counter control
outputs of the up-down logic circuits are:

U=S.Ry A,

D=85.Ry+ A,

U and D are sent to the read counter and control the direction the counter is incremented.
U and D are also sent to the computer logic and are used to control the generation of the
pulses sent to the computer.

The other control signals are generated in the up-down logic, UG and DG' The logic equation
to be satisfied to generate these outputs are:

Ug=S . Ry .02

DG=S - Ry . ®2

These two signals are used in the pulse selection logic for the error counter and will be
discussed when the error counter signal flow is discussed.
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Computer Logic. The inputs to the computer logic are A2°, U and D. The logic equations
to be satisfied to generate the A6 G bulses to be sent to the computer are:

- . 0
+ AGG =U - A2
— . o
= AGG =D - A2
3.9.1.2 Error Counter Logic Circuits. The signal flow to be analyzed now will be the

inputs to the EC & L module which result in pulsing the error counter and sending signals
to the D/A converter module.

Single Pulse Sync. The single pulse sync logic receives the AGC pulses from the computer.

Other inputs to the single pulse sync logic are ¢1, ¢2, and ¢ 3 timing pulses. Four signals
are generated within this logic according to the following logic equations:

AB,=[(+ A8Q) + (A8) ]

UeC =+ AGC

Dgc
X =C between ¢1 and ¢ 3

e Aec

The ABC, pulse is synchronized so that it occurs at the ¢2 time following receipt of a
+ABc pulse. This pulse train at 3.2 kpps is sent to the pulse selection logic and is used in
the logic which generates G.

The Ugc and Dgg occur at the rate of the AB¢ input, 3.2 kpps maximum, and are
synchronized so that they occur at ¢ 2 time following receipt of the respective A@ pulse.
Ugc and Dgc are sent to the pulse selection logic.

X is a gate signal which occurs between ¢ 1 and ¢ 3 following receipt of a A8 pulse. This
signal is sent to the pulse selection logic and the pulse select.

From the single pulse sync two signal flow paths exist to control the error counter. One
path, from the pulse select logic to the D/A polarity logic, to the up-down logic, determines
the polarity of the pulse train sent to the error counter. The other path, from the single
pulse sync to the pulse select logic to the error counter, generates the pulse train to the
error counter. The path that determines the polarity of the pulse train will be investigated
first.

Pulse Select. The inputs to the pulse select are X, Ugc: Dgc: Ug: Dg and CA. The pulse
select generates two signals DP and UP according to the following equations:

DP=DGC+X «-CA » UG

+X«CA-D

Y “go G

These two signals are sent to the D/A polarity logic and the error counter up-down logic.
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D/A Polarity Logic. In the D/A polarity logic the inputs Up, Dp and Zg (zero detect) are
used to generate :kPD " according to the following equations:

*Epa-Yp ~ %y

~Epk's Bp.i%g
The +Ppp signal is sent to the error counter up-down logic and to the D/A converter
module which is another module in the CDU.

Error Counter Up-Down Logic. The inputs to the error counter up-down logic are +Ppa,
Up and Dp. The outputs are Uy, and Dy and are generated according to the following
equations.

Dy, = (=Ppp) Up + (+Pp,) Dp

Up, = GPpa) Up = CPp,) Dy

Dy, and Uy, are sent to the error counter where they are used with the output of the pulse
select logic to pulse the counter.

Pulse Select Logic. The inputs to the pulse select logic are X, A8C2, N, E, A22, CA;
¢ 1 and ¢4. Two signals are generated in the pulse select logic according to the following
equations:

G=CA- ABC2 -+ X - N
P, =EN A8C2 + CA - A2%y

G is synchronized by ¢ 1 so that G duration is ¢ 1 through next ¢1 following receipt of a
A6 C pulse.

G is sent to the PI inhibit logic where it is used to inhibit the generation of the PI pulses to
insure that the read counter will not be pulsed at the same time that the error counter is
receiving a AOC pulse input. This, in turn, insures that the error counter will not
simultaneously receive a AOC and A22 pulse.

Py is the pulse train which increments or decrements the error counter, at a maximum
rate of 3.2 kpps at ¢4 time.

Error Counter. The error counter is a nine stage binary counter. The nine stages,
designated 2V to 28, provide an apparent capability of accumulating 29 or 512 pulses, but
the counter is mechanized to saturate at 384 pulses. When saturation exists, an N control
pulse is generated which is used to prevent the error counter incrementing pulses P from
increasing the contents of the counter. This insures that no AGC pulses will be lost due to
over-counting the error counter.

The error counter, like the read counter, has the capability of being counted up or down.
The error counter, however, will not count down through zero. The up or down counting
direction is established by the presence of Uy, or Dy, signals. The contents of the error
counter represent only the absolute value of the error angle. The sign of the error angle is
determined by the polarity of the D/A converter output.
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The polarity of the D/A converter output is controlled by the iPD A pulses generated in the
D/ A polarity logic of the EC & L module.

The error counter logic circuits are conditioned by the zero detect (Zg) signal. Z(q is issued
only when all stages of the error counter are at zero, and establishes the proper polarity to
be associated with a magnitude recorded in the error counter. For example, if the error
counter is at zero and the computer issued -AB8C pulses the counter cannot be counted in the
negative direction. The EC & L logic is mechanized so that a Zq signal will change the D/A
polarity from positive to negative and to change the counting direction from down to up on
the first ~A6 ¢ pulse received after zero is reached. In effect the counter is being counted
up in a negative direction.

3.10 DIGITAL TO ANALOG CONVERTER MODULE

The digital to analog converter (DAC) module is used in conjunction with the error counter
and logic module to generate IMU coarse align signals, attitude error signals for display
on the FDAI and dc signals for steering of the SIVB or SPS. The DAC can be separated into
two independent operations, digital to analog conversion, and mixing and demodulation.

The DAC inputs include +PpA polarity control signals from the EC & L module, nine switch
control commands, a DAC inhibit signal, a 28 V 1% 800 Hz reference, a coarse input from
the coarse module and a fine input from the main summing amplifier module.

The outputs of the DAC are a coarse align output. 800 Hz signal, to the gimbal servo
amplifier, an 800 Hz 0 or 7 phase attitude error signal to the error needles of the FDAI,
and DC steering signals. The DC signals from the CDU OSS error counters and DAC
modules are used for control of the SPS engine gimbals during thrust vector control.

When the DAC is associated with the OSS operation allowing the CMC to drive th: optics
shaft or trunnion, the output labeled attitude error is used as a drive command.

The DAC module includes buffer circuits for A8 commands from the computer. These
outputs are recognized in the EC & L module as +A6c. The A20 output from the read
counter 20 stage is routed through the up-down logic of the EC & L module, comes out as
a +A6 . The +AB ; is buffered in the DAC module prior to the signal being transmitted to
the CMC as a A6 pulse. The buffer circuits are not shown on the block diagram of the
DAC, figure 3-21.

3.10.1 DIGITAL TO ANALOG CONVERTER THEORY OF OPERATION. The digital to
analog conversion performed in the DAC is accomplished by a ladder decoder arrangement.
The ladder switching is controlled by transistorized switches and switch driver circuits
which receive their inputs from the error counter in the EC & L module. The ladder outputs
are then modified by the DAC output circuit.

3.10.1.1 Digital to Analog Conversion. Digital to analog conversion in the DAC is
accomplished through a ladder decoder. The operation of a typical ladder will be described
prior to describing the operation of the entire D to A conversion circuit shown in figure 3-21.

A simplified three bit ladder decoder is shown in figure 3-22. A three bit ladder is
described here; however, the nine bit ladder of the DAC functions in exactly the same
manner. For illustration purposes, make the assumption that the switches S0, S1, and S2
are controlled by the three least significant bits of the error counter of the EC & L module.
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The resistors of the ladder network are designated as R and R/2, one value being two times
as large as the other. R in the actual DAC ladder is a 50,000 ohm resistance, the R/2, a
25,000 ohm resistance.

It can be shown by series parallel resistance combinations that the resistance to ground at
the output point is going to be equal to R/2 regardless of which switch configuration is used,
when it is assumed that the DC resistance of the 800 Hz input source is zero ohms. With all
of the switches open as shown, the output voltage level is 0V (rms). If switch S2 is closed,
connecting the 800 Hz input to the ladder, the input Voltage Vin is divided by two, giving an
output V 2 of Vin
2

Figure 3-23 illustrates the actual circuitry and equivalent resistance circuit. It can be
seen from the equivalent circuit that the output voltage is exactly equal to half the input
voltage.

By the use of series-parallel resistance circuits, it can be shown that when S1 alone is

Vin
closed the output voltage is equal to—— , and that when SO alone is closed Vout is equal
4
Vin
to—— . If a combination of switches is closed. the output will be the sum of the values
8

when individual switches are closed.

Table 3-6 is a truth table which shows how the output voltage will vary for the various
switch combinations assuming an input voltage, Vin, a 1 to signify a closed switch, and a
0 to signify an open switch.

The output steps shown in figure 3-24 are not dc steps as shown, but in reality are 800 Hz
zero or pi phase signals from the 800 Hz 1% power supply. The phase of the signal is deter-
mined by the +Ppp circuit located in the EC & L module. In the 9 bit encoder used there
would be 512 steps from Ov to full output voltage in place of the 8 steps shown. However,
the error is mechanized to hold a maximum of only 384 pulses, therefore there are 384
steps from Ov to full output voltage. The input voltage to the ladder is 2.50 v(rms) from

a step down transformer in the DAC module.

Control of the ladder is provided through the D/A polarity switch, ladder switches SO to S8,
and switch drivers DO to D8. DAC polarity (ladder output phase) is controlled by the polarity
switch which in turn is controlled by the up-down logic of the EC & L module. The polarity
switch contains a transformer with a center tapped secondary. The center tap to ground line
contains a zener diode and capacitor circuit which, whenever the ladder decoder is enabled,
provides a positive 4.7 volts bias to a transistor. This controls the grounding of the ladder
when a switch is opened. If the switches are all open, the ladder will have a zero output.

The two legs of the transformer each contain a transistor switch which is controlled either
by a +PpA or “PpA. If the +Ppp is selected, the zero phase output of the transformer will
supply the ladder excitation voltage. When -PpA is selected, the 7 phase output is used.
Figure 3-25 shows a more detailed view of the mechanization of one stage ladder switching
circuits and polarity select. Q4 applies an in-phase reference to the ladder and Q5, when
turned on provides the 7 phase reference to the ladder.

When the error counter stages are at 0, the switch control signal DDO input to the DAC is at
a logic 0 level (+4v), allowing the switch driver transistor Q1 to conduct. The conducting Q1
applies a Ov level to the base of Q3, which when combined with the +4.7 vdc on the emitter,
biases Q3 into conduction and prevents Q2 conduction. Q3 when conducting provides an ac
ground to the ladder giving 0 v (rms) output.
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When a polarity select, +PpA, command is present and Q4 is conducting and a switch
command DDO goes to a logic 1 level (0 vdc). Transistor Q1 cuts off, removing the ground
from the base of Q3. Q3 is thus biased into cutoff removing the ac ground from this leg of
the ladder. When Q1 is cut off the base of Q2 is biased positive with respect to the emitter,
thereby allowing Q2 to conduct connecting the 2. 5v(rms) zero phase input through conducting
Q4 and conducting Q2 to the ladder decoder.

All nine switch inputs to the ladder decoder are mechanized in the same manner as the one
shown in figure 3-25. The transformer input, 4.7vdc bias, and polarity select switches are
common to all nine ladder switch stages.

The ladder decoder output is amplified by a scaling amplifier whose gain is set to give a
decoder output of approximately 13.2 mv/pulse where each pulse is equivalent to 160 arc
seconds of gimbal angle error. Another way of stating the scale factor is +300 mv output
per degree of error.

The saturation level output of the DAC is equivalent to 384 counts in the error counter. When
this value is combined with the data in the above paragraph, it can be seen that the maximum
DAC output is +5. 1 vde or +17° of error total displacement.

The scaling amplifier output is transformer coupled and applied to three output circuits.

3.10.1.2 DAC Module Mixing and Output Circuits. The three transformer coupled outputs
of the scaling amplifier serve three separate purposes and therefore are treated in three
ways. The simplest circuit output is the direct output to the FDAI. The 800 Hz in phase or
out of phase signals are routed via the main display and control panel switches to the attitude
error needles of the FDAI from the CDU-ISS channels. The outputs of the CDU-OSS channel
DAC's are used as trunnion or shaft drive signals to the motor drive amplifiers of the
sextant.

The demodulator in the output circuit is referenced to an 800 Hz 28-volt, 1% power supply.
The demodulator is a phase sensitive device giving a positive dc output voltage when the
ladder output is in phase with the reference and a negative output voltage when the ladder
output voltage is out of phase with the reference. The outputs from the CDU-ISS channels
are pitch, yaw, and roll steering signals routed throughthe SIVB relay in the mode module
to the SIVB IU. The CDU-OSS D/A converters generate the dc pitch and yaw steering signals
for SPS steering. These signals are routed through the TVC relay in the mode module.

The DAC mixing amplifier is used only in the CDU-ISS DAC to generate the 800 Hz output
needed to coarse align the IMU gimbals. During the coarse align mode, the 800 Hz signal
is used to drive the gimbals at a maximum rate of 35 degrees per second. The ladder
decoder output is mixed with two signals to provide rate limiting. A coarse signal which is
proportional to sin (8- V), @being the actual gimbal angle and WV being the read counter
indicated gimbal, is fed back out of phase with the ladder decoder output. The sin (6~ ¥)
is generated in the CDU coarse module.

A second rate limiting signal is taken from the main summing amplifier module. This
signal is proportional to sin 16(8-V). The fine rate feedback signals provide the primary
drive rate control. A special 6400 pps read counter incrementing pulse rate was incor-
porated into the CDU for use during coarse align to prevent the read counter from counting
within 20 pulses of the actual gimbal angle. This allows the rate limiting using the fine
signal output to control the drive rate at 35 degrees per second maximum.
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3.11 INTERROGATOR MODULE

The interrogator module, a module shared by the five CDU channels. is used to generate a
portion of the timing pulses required for CDU operation. A single module of this type is
located in the CDU. The interrogator module inputs are:

a. +4 vdc from the power supply.

b. ISS and OSS 28 vdc.

c. ISS and OSS 28v 1% 800 Hz.

d. 51.2 kpps pulse train from the CMC.

e. Trunnion cosine (6 - ¥) from the main summing amplifier.

f. 25.6 kpps from the digital mode module.

g. CDU zero discrete.

The interrogator outputs include:

a. 51.2 kpps pulse train from the digital mode module.

b. 1600 pps interrogate pulse train (ISS).

c. 1600 pps interrogate pulse train (shaft).

d. 1600 pps interrogate pulse train (trunnion).

e. 800 pps L0° reference (R1) (ISS).

f. 800 pps L0° reference (OSS shaft).

g. 800 pps £45° reference (OSS trunnion).

h. 14 vdc for CDU OSS channels.

3.11.1 INTERROGATOR MODULE THEORY OF OPERATION. The interrogator module
contains a number of individual circuits, each of which perform a separate function. Figure
3-26 illustrates the major circuits located in the interrogator module.

3.11.1.1 Timing Circuits. Section 3.4 discussed the generation of the timing signals
required in the CDU. In doing so the operation of the ISS reference generator (Rj), ISS,

shaft and trunnion interrogate pulse generator (I), and the other timing signal generators
in the interrogator module were discussed.

The only circuit in the interrogator module left to be discussed is the 14 VDC power supply.
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3.11.1.2 14 VDC Power Supply. The input power for the 14 VDC power supply is 28 VDC.
The power supply consists of a single transistor whose bias level is controlled by a zener
diode. The power supply outputs provide 14 VDC to the mode module, the D/A converter,
and the CDU test connector.

3.12 DIGITAL MODE MODULE

The digital mode module is the fourth type of module in the CDU that is common to the five
channels of the CDU associated with the inertial and optical subsystems. The module is used
to generate timing pulses, develop mode control signals, and determine whether an ambiguity
condition exists. The digital mode module inputs include:

a. Timing and interrogate pulses from the mode module.

b. Ambiguity detect signals from the coarse modules.

c. Moding commands from the mode module.

The digital mode module outputs include:

a. Timing pulses, interrogate pulses and phase drive pulses.

b. Ambiguity override signals.

c. Moding control signals.

3.12.1 DIGITAL MODE MODULE THEORY OF OPERATION. The digital mode module
is made up of eleven independent circuits, several of which are identical in operation. A
simplified block diagram of the module is shown in figure 3-27.

Section 3.4 discussed the generation of the timing signals required in the CDU. In so doing
the operation of the pulse generator, the I, I3 generator, the countdown circuit and the
clock and logic circuit was discussed. The remaining circuits in the digital mode module
will be considered in this section.

3.12.1.1 Ambiguity Logic. Inherent in the operation of the IMU and the CDU two
ambiguous alignment conditions may exist. One is the zeroing of the gimbal angles during

the ISS turn on mode, the other ambiguous condition develops as a result of the two gimbal
angle positions which represent null conditions for any one read counter indicated angle.

The ISS Turn on Mode originally used the DAC output with the read counter zeroed to zero
the IMU gimbals. To insure that the IMU gimbals would not null at an ambiguous angle
ambiguity detect circuitry was designed into the CDU that would insure both the IMU gimbals
and the read counter being at zero at the end of the IMU Turn on Mode. The ISS Turn on
Mode (refer to ISS Turn on Mode, Paragraph 4. 1) now uses the Sin 6 output of the 1X
resolver to drive the gimbals to zero. The possibility of the gimbals nulling at 180° instead
of 0° was in this way eliminated, since the gain of the loops make it nearly impossible for
the gimbals to remain in an unstable null of 180° for the 90 second duration of the Turn on
Mode. The ambiguity detect circuitry originally designed into the CDU for the IMU Turn on
Mode is no longer used.
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In the CDU ZERO mode (refer to paragraph 4.2) the read counter is set to zero and allowed
to count up again to the gimbal angle. If the gimbal angle should be in the vicinity of 135 deg,
the inputs from the resolvers and the switches closed by the read counter will combine to
produce a null signal. The read counter therefore would remain at 0 deg if it were enabled.
Before the read counter is enabled, however, the 1X cos 6 resolver winding is level detected
and interrogated with an out-of-phase signal to determine if the gimbal is in théa vicinity of
135°. The cos 6 signal is out-of-phase when the gimbal is between 90° and 270°. The level
gives information to narrow the band of angles containing the ambiguity.

The level detection is made by an emitter follower driven Schmitt trigger in the coarse
system module (reference figure 3-8). The firing level of the Schmitt is set at .47 v RMS
measured at the output of the emitter follower. The Schmitt trigger output is buffered and
transformer coupled to the Digital Mode Module where it is "anded" with the interrogate
pulse (I) and the out-of-phase reference pulse (R2). If an out-of-phase signal is detected,
the control flip-flop is set and the ambiguity flip-flop is allowed to be set at the first phase
2 time following an interrogate (see figure 3-28). An ambiguity override signal, A,, is
generated at the completion of CDU ZERO and sent to the Error Counter and Logic Module.
It forces the rate-select logic into high speed (12.8 K PPS) and the up-down logic into
countdown. The CDU counts down at high speed until it reaches 225° at which time the
ambiguity flip-flop is reset by "B" removing the ambiguity override signal. The normal
CDU operation will complete the CDU-gimbal readings now that the CDU is out of the
ambiguity zone.

3.12.1.2 ISS Moding Sync Logic. The moding of the inertial subsystem is controlled by
the CMC generation of a number of discrete signals including:

a. ISS CDU zero (Z).

b. Coarse align (CA).

c. Error counter enable (E).

The first three of these signals are modified by the mode sync logic prior to their being
used to control the ISS modes of operation. The modification consists primarily of setting
the signals to the CDU logic levels and time phasing the random CMC discretes to be
compatible with the CDU internal timing. The moding discretes are routed from the CMC
interface through the moding buffers in the mode module. The signals are inverted by the
mode module moding buffers. The computer discretes are 0 vdc signals when commanded.
The mode sync logic inverts the buffer outputs.

Within the mode sync circuit a digital mode coarse align discrete is generated in addition
to the coarse align discretes for the I, M, O channels of the CDU. An inhibit read counter
moding command (Y), for use within the CDU, is generated in the mode sync logic by either
a CDU zero (Z) discrete or a coarse align discrete (CA), and not an enable error counter
(E) discrete.

3.12.1.3 0SS Moding Sync Logic. The optical channels of the CDU require computer
discretes for control of CDU operation during sensor moding in the same manner as the
inertial subsystem. The computer issues the following discretes associated with the optical
CDU channels:

a. OSS CDU zero.

b. OSS coarse align.
c. Error counter enable.
d

. Thrust vector control.
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Again as in the ISS moding circuits. the first three discretes are buffered by the circuits in
the mode module. The buffered signals are then converted to the proper logic levels for
CDU moding controls. An OSS read counter inhibit command is generated for CDU internal
use whenever the OSS CDU zero discrete is issued by the computer. -

3.13 MODE MODULE

The mode module of the CDU is utilized primarily as an interface module. This module
contains circuits to buffer signals and monitor CDU operation. Direct interface is made
between this module and the CMC.

The inputs to the module include:

a. CMC generated mode signals.

b. Timing signals used in the CDU counting circuits.

c. Read counter up line (5 lines).

d. Coarse and fine resolver signals from the coarse modules and the main summing amp
modules.

e. ISS and optical subsystem 28 vdc.

f. Analog signals proportional to cos (8- ¥).
g. Power supply inputs (4 and 14 vdc).

h. DAC dc generated steering signals.

The mode module outputs include:

a. Buffered moding signals.

b. Four timing signals.

c. ISS and OSS CDU fail signals.
d. 14 vdc power supply output.
e. Steering signals.

3.13.1 MODE MODULE THEORY OF OPERATION. The mode module contains six
circuits which will be described separately. (See figure 3-29)

3.13.1.1 Moding Buffer Circuits. The moding buffer circuits receive inputs from the
CMC and the digital mode module. The inputs are the computer discretes: (1) ISS CDU zero,
(2) ISS error counter enable, (3) OSS CDU zero, (4) OSS error counter enable, (5) CDU
zero drive, (6) OSS CDU zero drive, and (7) ISS coarse align. The buffer circuits for dis-
cretes 1 through 4 are identical. The CMC discrete, a zero voltage level for a command,
turns on the buffer stage increasing its output voltage to four volts, or a logic zero level as
used in the CDU logic mechanization. The transistor bias voltage is taken from either the
ISS or the OSS 28 vdc power bus depending on which of the two are present. The logic zero
level signal from the moding buffers is used as a drive signal to the digital mode module.

The ISS and OSS CDU zero drive buffers receive a drive signal from the digital mode module.
These signals are at a logic one level (0 vde) when the computer is commanding a CDU zero.
The buffer inverts the signal thereby giving a CDU zero signal in the circuit a logic 0 level
when the CMC commands a zero. These signals are routed to the read counter modules, the
error counter and logic module and the interrogate module. The logic power for the drive
buffers is provided by the 4 vdc CDU power supply.
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The ISS coarse align buffer circuit provides two separate outputs. The buffer consists of a
two stage circuit. The first stage accepts the 0 vdc computer discrete and biases a transistor
into conduction. The positive going voltage output of the transistor stage is recognized in

the CDU as a coarse align discrete. The same signal is used to bias a transistor into con-
duction. This transistor provides a ground path for the IMU coarse align relay current
thereby allowing the relays to energize. The relays are located in the PSA.

3.13.1.2 14 vdc Power Supply. The 14 vdc power supply located in the moding module
is identical to the power supply in the interrogator module description. The source of input
power for this supply is ISS 28 vdc operate power.

3.13.1.3 Phase Buffer Circuits. The phase buffer inputs include #2, ¢#2, ¢#3 and #4 drive
signals from the digital mode module phase generator circuit. These signals are inverted by
a single stage transistor amplifier. The bias supply for the amplifier is provided by the
4vdc CDU power supply. Each buffer circuit is slightly different in design from the other
three since each is required to drive varying loads. The phase signals are routed to the
error counter and logic module, the read counter module, and the digital mode module.

3.13.1.4 ISS CDU Fail Circuits. The ISS CDU fail circuits can be separated into several
independent error detect and logic circuits. The circuits are divided into groups depending
on the type of signal being checked for error. Figure 3-30 is a logic block diagram of the
CDU error detect circuitry.

Figure 3-30 (a) illustrates the type of error detector circuitry used to determine whether
either the coarse error (1X resolver) or the fine error (16X resolver) signals are nulling as
they should. The level detectors rectify the 800 Hz input signals and charge the capacitor on
the driver base circuit. When the coarse signal exceeds 2.5 v (rms) or the fine signal
exceeds 1v (rms) the capacitor change is sufficient to bias the transistor into conduction.

Any one of the six circuits will cause OR gate (1) in figure 3-30 to provide an input to OR gate
(4) the output gate.

Figure 3-30 (b) is one of the circuits used to detect the limit cycling of the up line in the
read counter when the CDU read counter contains the gimbal angle. In this loop as in any
servo loop when the loop is nulled a slight oscillation occurs around the null. The error
detect circuit recognizes the changing phases of the signal around null and causes an up line
energization or a down line energization to the read counter. Under normal operation this
limit cycle is expected to be less than 250 Hz. The limit cycle frequency is checked by the
up line limit cycle square wave biasing a transistor on or off. The square wave output of

the transistor is differentiated by the RC circuit in its load. The positive spike of the
differentiated output is used to charge a capacitor through a diode. The charge on the capaci-
tor is low enough when the limit cycle is less than 250 Hz to bias the transistor at cutoff.
When the limit cycle exceeds 250 Hz the output transistor is biased into conduction. Point
(1) in the circuit is the tie point to the common output transistor for the remaining two limit
cycle detectors. These inputs feeding the one output transistor make up OR gate (2) in figure
3-30 (c). Any one of the three up lines limiting cycling at too high a rate will cause a fail
input to OR gate (4).

OR gate number 3 of figure 3-30 (c) is used as a low level detect circuit. The signals cos
(6 - V) from the main summing amplifier module are checked to determine whether their
level drops below 3. 5v (rms). If either of these three signals drops below the set level,
or the mode module 14 vdc supply drops below 10 vdc the OR gate will give a fail indi-
cation.
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The output OR gate will accept inputs from the other three OR circuits. If any one of the 13
signals fails to meet the requirements, the CMC receives a CDU fail signal from the fail
detect circuit.

3.13.1.5 OSS-CDU Fail Circuit. The OSS-CDU fail circuitry in the mode module per-
forms in exactly the same manner as the fail circuitry for the ISS-CDU. The signal inputs
are from the shaft and trunnion channels.

3.13.1.6 Moding Relays. Two sets of relays are contained in the CDU mode module. A

set consists of two relays operated in parallel. The relays are used to route steering signals
through the mode module. The circuit used for thrust vector control is shown in figure 3-31.
The discrete necessary to energize the relay is generated by the CMC. The CMC discrete
provides a relay ground through a transistorized relay drive circuit. The energized relays
route dc signals developed by the OSS CDU DAC's to the SPS gimbal servo amplifiers. The
28 vrms 800 Hz ISS power is applied to the OSS CDU DAC's for this mode as the OSS is not
necessarily energized during TVC maneuvers.

A second set of relays in the mode module is used to route pitch, yaw and roll steering
signals generated in the CDU ISS DAC's to the SIVB instrument unit.

3.14 CDU 4 VDC POWER SUPPLY

The 4 vdc power supply shown in figure 3-32, is used to provide regulated output voltage for
use in the logic circuitry of the digital mode module, the read counter module, and the
error angle counter and logic module. Under full load conditions the power supply is re-
quired to provide 4 vde £1% at 2.5 to 3 amps of current.

3.14.1 POWER SUPPLY THEORY OF OPERATION. The 4 vdc power supply of the CDU
is typical of the power supplies used within the subsystems of the Apollo PGNCS in that it
requires a synchronization pulse to drive a multivibrator.

The synchronization pulse, a 25.6 kpps pulse train, is generated in the interrogator module
using a 51.2 kpps computer pulse train. The pulse train is inverted and used to key a
multivibrator at a 12. 8 kc frequency. In the event that the sync pulse should be lost, the
multivibrator can free run at approximately 11.5 ke, thereby maintaining a logic power
supply in the event a portion of the interrogate module fails.

The 12.8 ke output of the multivibrator is transformer coupled to a driver amplifier stage
which has a push pull output circuit. The dc excitation level to the output stage is controlled
by a regulator circuit to limit the maximum output voltage from the driver circuit.

The driver output is transformer coupled to a rectifier and filter circuit which normally
provides a plus 4 vde +1% output. The output voltage is regulated by the comparison and
regulator circuit. The 4 vdc output is compared with a reference voltage by a dc differential
amplifier. The differential amplifier controls the impedance of a series regulator circuit
by controlling the bias on two transistor regulator circuits. When the supply output is 4 vdc,
the regulator provides a nominal dc bias to the driver output stage.

If the power supply output increases above the 4 volt level, the differential amplifier in the
comparator and regulator block increases the impedance of the series regulator transistors,
decreasing the bias voltage to the driver output and thereby reducing the output voltage level.
A decrease in output voltage causes the inverse to be true.
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3.15 SUMMARY

The CDU modules, each of which were discussed in detail in the preceding paragraphs, will
be discussed as a unit. Some of the relationships of the modules to each other will be shown.
The power supply module is assumed to be functioning for the following description.

The CDU generates timing pulses for use only within the CDU circuitry. These pulses, in-
cluding #1. #2, 92 #3, #4, I, Iy, I3, one generated in the interrogate module or the digital
mode module. Three sets of interrogate pulses are generated: ISS, shaft, and trunnion.
The #1 through #4 are used in both the optics and inertial channels of the CDU. The timing
pulses are buffered in the moding module prior to general distribution within the CDU. The
timing pulses are used in the digital logic circuitry of the digital mode module. the read
counter Module, and the error counter and logic module.

In the operation of the CDU, moding control discretes from the computer are used to control
the operational configuration. The moding discretes (CDU zero, error counter enable, coarse
align, SIVB takeover) are associated with the inertial channels of the CDU. The optical
channels have the first three plus a thrust vector control discrete associated with their
operation. The mode discretes, with the exception of the SIVB takeover and thrust vector
control discretes. are buffered in the moding module and then modified to meet the time
phasing requirements in the digital mode module. The modified mode commands, all at
specific logic levels when commanded. are routed from the digital mode module to the
moding module, the error counter module. and the read counter module. The ISS CDU zero
discrete is buffered one time after the digital mode module modification, causing it to be an
inverted logic level when commanded.

Whenever the CDU is used, it must go through a moding sequence. First, the read counters
are reset to zero by the CDU zero discretes. When this command is issued, it is possible to
have an ambiguity condition existing; therefore, an ambiguity detect and logic circuit has
been incorporated into the coarse module and the digital mode module. This circuitry pre-
vents the read counter, which normally indicates gimbal or optics angles, from reading a
false null angle. Reference signals R1 and R2 generated in the interrogate help determine

if an ambiguity condition exists.

After completion of read counter zeroing, the CDU may be used as a repeating or a
commanding device. The use as a repeating device will be discussed first.

The analog signals equivalent to the sine and cosine of 8 and 166 from the 1X and 16X gimbal
resolvers or the 16X and 64X optical sensors must be converted to a digital pulse train.
These signals are attenuated in the coarse module, the quadrant select module, and main
summing amplifier module. The attenuation is controlled by the stages of the read counter.
with the 29 through 215 stages being associated with the coarse module and the 2° through
211 stages being associated with the main summing amplifier and quadrant select modules.
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The attenuated signals above a specified level fire an error detect Schmitt trigger in the
coarse module and the main summing amplifier. When these Schmitt triggers are fired
giving a C1, F1, or F2 command, logic circuitry in the error counter and logic module
route incrementing pulses at 12. 8 kpps or 800 pps to the read counter-to increment the
counter. This counter in turn controls, switches in the three modules associated with
coarse fine control, further attenuating the 800 Hz analog signal. When the signal is com-
pletely attenuated, the read counter contains the gimbal or optics angle.

The read counter count up or down is controlled by logic circuitry in the EC and L module.
This same logic circuitry. which uses the phasing of the error signals to determine if an
up or down count is required, will determine if the A2° angle sent to the CMC is to be
counted as a positive or negative A6 G. Whenever the CDU zero mode command is not
commanded, the read counter will accumulate gimbal or optical angles. A pulse train
indicating a changing angle is sent to the computer.

The CDU can be used as a commanding device as well as a repeating device. In this appli-
cation it is used as a digital to analog converter using the error counter and logic module
and the digital to analog converter module.

A computer generated error counter enable discrete allows the error counter to become
operative. The error counter is incremented by A8C commands from the computer. The logic
associated with the error counter determines if the error counter should count up or down

and it also determines the polarity of the DAC outputs by generating an output polarity
command.

The incremental error counter controls switches in the digital to analog converter which
can provide an 800 Hz coarse align signal, an 800 Hz attitude error signal, or + dc display
signal output. The error counter, a nine bit counter. is limited to a maximum of 384 input
pulses before it is considered to be saturated. These values will cause the DAC output to
be a maximum of + 5vde or O orm § 5 v(rms).

The contents of the error counter can be incremented or decremented only by the CMC in
all modes of operation except coarse align. In this mode the error counter logic will accept
A 22 pulses from the output of the third stage of the read counter. If a +AB ¢ has been
commanded, the phase of the DAC output causes an increasing gimbal angle. The A22

pulse train is recognized by the error counter logic and causes the counter to decrement.
In this manner the coarse align error signal will tend to null as the actual gimbal angle
approaches the desired angle commanded by the computer.

The ladder output of the DAC is mixed with an 800 Hz coarse and an 800 Hz fine signal
from the coarse module and main summing amplifier module respectively.

These error signals. which are analog signals proportional to sin (6 - V), are used as rate
feedback control during the coarse align mode of ISS operation.

The moding module contains circuitry to monitor the operations of the CDU for boththe ISS
and OSS operational sections of the device. Signals such as the coarse error, fine error,
up line limit cycling, and an output of the cos (8 - ¥) generator are monitored either for
too high a level, too high a frequency. or too low a level. The CDU issues a CDU fail
indication (ISS or OSS) to the CMC.
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SECTION IV

ISS - SYSTEM MODES OF OPERATION

INTRODUCTION

This section of the study guide is primarily concerned with the modes of operation which in-
volve the IMU. This covers both the ISS modes and the PGNCS system modes. These modes
interface with the CSS and may be entered by D and C panel switch. by DSKY input and/or by
program input. Table 4-1 contains a list of these modes of operation, a list of appropriate
CMC input-output channels and a matrix showing the discrete and mode relations.

4.1 ISS TURN ON MODE

4.1.1 PURPOSE. To initialize the ISS by

a. Driving the IMU gimbals to zero.

b. Driving the CDU read counters to zero.

c. Set the CMC E memory counters to zero.

d. Bring the IRIG wheels up to speed.

4,.1.2 METHODS OF ENTRY. By placing the IMU operation circuit breaker (4-CB-124,
Panel XI) to the on position. (with CMC in OPERATE)

4.1.3 DISCRETES.

Computer Inputs: IMU operate discrete CH 30-09
ISS turn on delay request CH 30-14

Computer Outputs: IMU CDU zero CH 12-05
Coarse Align Enable CH 12-04
ISS turn on delay request CH 12-15
complete

4,1,4 COMPUTER ROUTINES. T4RUPT (Sampled for turn on every 480 msec)

4.1.5 DISPLAY AND CONTROL INDICATION. '"'No Attitude' light on DSKY turned on
for 90 seconds.
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ISS - System modes of
Operation
DISPLAY ATTITUDE ERROR
THRUST VECTOR CONTROL

ISS TURN -ON

ISS COARSE ALIGN
ISS FINE ALIGN

ISS INERTIAL

ISS CDU ZERO

IMU CAGE

GIMBAL LOCK

SIVB TAKE - OVER
ATTITUDE CONTROL

Table 4-1. ISS - System Modes of Operation
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4.1.6 OPERATION. The CMC controls the ISS turn-on mode by accepting, issuing
timing and inhibiting selected discretes. The timed sequence for handling these discretes
is as follows: The CMC recognizes the ISS operate (CH 30-09) and the ISS turn-on delay
request (CH 30-14) discretes as requests for program control of the turn-on sequence.
This causes the CMC to remove the ISS enable error counter (EEC) (CH 12-06) and the ISS
turn-on delay complete (CH 12-15) discretes if they exist. Then the ISS coarse align (CA)
(CH 12-04) and ISS CDU zero (Z) (CH 12-05) discretes are issued and '""NO ATTITUDE"
lights on the DSKY's are turned on. This is followed by the inhibiting of the PIPA fail

(CH 33-13), ISS CDU FAIL (ICDU) (CH 30-12) and the IMU fail (CH 30-13) discretes. After a
90 second delay, the 90 sec delay complete (CH 12-15) discrete is issued, the '""NO
ATTITUDE" lamps are turned off, the CDU counters in E memory are set to zero and the

CA and Z discretes are removed. Ten seconds later, the ICDU, and the IMU fail inhibits
and the 90 sec delay complete discretes are removed. The Program Caution and the ISS
WARNING lamps will light if there is an uninhibited failure.4 seconds later, the PIPA
fail inhibit is removed and the program caution lamp will light (if not ready on) if there is
a PIPA failure.

Closure of the switch (S2) applies 28 vdc to the cage relays through the deenergized contacts
of the auto cage relay, and applies 28 vdc to CH 30-14 of the CMC. The cage relays energize
and in turn, cause the coarse align relays to be energized. The cage relays route the 1X
gimbal resolver sine winding outputs through the contacts of the coarse align relays to the
respective gimbal servo amplifiers. The gimbal servo amplifiers drive the gimbals until

the resolver signals are nulled. The operation of the caging loops is discussed further in

the IMU cage mode description.

Upon receipt of the ISS turn on delay request discrete, the CMC sends the ISS CDU zero
discrete and the coarse align enable discrete to the CDU for a minimum period of 90
seconds. The CDU zero discrete clears the read counters and inhibits the incrementing
pulses to the read counters. The coarse align enable discrete provides a redundant means
of energizing the coarse align relays.

A second set of deenergized contacts on the ISS turn on control relay routes a ground to the
time delay circuit of the pulse torque power supply which inhibits the operation of the
power supply and thus prevents accelerometer pulse torquing during the 90 second turn on
period. This allows time for the accelerometer floats to be centered and the gyro wheels to
run up prior to torquing.

After the 90 second delay has been completed the CMC sends the ISS turn on delay com-
plete discrete. This discrete acts through a relay driver to energize and latch in the ISS
turn on control and the auto cage relays. Refer to figure 4-1.

Energizing the ISS turn on control relay deenergizes the cage relay, removes the ISS turn
on delay request discrete, and removes the inhibit from the pulse torque power supply. The
computer program can then place the ISS in the inertial reference mode by removing both
the CDU zero and the coarse align enable discretes, or it can initiate the coarse align mode
by removing only the CDU zero discrete and sending the ISS enable error counter discrete.
The IMU turn on circuit will be reset whenever 28 vdc IMU operate power is turned off,

If the IMU operate switch is opened any time during the 90 sec delay, the Program Alarm
light on the DSKY will light, with an associated alarm code indicating that the ISS turnon
request was not present for 90 sec. If the switch is closed again or cycled more than once
an additional 90 sec will be added to the original delay for a 180 sec. total delay time.
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Figure 4-1. IMU Turn-on Mode (Sheet 1 of 2)
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Figure 4-1. IMU Turn-on Mode (Sheet 2 of 2)
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4,2 ISS COARSE ALIGN

4.2.1 PURPOSE. To allow the CMC to rapidly align the IMU to a desired position with
a limited degree of accuracy. .

4.2.2 METHODS OF ENTRY.
a. Computer routine IMU COARS
b. DSKY entry V41 N20E

4.2.3 DISCRETES.

Computer Inputs: IMU operate CH 30-09
Computer Outputs: Coarse Align Enable CH 12-04
IMU Error Counter Enable CH 12-06

4.2.4 DISPLAY AND CONTROL INDICATIONS. No attitude lamp on during routine.

4.2.5 OPERATION. The CMC knowing the actual gimbal angle registered in the read
counters, will calculate the desired amount of change of gimbal angles required to repo-
sition the gimbals to the desired angles and loads this information in the appropriate CMC X,
Y, or Z memory counters. The CMC converts this change into a number of +AA8C pulses

and sends these pulses to the error counters. The +ABC pulses are sent to the error counters
at a rate of 3,200 pps in bursts of 192 pulses. Bursts are sent every 600 millisec. Each

ABC pulse is equal to a change in gimbal angle of 160 arc seconds. The error counter,

having been enabled, accepts the pulses and counts up or down as necessary until all the
pulses have been registered.

The ladder decoder in the D/A converter module supplies an 800 Hz, amplitude modulated
analog error signal equivalent to the digital information in the error counter. Refer to
figure 4-2. The ladder decoder signal is summed with a feedback signal and applied through
a mixing amplifier, also located in the D/A converter module, to the gimbal servo ampli-
fiers to drive the gimbals to the desired angles. The coarse align error signal output of the
mixing amplifier is applied to the gimbal servo amplifiers through the contacts of the coarse
align relays located in the PSA. The coarse align relays, which are energized by the coarse
align enable discrete acting through the mode logic, switch the input of the gimbal servo
amplifiers from the gyro preamplifiers to the coarse align error signal output of the ISS
D/A converters. The demodulator reference relay is also energized by the coarse align
enable discrete and switches the reference frequency of the demodulator in the gimbal servo
amplifiers from 3,200 Hz to 800 Hz. The coarse align enable discrete also energizes a relay
in the gimbal servo amplifiers which switches additional capacitance into the amplifier's
compensation networks to tune them for 800 Hz operation.
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As the gimbals are driven, +A22 pulses, representing the change in actual glmbal angle,

are generated by the read counter and applied to the error counter. The +A22 pulses are
also equal to 160 arc seconds and decrease the +ABC pulses registered in the error counter.
The error counter output to the ladder decoder. therefore, represents the difference
between the desired amount of change in gimbal angle and the amount of change actually
accomplished. The error counter reaches a null or reads zero, and the gimbals stop moving.
when the actual gimbal angle has changed by an amount equal to the total value of the +A8C
pulses sent by the computer to the error counter. The CMC checks the contents of the read
counter 2.1 seconds after the CMC has sent the last coarse align torquing pulse to the error
counter. If the gimbal angles are not within two degrees of the desired angle, the computer
issues an alarm.

The rate at which the gimbals are driven is limited to prevent damage to the gyros and to
assure that the read counter can track the gimbal angle accurately. The rate of gimbal
movement is limited by feeding back the CDU fine error signal sin 16(8 - V) to the input

of the mixing amplifier located in the D/A converter module. The fine error signal is out
of phase with the output of the ladder decoder and has an amplitude proportional to the
difference between the actual gimbal angle (8) and the angle registered in the read counter
(V). The fine error signal is applied through a voltage limiting circuit to the summing
junction of the mixing amplifier where it is summed with the 800 Hz ladder decoder output
signal. The D/A converter ladder decoder output is applied to the mixing amplifier through
a scaling amplifier and a voltage limiting diode network. The scaling amplifier controls the
signal gain to produce a scale factor of 0.3 volt rms per degree. The output of the mixing
amplifier will be at a null when the D/A converter ladder decoder output. after limiting. is
equal to the fine error feedback signal. The fine error signal will be a constant value only
when the gimbal and the CDU are going at the same rate and with the gimbal angle leading
the CDU angle. Since the CDU is constrained to counting at one of two speeds, the gimbals
will be constrained to a rate equal to one o. these two speeds. During the coarse align mode,
the CDU is constrained to a high counting speed of 6.4 kpps and a low counting speed of

800 pps. At all other times. the high counting speed is 12. 8 kpps.

If the gimbals are moving at a faster rate than the rate at which the CDU is counting, the
fine error signal will increase causing a retarding torque to be developed by the gimbal
servo amplifier. If the gimbals are moving at a rate slower than the rate at which the CDU
is counting, the fine error signal will decrease causing the gimbal servo amplifier to apply
an accelerating torque to the gimbals. By adjusting the gain of the fine error signal into the
mixing amplifier, the gimbal rate is limited to either 35.5 degrees per second (6.4 kpps
CDU counting rate) or 4.5 degrees per second (800 pps CDU counting rate).
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Figure 4-2, Coarse Alignment Mode
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4.3 ISS FINE ALIGN MODE

4.3.1 PURPOSE. To reposition the stable member to a fine alignment by torquing the
gyros. ;

4.3.2 METHODS OF ENTRY.
a. Computer Routine IMU Fine, IMU Pulse routines
b. DSKY Entry - V42E (Fine Align IMU)

4.3.3 DISCRETES.

Computer Inputs: IMU Operate CH 30-09
Computer Outputs: Gyro Torque Enable CH 14-06
Gyro Select Pulses CH 14-07, 08, 09
Gyro Activity CH 14-10

4,3.4 DISPLAY AND CONTROL INDICATIONS. None if entered via computer routine.

4.3.5 OPERATION. The torquing current to the gyros is provided by the fine align
electronics located in the PSA. The fine align electronics are enabled and controlled by
CMC pulses sent directly to the fine align electronics. Refer to figure 4-3. The CMC routine
will place the desired number of pulses in the gyro D counter and then decrement the
counter at the rates of 3200 pulses per second. These pulses are routed to the IRIG's via
Channel 14 Bit 10. Each pulse is worth 0.618 arc seconds of gimbal rotation.

The ISS is in the inertial reference mode prior to the enabling of the fine align electron-
ics and returns to that mode when the fine align electronics are disabled. The fine align
electronics torques the gyros in the order Y, Z, X. The CMC sends four types of pulse
trains to the fine align electronics. The first pulse train to be sent is the torque enable
command which enables the fine align electronics. The second pulse train is a gyro select
command which selects a particular gyro and the direction it is to be torqued by means of a
switching network which closes the current path through the proper torque ducosyn coil.
The third and fourth types of pulse trains are the torque set and torque reset commands
which control a binary current switch to start and stop the current flow through the selected
torque ducosyn coil. The amount of current flow through the torque ducosyn coils is pre-
cisely controlled at a fixed value. The amount of gyro torquing to be accomplished is deter-
mined by the amount of time torque current is applied, that is, the time duration between
the receipt of the torque set and the torque reset commands. The factor is calculated by
the CMC based on optical alignment measurements. The torque ducosyn displaces the gyro
float causing the ducosyn signal generator to apply an error signal to the stabilization loop.
The stabilization loops drive the gimbals to reposition the stable member. Upon completion
of the torquing, the ISS remains in the inertial reference mode until further change is
commanded. During the fine align mode, the ISS error counters remain cleared and
inhibited. The read counters continue to repeat the gimbal angles and send angular

data + A 6G) to the CMC. For further information see the discussion of the fine align
electronics in Chapter 2.
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LCMC

Fine Alignment Mode
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4,4 ISS INERTIAL MODE

4.4.1 PURPOSE. To provide a coordinate reference system on which attitude and
velocity measurements and calculations may be based. .

4.4,2 METHODS OF ENTRY.

a. Computer Routine = via IMU Fine routine , CDU Zero routine

4.4.3 DISCRETES. None

4,.4.,4 DISPLAY AND CONTROL INDICATIONS. None

4.4.5 OPERATION. During the inertial reference mode, the stable member is held fixed
with respect to inertial space by the stabilization loops. Refer to figure 4-4. The ISS CDU
read counters provide the CMC with changes in gimbal angles with respect to the stable

member. The ISS is in the inertial reference mode during any operating period in which
there is an absence of moding commands.
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4.5 ISS CDU ZERO MODE

4.5.1 PURPOSE. To insure synchronization between the IMU gimbal angles the CDU
read counters and the CMC E memory registers. .

4.5.2 METHODS OF ENTRY.

a. Computer Routine IMU Zero Routine

b. DSKY = V40 N20

4.5.3 DISCRETES.

Computer Inputs: IMU OPERATE CH 30-09
Computer Outputs: IMU CDU ZERO CH 12-05

4.5.4 DISPLAY AND CONTROL INDICATIONS. None

4,5.5 OPERATION. When the computer enters this routine, it will inhibit the ICDU FAIL
(CH 30-12) IMU FAIL (CH 30-13) and PIPA FAIL (CH 30-10) discretes, issue the ISS CDU
zero (CH 12-05) discrete and then execute a 320 millisec delay. During this delay the ICDU
read counters are zeroed and inhibited. Refer to figure 4-5. When the delay has been com-
pleted, the computer will set the X, Y, and Z CDU counters in E memory to zero and then
remove the ICDU zero discrete. A ten second delay is scheduled to allow the read counters
to increment up to the gimbal angles and the X, Y, and Z CDU counters in E memory to
follow along. At the end of this delay the ICDU FAIL, IMU FAIL and PIPA FAIL inhibits
are removed and a check is made for any uninhibited fail.
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Figure 4-5. IMU CDU Zero Mode
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4,6 IMU CAGE MODE

4,6.1 PURPOSE. To drive the IMU gimbals to their zero position.
4.6.2 METHODS OF ENTRY. ;
a. Inherent part of ISS turn on sequence

b. IMU cage switch (S49) |

4.6.3 DISCRETES.

Computer Inputs: IMU Operate CH 30-09
IMU Cage CH 30-11
Computer Outputs: None

4,6.4 DISPLAY AND CONTROL INDICATIONS. No attitude lamp on DSKY

4.6.5 OPERATION. When IMU cage mode is initiated by the astronaut pressing the IMU
CAGE switch, the switch is spring loaded and must be held until the gimbals settle at the
zero position (five seconds maximum). The gimbal position may be observed on the FDAI.
The IMU CAGE switch routes a 28 vdc discrete signal to the CMC and to the cage relays
located in the PSA. The cage discrete energizes the cage relays which in turn cause the
coarse align relays, the demodulator reference relay, and a relay in the gimbal servo
amplifiers to be energized. The relay in the gimbal servo amplifiers switches additional
capacitance into the RC compensation networks to tune them for 800 Hz operation. The de-
modulator reference relay changes the gimbal servo amplifier demodulator reference signal
from 3,200 Hz to 800 Hz. The cage relays switch the 1X gimbal resolver sine winding out-
puts through the energized contacts of the coarse align relays into the corresponding gimbal
servo amplifier inputs. The gimbal servo amplifiers drive the gimbals until the resolver
signals are nulled which occurs at zero gimbal angle. '

Upon receipt of the IMU cage discrete (CH 30-11), the computer will terminate gyro and
ICDU driving, remove ICDU enable error counter,and ISS turn-on delay complete discretes,
the ISS coarse align and ISS CDU zero discretes. Then the computer will turn on

the NO ATTITUDE lamp (DSKY), inhibit PIPA, ICDU and IMU fail discretes, and set the

X, Y, and Z CDU and gyro command output counters to zero.

After the IMU cage switch is released, the cage relay will de-energize and close the stab
loops. During the time the IMU cage discrete is present and while the read counters are
settling, the NO ATTITUDE lamp on the DSKY is lighted.

The IMU cage mode will also be entered automatically whenever the IMU is turned on.
During the normal turn on sequence, the closure of the ISS OPERATE circuit breaker will
route 28 vdc through the deenergized contacts of the ISS turn on control relay to the cage
relays. The cage relays energize and cage the gimbals. After the 90 second turn on time
delay has been completed the CMC will (if it is on) send the ISS turn on delay complete
discrete which will energize the ISS turn on control relay which, in turn. deenergizes the
cage relays. If, however, the CMC is off or in standby when the IMU is turned on, the ISS
turn on control relay will remain deenergized and the ISS will remain in the IMU cage mode.
See figure 4-6.
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If the IMU cage mode is entered as a result of an IMU turn on with the CMC off or in
standby, the ISS may be placed in the inertial reference mode by allowing 90 seconds for
gyro runup, then pressing the IMU CAGE switch. The IMU CAGE switch will energize and
latch the auto cage relay control which removes the ISS 28 vdc which had been energizing
the cage relays. With the auto cage relay control latched, the cage relay will deenergize
when the IMU CAGE switch is released. Deenergizing the cage relays causes the coarse
align relays to be deenergized which connects the gyro error signals to the respective
gimbal servo amplifiers. The stabilization loops will maintain the stable member inertially
referenced to the orientation established by the caging loops.

During the ISS turn-on mode, the cage function is safe because the gyro wheels are not
turning. However, when used to recover a tumbling platform, the combination of the gimbal
drive rates (70 deg/sec) and the precessional torques are sufficient to cause the gyros to be
driven into their rotational and radial stops. This action may cause both temporary and
permanent bias shifts on the order of several MERU's.
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4.7 ATTITUDE ERROR DISPLAY MODE

4.7.1 PURPOSE. To supply attitude error signals to the FDAI

4.7.2 METHODS OF ENTRY.

a. Computer Routine Needler

b. DSKY Entry. V 61E, V 62E, V63, or V 43E (Test only)
4.7.3 DISCRETES.

Computer Inputs: IMU Operate

Computer Outputs: Error Counter Enable

4.7.4 DISPLAY AND CONTROL INDICATIONS. Needles on FDAI's indicate attitude
error.

4.7.5 OPERATION. In this mode of operation the computer is informed of the gimbal
angles.

The computer is aware of the present attitude of the spacecraft. The digital autopilot
routine provides a desired S/C attitude associated with the present time and position.

Any difference between the desired and actual S/C attitude is an attitude error. The
attitude error is converted to AB¢ pulses, each pulse being equivalent to 160 arc seconds
of error, which are sent to the error counter at a rate of 3200 pps. The error counter is
incremented to contain the number of pulses commanded by CMC. The contents of the error
counter are converted to an 800 Hz error signal by the DAC. The phase of the DAC output
is determined by logic in the EC & L module.

The 800 Hz with a maximum amplitude of 5 vrms zero or pi phase is displayed on the
attitude error needles of the FDAI as an attitude error. The digital feedback from the
read counter to the error counter is disabled during this mode of operation allowing only
the CMC generated A6 commands to increment or decrement the error counter.

Total spacecraft attitude can also be displayed on the FDAI. This information is taken

from the 1X gimbal angle resolver sine and cosine windings. Pitch. roll and yaw can
be displayed from the inner, outer and middle gimbals respectively.
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4,8 GIMBAL LOCK MODE

4.8.1 PURPOSE. The purpose of the gimbal lock mode is to provide the astronaut
with a discrete indication of a large middle gimbal angle and to disable the stab loop
before gimbal lock actually occurs.

4.8.2 METHOD OF ENTRY.

Computer Routine - T4ARUPT

4.8.3 DISCRETES.

Computer Inputs: IMU Operate . CH 30-09

Computer Outputs: Coarse Align Enable CH 12-04

4.8.4 DISPLAY AND CONTROL INDICATIONS. Gimbal lock lamp on DSKY
No Attitude lamp on DSKY

4.8.5 OPERATION. This mode is a function of the TARUPT routine. Every 480
millisec, the T4ARUPT routine checks the Z CDU counter in E memory (middle gimbal
angle). When the magnitude in this counter is greater than 70.0°, the computer will

turn on the GIMBAL LOCK lamp on the DSKY. This light will be turned off as soon as the
TARUPT routine finds the magnitude in this counter below 70.0°. However, if the middle
gimbal angle in the Z CDU counter increases to greater than 85° degrees, the computer
will light the NO ATTITUDE lamp on the DSKY, issue the ISS coarse align discrete, and
inhibit the IMU fail. Issuing the ISS coarse align discretes will open the stab loops, which
will reference the platform to the spacecraft. Refer to figure 4-9. The combination of the
coarse align (CA) and not the enable error counter (EEC) will prevent the read counters
from being incremented. The coarse and fine error signals to the D/A converter will be
the only signal inputs to the stab amps. These signals, if any, will cause the gimbals to
drive to the angle in the read counter. After a 60 millisec delay the enable error counter
(EEC) is issued. The combination of this discrete with the coarse align discrete now allows
the error counter to be counted up by the read counter. This is accomplished by means of
the 22 bit feedback to the error counter. Every time the read counter records a drift of the
gimbal angle of 160 sec, a pulse will be sent to the error counter. The error counter output
of the D/A ladder network will drive the gimbal back to the original angle the astronaut can
leave this mode by requesting the coarse alignment mode via DSKY input.
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4.9 SIVB TAKE-OVER MODE

4.9.1 PURPOSE. To use the command module guidance system as a backup system for
the Saturn guidance system if the Saturn guidance system fails during earth ascent. or
translunar injection. :

4.9.2 METHODS OF ENTRY. Switching the vehicle guidance switch (S69) from the
IU Position to the CMC Position.

4.9.3 DISCRETES.

Computer Inputs: IMU Operate CH 30-09
S/C control of Saturn CH 30-10
Computer Outputs: SIVB Takeover CH 12-09
ISS Error Counter Enable CH 12-06

4.9.4 OPERATION. During the SIVB take-over mode, the CMC controls spacecraft
steering by sending attitude error signals to the Saturn guidance system through the ISS
CDU. This mode is a backup for the Saturn guidance system if the saturn guidance system
IMU fails during earth ascent or translunar injection. The SIVB take-over mode is initiated
by the astronaut by placing S69 on the main D and C panel to the CMC position. Closure of
this switch routes +28 vdc to one side of the SIVB takeover relays. The +28 vdc discrete is
also routed to the CMC. Receipt of this discrete by the CMC signals the CMC to issue the
SIVB take-over discrete. The SIVB take-over discrete energizes the control relays which
connect the D/A converters dc outputs to the Saturn guidance system. The CMC issues the
enable error counter discrete 40 milliseconds after the SIVB take-over discrete. With the
error counters enabled and the D/A converters dc outputs connected to the Saturn guidance
system, the CMC can send steering signals to the Saturn guidance system. The CMC
calculates the amount of yaw, pitch. and/or roll required for proper spacecraft attitude
and determines the amount of + ABC pulses to be sent to the error counters. The error
counters receive the +ABC pulses and count up or down as required until all pulses have
been received. The error counters send this digital information to the D/A converters
where it is converted to a dc signal and sent to the Saturn guidance system for attitude
control. The CMC monitors the spacecraft response to the attitude signals through the read
counters and the PGNCS PIP's. During this mode, the digital feedback signals from the
read counters to the error counters are inhibited.

Prior to the CMC issuing the SIVB take-over discrete. the CMC checks to see if the error
counters are in use. If the error counters are in use, the CMC removes the enable error
counter discrete which inhibits and clears the error counters. The SIVB take-over discrete
will then be issued after a 1/2-second delay.
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4,10 THRUST VECTOR CONTROL MODE
4.10.1 PURPOSE. To allow the computer to control the thrusting of the SPS engine.

4,10.2 METHODS OF ENTRY. By placing the AV thrusting switch (S23) in the Direct
Position, and the S/C control switch (S18) in the CMC Position.

4.10.3 DISCRETES.

Computer Inputs: IMU Operate CH 30-09
S/C Auto Pilot Control CH 31-15
SPS Ready CH 30-03

Computer Outputs: TVC Enable CH 12-08
Enable Optics Error
Counter CH 12-02
Enable ISS Error CH 12-06
Counter

4,10.4 OPERATION. The astronaut places the SC control switch (S18) into the CMC
position and the V thrust switch (S23) into the direct position. The computer issues the TVC
enable discrete which passes through mode logic which in turn provides a ground path for
the TVC relay. The energized TVC relay connects the optics CDU D/A converter dc outputs
to the SPS engine gimbal amplifier. The CMC issues the optics D/A enable discrete 40
milliseconds after the thrust vector control discrete. With the optics error counters
enabled and the optics CDU D/A converter dc output connected to the SPS engine gimbal
amplifier. the CMC can send steering control signals to position the SPS engine gimbals.
The CMC calculates the amount of pitch or yaw required for proper trajectory and then
determines the amount of +tAB8C pulses to be sent to the error counters. The error counters
receive the +ABC pulses and count up or down as required until all pulses have been
received. The error counters send this digital information to the D/A converters where it
is converted to a dc signal and routed to the SPS engine gimbal amplifiers. The CMC
monitors spacecraft response to the engine gimbal steering signals through the ISS CDU
read counters and the PGNCS PIP's. During this mode, the digital feedback signals from
the read counters to the error counters are inhibited.

Prior to the CMC issuing the thrust vector control discrete, the CMC checks to see if

the optics CDU error counters are in use. If the error counters are being used, the

CMC removes the optics D/A enable discrete which inhibits and clears the error counters.
The CMC will then issue the thrust vector control discrete.

During this mode the ISS will also be in the attitude error display mode. The ISS error
counters are utilized by the CMC to display for the astronaut attitude errors on the FDAI.
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4.11 ATTITUDE CONTROL MODE

4.11.1 PURPOSE. Allows the PGNCS to maintain spacecraft attitude.

4.11.2 METHODS OF ENTRY. By placing the CMC mode switch (S19) on panel 1 in the
auto or hold position. The SC control switch must be in the CMC position. This causes the

computer to go into the RCS Digital Autopilot Routine.

4.11.3 DISCRETES.

Computer Inputs: IMU Operate CH 30-09
Auto or Hold Function CH 31-13, 14
Computer Outputs: ISS Error Counter Enable CH 12-06
Error Counter Drive Pulses CH 14-13, 14, 15
RCS Jet Selection CH 05 & 06

4.11.4 OPERATION. The attitude control mode, a PGNCS mode, utilizes the digital
autopilot to maintain spacecraft attitude. The ISS stabilization loops maintain an inertial
reference from which spacecraft attitude can be determined. The spacecraft attitude is
compared to a desired attitude by the digital autopilot. If any error exists, the RCS jets
are used to change the spacecraft attitude. Attitude errors are displayed on the FDAI.

During the attitude control mode, the error counter is enabled. The computer sends the
desired change in spacecraft orientation to the error counters. The output of the error
counters is developed into an analog error signal (attitude error signal) by the 800 Hz
ladder network and the output is fed to the FDAI. The computer develops discretes that
control the firing of RCS jets and, therefore change the orientation of the spacecraft. The
change in spacecraft orientation is sensed by the IMU stabilization loops and results in
changing IMU gimbal angles. The gimbal resolver output is sent to the FDAI to display
total attitude and to the summing logic and coarse fine mixing circuit. Resulting digital
information is sent to the read counter. The read counter supplies the changing gimbal
angle pulses to the CMC. The CMC uses the information in determining when to stop firing
the RCS jets. The FDAI error counter is pulsed to zero, nulling the attitude error signal
on the FDAI.
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SECTION V

IMU TEMPERATURE CONTROL SYSTEM
INTRODUCTION

The purpose of the IMU Temperature Control System is to maintain the temperature of the
IRIG's and PIP's within their required temperature limits. This system is designed to
supply and remove heat as required to maintain heat, with minimum power consumption.
This system is divided into two functional sections. The first section is used for adding
heat to the inertial components, and the second section is used for removing excess heat.
Heat is added to the inertial components via resistance wire heaters which are controlled
by several different circuits. Excess heat is removed from the stable member by thermo-
statically controlled fans. Refer to figure 5-1. The IMU is pressurized with dry nitrogen
to one atmosphere. This allows the fans to cause a forced convection mode of operation
which circulates the dry nitrogen between the middle gimbal and the IMU case. The IMU

case contains the ECS's water-glycol heat exchanger. The water-glycol input temperature
is approximately 45° F.

The temperature control system is divided into four circuits. All four circuits are shown
on figure 5-2. The name and function of each circuit is as follows: :

a. The temperature control circuit - adds heat during ISS standby and operate modes.
b. The blower control circuit - removes heat during ISS operate.

c. The temperature alarm circuit - monitors platform temperature during system
operation, ISS standby and CSS standby.

d. External temperature circuit - separate heaters and sensors used for platform
temperature control below standby.

5.1 TEMPERATURE CONTROL CIRCUIT

The temperature control circuit maintains the gyro and accelerometer temperature. The
temperature control circuit consists of a temperature control thermostat and heater .
assembly, a temperature control module, three IRIG end mount heaters, three IRIG tap.eI:e
mount heaters, two stable member heaters, three accelerometer heaters, and four antici-
patory heaters. The thermostat and heater assembly is located on.tlfe stable member and
contains a mercury-thallium thermostat, a bias heater, and an anticipatory heater. Except
for the bias and GSE heater, all heaters (a total of 15) are connected in parallel, and are
energized by 28 volts dc through the switching action of transistor @2, which completes the1
dc return path. The thermostat which senses the temperature of the stable member controls

switching transistors Q1 and Q2. Refer to figure 5-2.

When the temperature falls below 130 (+0. 2) degrees Fahrenheit, the thermostat opens,
transistors Q1 and Q2 conduct, and current flows through the fifteen heaters. Because of

the large mass of the stable member, its temperature will increase at a relatively slow

rate as compared to the gyros which have a heater in each end mount. The anticipatory

heater improves the response of the thermostat to insure that the magnitude of the tempera-
ture cycling of the gyros and the accelerometers is as small as possible. When the tempera-
ture rises above 130 (+0.2) degrees Fahrenheit, the thermostat closes and the base of
transistor Q1 is shorted to ground, cutting off transistors Q1 and Q2 and deenergizing the
heaters. The thermostat has a 0.5 degree deadband which is the difference between contact
closing with rising temperature and contact opening with falling temperature. The temperature
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control circuit will maintain the average of the gyro temperatures at 135 (1) degrees
Fahrenheit and the average PIPA temperatures at 130 (1) degrees Fahrenheit under
normal ambient conditions. The temperature difference between the gyros and the
accelerometers is adjusted by properly proportioning the amount of power in each heater.
The balance is obtained by decreasing the current through each accelerometer heateg by
the proper selection of resistor R1.

During IMU operation, power is applied to the fixed accelerometer heaters to compensate
for the additional heat supplied to the gyros by the gyro wheel motor heat dissipation.
Power is also applied to a bias heater on the control thermostat. The bias heater supplies
a fixed amount of heat to the control thermostat to maintain the proper absolute temperature
level of the gyros and accelerometers. The amount of bias heat is determined by the value
of R5. The power for the fixed accelerometer heaters and the thermostat bias heater is the
-90 degree output from the 28 vac power supply which is also used for gyro wheel power.

The 28 vdc heater power is applied to the heaters through the contacts of a safety thermostat
which provides protection against an extreme overheat condition in case a malfunction occurs
in the temperature control circuit. The safety thermostat contacts open at 139.5 (+3.0)
degrees Fahrenheit and close at 137 (+3) degrees Fahrenheit. Refer to figure 5-3.

5.2 BLOWER CONTROL CIRCUIT

The blower control circuit maintains IMU heat balance by removing heat. The blower
control circuit consists of a blower control thermostat and heater assembly, a blower
control module assembly, two axial blowers, and a relay. The contacts of the thermostat
contained in the blower control thermostat and heater assembly close at 139 (+0. 2) degrees
Fahrenheit and remain closed at higher temperatures. Resistor R6 is provided to limit
the current through the bias heater in the blower control thermostat and heater assembly.
The amount of heat supplied by the bias heater is a constant. If the duty cycle of the temper-
ature control circuit exceeds 50 percent, enough additional heat will be provided by the
anticipatory heater to increase the temperature of the blower control thermostat and heater
assembly to 139 degrees Fahrenheit. When the thermostat contacts close, transistor Q1
conducts and relay K1 is energized to remove the power from the blowers. The normal
duty cycle of the temperature control circuit, with the IMU in a 75 degree Fahrenheit
ambient temperature, is approximately 15 to 20 percent. Under this condition the blowers
will operate continuously. Only a very low ambient temperature will cause a blower off
condition. Refer to figure 5-4.

Power to the blowers is supplied from the -90 degree output of the 28 volt, 800 Hz, 5 percent
power supply which also provides gyro wheel motor power. Fused phase shift networks are
associated with each blower so that excitation and control current can be supplied from the
same source.

5.3 TEMPERATURE ALARM CIRCUIT

The temperature alarm circuit which monitors the temperature control system, consists of
a temperature alarm high limit thermostat and heater assembly, a temperature alarm low
limit thermostat and heater assembly, and a temperature alarm module assembly. If a high
or low temperature is sensed by the thermostats located on the stable member a discrete is
sent to the computer. When the temperature is within the normal range, the low limit ther-
mostat contacts are open. Transistor Q1 is then properly biased for conduction through a
grounding system in the computer. Refer to figure 5-5.
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At temperatures below 126.0 (+0.2) degrees Fahrenheit both the low limit thermostat
contacts and the high limit thermostat contacts are open. At temperatures above 134.0
(+0. 2) degrees Fahrenheit, both the low limit thermostat contacts and the high limit
thermostat contacts are closed. In either case, transistor Q1 is not able to conduct.
Non-conduction of transistor Q1 signals the CSS of an alarm condition. There is no
differentiation between a high or low temperature alarm. When the CSS senses a
temperature alarm, it causes the TEMP lamp to light. When the IMU

auxiliary module receives a temperature alarm, it sends the information to telemetry.

5.4 EXTERNAL TEMPERATURE CONTROL CIRCUIT

External temperature control of the IMU is provided by ground support equipment (GSE)
control heater circuits in the IMU. The circuits are controlled externally to the airborne
equipment by the portable temperature controller or the temperature monitor control panel
of the optics inertial analyzer (OIA). The GSE control heater circuitry consists of a safety
thermostat, six gyro heaters, two stable member heaters, three accelerometer heaters,
temperature indicating sensors, and an IMU standby power sensor which disables the GSE
when airborne power is on. The temperature indicating sensors act as the control sensing
element of the external control and indicating circuitry. The heaters are connected in
parallel. The six gyro temperature indicating sensors (two in each gyro) are connected

in series to sense the average temperature of the gyros. The three accelerometer
temperature indicating sensors (one in each accelerometer) are connected in series to
sense the average temperature of the accelerometers. All of the GSE control heater
circuitry is not available as a backup system in flight. The GSE temperature indicating
sensors are used as the telemetry sensors during flight. Refer to figure 5-6.
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SECTION VI

OPTICAL SUBSYSTEM

INTRODUCTION

The optical subsystem enables the astronaut to make optical sightings on celestial objects by
means of a telescope and sextant. These sightings are used in updating this spacecraft's
position and velocity and in aligning the IMU. The celestial bodies serve as the primary
reference for navigation of the spacecraft when using the PGNCS.

The taking of optical sightings is a semi-automatic operation and requires the astronaut to
point the optical instruments. If the celestial objects cannot be acquired by operating the
optical controls alone, the astronaut must change the attitude of the spacecraft by commanding
roll, pitch and yaw motion with the spacecraft rotation control.

At the instant the optical sighting is taken, the time of sighting, the angles of the optical
instruments and the IMU gimbal angles if the ISS is enabled, are recorded by the CMC.

Data pertaining to the location of the celestial objects and programs for navigational calcula-
tions have been stored in the CMC. The navigational measurements can be accomplished
during earth orbit by measuring the angles to landmarks with the telescope. Midcourse
navigation is accomplished by measuring the angle between a landmark and a star with the
sextant. The IMU is aligned during flight by measuring the angle between the navigation base
and each of two stars with the sextant. Optical sighting data is also used in IMU prelaunch
alignment.

In case of a failure in the optics electronics, the astronaut may be required to operate the
telescope manually with the universal tool and read the angles off counters on the telescope
axes.

6.1 OSS EQUIPMENT
The optical subsystem consists of the following equipment (see figure 6-1):

a. Navigation Base (NB) (Portions)

b. Optical Unit Assembly (OUA)

c. Coupling Data Unit (CDU) (two channels)
d. Power Servo Assembly (PSA) (portions)
e. G&N Indicator Control Panel (portions)
f. Eyepiece and Stowage Assembly
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6.2 OSS FUNCTIONAL BLOCKS

For the purpose of this explanation, the optical subsystem equipment is divided into functional
blocks as shown in figure 6-2. The operation and interrelationship of these blocks are
described in the following paragraphs.

6.2.1 NAVIGATION BASE. The navigation base is used as a holding fixture to provide
a rigid support of the optics with respect to the IMU. The optics are fixed in precise
alignment to the navigation base. Flexible sealing at the spacecraft opening is supplied
by a bellows assembly around the optical instruments.

6.2.2 TELESCOPE. The telescope is mounted beside the sextant to permit parallel
lines of sight through an opening in the spacecraft. The telescope, with its large field

of view, is used as an aid to the sextant for coarse acquisition in midcourse flight and for
measuring angles to landmarks during earth orbit.

The telescope is a refracting type and has magnification power of 1X with a field of view of
60 degrees. The telescope has two degrees of rotational freedom with the shaft axis and
trunnion axis defining the axes of rotation. Continuous rotation is physically possible about
the shaft axis, which is fixed with respect to the spacecraft, but in operation, is limited

to the shaft movement of the sextant. Rotation about this axis defines the shaft angle (Ag).
Continuous rotation is also possible about the trunnion axis, which is perpendicular to the
shaft axis. Rotation about this axis defines the trunnion angle (At). A prism located on
the trunnion axis, is rotated to reflect the image into the objective lenses of the telescope.
Because of obstructions caused by spacecraft airframe, the line of sight (LOS) of the
trunnion has a useful range of approximately 53 1/2 degrees. By rotating the telescope
about the trunnion and shaft axes, a maximum field of approximately 100 degrees can be
viewed. To control the motion of the telescope line of sight, shaft and trunnion drive rates
are normally supplied to the sextant drive circuits, which position the sextant shaft and
trunnion. During normal operation, the shaft and trunnion of the sextant and telescope are
slaved together. To acquire objects outside the 100 degree field of view, the attitude of
the spacecraft must be changed. The shaft and trunnion angles can be read directly from
the telescope by counters mounted on the face of the optical panel. A tool is also provided
so that the trunnion and shaft angles can be manually positioned.

6.2.3 SEXTANT. The sextant is more precise than the telescope and is used primarily
during the midcourse phase for measurement of angles between a landmark and a star or
for sighting each of two stars for fine alignment of the IMU. The sextant has two lines of
sight, landmark and star. The landmark line of sight (landmark LOS) is fixed with respect
to the spacecraft. To align the landmark LOS to a particular landmark, the attitude impulse
control, which makes small changes in the spacecraft attitude rates, and the spacecraft
rotation control are used. The star line of sight (star LOS) has two degrees of freedom and
operates similarly to the telescope in that it can scan a field of approximately 107 degrees.
Both the star LOS and landmark LOS have a 1.8 degree field of view and magnifying power
of 28X. When looking through the sextant eyepiece, objects in the star and landmark lines
of sight are superimposed. By obtaining a coincidence of a star and a landmark, the angle
between the two can be measured.
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6.2.4 SHAFT AND TRUNNION DRIVE. The telescope and sextant drive circuits per-
form similar functions; they reposition their respective shaft and trunnion axes at the
commanded rate. Sextant shaft and trunnion movement can be commanded by the sextant
hand controller or the computer. The telescope shaft always follows the sextant shaft.
The telescope trunnion can be commanded by mode switching to: (1) follow the sextant
trunnion, (2) drive to 0 degrees, or (3) drive to 25 degrees.

6.2.5 CDU OPTICAL CHANNELS. The coupling data unit provides coupling between
the CMC and the OSS. The CDU repeats the shaft and trunnion angles and transmits the
angular change information to the CMC in digital form. During the computer mode of
operation desired sextant (SXT) trunnion and shaft angles are obtained by providing AC
inputs to the trunnion and shaft servos from the CMC through the CDU D/A converters.
In addition, the CDU OSS digital to analog converters provide DC coupling between the
CMC and the service propulsion system (SPS) (used during thrust vector control (TVC)
to provide analog signals for positioning the SPS engine gimbals).

The location of the optics shaft and trunnion axes is transmitted to the CDU's through
optics resolvers. The resolvers are located on the sextant shaft and trunnion axes and
transmit angular information to the CDU's in the form of electrical signals proportional
to the sine and cosines of 16X shaft and 64X trunnion angles.

6.2.6 DRIVE RATE RESOLUTION CIRCUIT. The purpose of this circuit is to resolve
the sextant hand controller drive rates so the image motion in the eyepiece (left-right for
large trunnion angles and up-down) is independent of the shaft angle. Without this resolu-
tion, the direction of image movement in response to the sextant hand controller would
vary and depend upon the shaft angle. The drive rates are routed through the drive rate
resolution circuit by mode switching (resolved or direct) controlled from the indicator
control panel. The resolution is accomplished by a resolver on the sextant shaft axis.

6.2.7 SHAFT COSECANT NORMALIZATION CIRCUIT. For easier optical sightings,
it is desirable that the rate of image motion (left-right or up-down) in the eyepiece be
constant for a given rate input from the sextant hand controller. Since the trunnion angle
affects this rate, a resolver on the sextant trunnion axis and a cosecant amplifier are
used to resolve the image motion rate. The shaft cosecant normalization circuit condi-
tions the shaft drive rates only and is connected to the sextant hand controller by switch-
ing the optics into the resolved mode.

6.2.8 MODE SWITCHING. The mode switching is controlled from the G&N indicator
control panel. The switching is performed by relay and selection switches.

6.2.9 DISPLAY AND CONTROL SUBSYSTEM OPERATIONS. The panels used by the

optical subsystem to display and control subsystem operation and the panel functions are
as follows:

a. The optical panel (the face of the OUA) provides:
(1) A mount for the optical eyepieces.
(2) Manual control of the telescope shaft and trunnion angles.

(3) Readouts of the telescope shaft and trunnion angles.
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b. The G&N indicator control panel:
(1) Provides controls for switching optical subsystem modes.

(2) Issues mark commands to the CMC to define the time of measurement and
to record shaft and trunnion angles at the time of the discrete.

(3) Issues mark rejects to the CMC to reject time and angle information which was
recorded as a result of a mark command.

(4) Supplies commands to the stabilization and control system to enable attitude
impulse control of the spacecraft.

(5) Controls the positioning of the optical unit by generating drive rates.

6.2.10 POWER SUPPLIES. The 28 volt 800 Hz optics supply, packaged in the PSA,
is required to operate the optical subsystem. The power supply operates from 28 VDC
prime power and pulse rates from the CMC. Refer to Section VIL

6.2.11 INSTRUMENTATION. The optical subsystem is monitored by three telemetry
points. The first of these signals is CG1533X (+28VAC optics operate power). This is
a discrete signal which is monitored in the PSA. The other two telemetry points
CG3721V and CG3722V (shaft and trunnion CDU DAC outputs) are monitored in the CDU.
These signals indicate the magnitude and polarity of the signals in the optics CDU

error counters. Section VIII of this manual contains a detailed description of all
telemetered signals.

6.3 OPTICAL UNIT ASSEMBLY

The optical unit assembly consists of (1) the optical base, (2) the scanning telescope (SCT),
and (3) the sextant (SXT). The position of the optical unit assembly (OUA) in the spacecraft
is illustrated in figures 6-3, 6-4, 6-5. and 6-6. Limits on the field of view of both SXT
and the SCT are imposed by the ablative material on the spacecraft exterior. The total
field of view of both instruments is approximately 100°.

6.3.1 OPTICAL BASE. The optical base section houses most of the electro-mechanical
components of the SCT and SXT. For the SCT shaft and trunnion axes, these components
include: motor generators, gear trains, resolvers and mechanical counters; for the SXT
shaft axis, these components include a motor generator, gear box and a resolver. Cut-
away drawings of the scanning telescope and sextant, including the optical base equipment,
are shown in figures 6-7 and 6-8, respectively. The optics underpanel assembly is
fastened to the optical base. It contains (1) windows for viewing the SCT shaft and trunnion
mechanical counters, (2) an input adapter for using the universal tool for operating the
SCT manually and (3) the SCT prism housing assembly and eyepiece assembly. The panel
also contains the mounting for the eyepiece window and the mounting for the SXT eyepiece
assemblies. Attached to the exterior of the optical base are the three mounting points
which are mated to the navigation base.

6.3.2 SCANNING TELESCOPE. The cutaway structure of the SCT is shown in figure
6-7. The SCT is mechanized with two axes - shaft and trunnion. The SCT operates such
that the head assembly rotates about the shaft axis. The double dove prism, which is
located in the head assembly, is the only component which rotates about the trunnion axis.
The components which rotates aboutthese axis are capable of 360° of rotation; however,
The trunnion axis has a 3609 rotation capability, however it is limited to the position of
the SXT trunnion. The SCT is a single line-of-sight (LOS), low power (1X), refracting
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