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PREFACE

THE PURPOSE OF THIS DOCUMENT IS TWOFOLD. THE FIRST IS
TO PROVIDE A FUNCTIONAL DESCRIPTION (OPERATIONALLY
ORIENTED) OF THE CSM GNCS HARDWARE AND SOFTWARE AND THE
INTERFACES WITH OTHER SPACECRAFT SYSTEMS. THE LEVEL

OF DETAIL IS THAT REQUIRED TO IDENTIFY AND DEFINE
TELEMETRY OUTPUTS. ALSO INCLUDED ARE FUNCTIONAL FLOW
DIAGRAMS OF THE COLOSSUS PROGRAMS AND ROUTINES

TOGETHER WITH LISTS OF VERBS, NOUNS, OPTION CODES, AND

CHECKLIST CODES FOR THIS FLOW.

THE SECOND PURPOSE IS TO PROVIDE THE OPERATIONAL
PROCEDURES FOR THIS HARDWARE AND SOFTWARE INCLUDING
NOMINAL AIRBORNE CONDENSED CHECKLISTS, MALFUNCTION

PROCEDURES, AND PROGRAM NOTES.

Wayne A, shiainicks

WAYNE A. SIARNICKI, AUTHOR
AC ELECTRONICS RESIDENT AT MIT
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SECTION I

GENERAL DESCRIPTION OF THE GNCS
1.1 FUNCTIONAL DESCRIPTION

The guidance, navigation, and control system (GNCS) consists of the
sensing, data processing, computational, control, and display devices
necessary to accomplish spacecraft guidance, navigation, and control. The
system's primary task is to obtain CSM orientation, position, and velocity data;
and thereby, calculate any steering and thruét commands necessary to fulfill

the flight objectives.

The system's navigation function consists of determining the location of
the spacecraft and calculafing pertinent trajectory information related to the
present location and predicted locations so that the guidance function can be
periormed. Using a computerized dead reckoning process, the last known
position of the spacecraft is updated to present position by keeping track of
incremental changes in velocity and time. The predicted present position is
revised whenever fix information from communications or optics is entered
into the computation loop. The fix information is used to derive deviations of
position and‘velocity which are added to the vehicle position and velocity esti-
mates to form a new orbit estimate. This procedure is repeated for each
navigation measurement until orbital uncertainties are reduced to an accept-

able level.

The guidance function interrelates the navigation function to the flight
control function. Navigation information is employed to determine what
commands should be issued to maintain desired flight control. A velocity

to be gained concept results from a comparison of the actual velocity and the



velocity required. Steering equations are used which force the difference be-
tween the actual velocity and the velocity to be gained to zero by issuing the
appropriate commands to the flight control subsystems. Thus, the GNCS is
capable of performing an autopilot task or an augmentation task. In addition,
a fully manual piloting task is available by the crew's use of navigational dis-

plays.

The functional subsystems contained within the GNCS are the inertial
subsystem, optical subsystem, and computer subsystem. A radar trans-
ponder is provided on the CSM for use with the LM rendezvous radar sub-

system. A VHF ranging system is also provided.

1.1.1 Inertial Subsystem Functions

The inertial subsystem (ISS) senses spacecraft acceleration and changes
in attitude and provides incremental velocity and attitude data to the computer
subsystem. The ISS sensor is the inertial measurement unit (IMU) which con-
sists of a stable member mounted in a three-degree-of-freedom gimbal sys-
tem. Three gyroscopes and three accelerometers are mounted on the stable
member. Each gyroscope has a stabilization loop associated with it to main-
tain the stable member nonrotating with respect to inertial space. Thus, each
s;tabilization loop maintains one axis of an orthogonal reference system; where-
by, the spacecraft yaw, pitch, and roll orientation is definable. The stabili-
zation loops measure the spacecraft orientation by producing signals propor-
tional to the changing orientation of the gimbals relative to the stable member.
The three accelerometers are pendulous mass unbalanced devices with each
maintaining one axis of another orthogonal system parallel to the gyro

orthogonal system. Hence, each accelerometer and its associated



accelerometer loop permits measurement of changes in velocity along its axis

relative to the inertial reference frame.

1.1, 2 Optical Subsystem Functions

The optical subsystem (OSS) provides directional data of a selected tar-
get to the CMC. The OSS allows direct visual sightings to be made and pre-
cision measurements to be taken on celestial objects by means of the SCT
and SXT., The angular data developed is transferred by the CDU into the CMC,
which uses this data to calculate spacecraft position and trajectory. In addi-

tion, the results obtained are used to align the IMU to an inertial framework.

Egstablishment of a LOS to selected celestial targets generally requires
use of the SCT and/or SXT together with spacecraft positioning controls. The
astronaut changes spacecraft attitude to direct the optics field of view toward
the celestial target area. Direct viewing through the wide 60 degree field
of the SCT enables target search and recognition. The SXT is then used to

take precise measurements.

After target acquisition, the optical angular measurements and the time
of sighting are transferred to the CMC. Data pertaining to the location of
targets and programé for navigational calculations stored in the CMC are
then compared. The results of the comparisons are used to align the IMU

and determine spacecraft position and trajectory.

In case of failure in the optics electronics, the astronaut can operate the
SCT manually with a universal.tool and read the angles off the SCT counters.
In such emergencies, the astronaut will calculate, with possible assistance
from the ground, a navigational fix to determine position and required

velocity corrections.



. The OSS includes a sextant (SXT), a scanning telescope (SCT), two
channels of the coupling data unit (CDU), and displays, controls, and other

ancillary equipment.

The OSS performs three functions. It provides star sighting data for IMU
alignment and midcourse navigational fixes; it provides landmark tracking data

for orbit determination; and it provides LM tracking data for rendezvous.

1.1.3 Computer Subsystem Functions

The computer subsystem (CSS) performs data processing, storing and
monitoring; maintains a time standard; performs computational programs;
provides central control ability; and performs limited malfunction diagnosis.
The subsystem consists of the CM guidance computer (CMC) and two display

and keyboard (DSKY) assemblies.

The DSKY is the interface device between the astronaut and the CMC.
It permits the astronaut to enter data into the CMC and to receive data from

the CMC.

The CMC processes data from the astronaut and the other spacecraft
subsystems to solve navigation and guidance equations. The computer per-
forms a control function by issuing command pulses to the ISS and flight con-
trol subsystems. Malfunction diagnosis is performed by monitoring certain
operational discretes and issuing appropriate discretes to the caution/ warning
subsystem when an irregularity occurs., The CMC also supplies timing sig-

nals to synchronize and control GNCS operations.



1.2 GNCS COMPONENTS

The components of the GNCS and their major functional interfaces are
illustrated in Fig. 1-1. The sensors of the system are the IMU, SXT, and
SCT. The CMC is the interface component between the subsystems. The
communication link between the astronaut and the CMC is the DSKY which
permits loading of dé.ta by a keyboard into the CMC and provides information

to the astronaut from the CMC by its displays.

The OSS is manually controlled by the astronaut or automatically by the

CMC. Optical data is entered into the CMC through the optical CDU's,

The coupling data unit (CDU) is an interface device between the CMC and
the ISS and between the CMC and the OSS., Its primary function is to convert
analog data to digital data and digital data to analog data. Three channels

of the CDU are contained in the ISS and two channels in the OSS.

Support electronics are contained in the PIP electronics assembly (PEA)
and power and servo assembly (PSA). The PEA supplies inputs to and pfo-
cesses outputs of the IMU, The majority of ISS and OSS power supplies are
contained in the PSA which also contains such support items as the moding

relays and the stabilization loop servo amplifiers.

The GNCS is controlled mainly from the two DSKY's and from the GNCS
indicator control panel located in the lower equipment bay. Fig. 1-2 shows
the indicator control panel and provides a brief description of the function of

the controls.
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SECTION II
DETAILED DESCRIPTION OF THE GNCS
2.1 INERTIAL SUBSYSTEM

During thrusting phases the inertial subsystem (ISS) provides attitude
references, processes steering commands from the CMC to the flight control
system, and provides the velocity increment signals which are counted by
the CMC and used for thrust termination. During nonthrusting phases the ISS
is used to hold or control changes in spacecraft attitude at the direction of the
astronaut or the CMC. To accomplish these tasks, the IMU stable member
must maintain a predetermined inertial reference system. Thus, each time
the ISS is energized the stable member must be aligned. Since use of the ISS
during nonthrusting phases is optional within the limitations of available elec-
trical power, the system may be reenergized several times during a flight

and require realignment.

Before launch the IMU stable member is aligned to and held to a pre-
determined orientation with respect to an earth referenced coordinate sys-
tem. Immediately after lift-off, the IMU is released to an inertial reference
which provides a starting point from which to measure velocity, position,
and attitude. During flight the established inertial reference system is
accurately aligned by sightings of the OSS on celestial objects. This fine
alignment procedure, using the OSS, is the prime method used throughout
the flight for establishment of the inertial reference system. Once the IMU
is aligned, the stable member remains essentially in a fixed spatial orien-
tation and rotational motion of the spacecraft is sensed by resolvers

mounted on the gimbal axes.



2.1.1 ISS Theory of Operation

Operational tasks of the ISS are implemented by combinations of func-
tional loops (see Fig., 2-1), The three stabilization loops hold the stable
platform at a fixed orientation which permits acceleration measurement by
the three acceleration loops. In addition, each gimbal movement about the
stable member changes the phase and amplitude of the associated resolver
output to convey attitude information. The CDU loops provide data conver-
sion and interface capability between the CMC, the stabilization loops, and
displays. To align the IMU stable member, the CMC provides coarse align-
ment signals into the CDU loops and fine alignment signals into the gyro

torquing electronics.

2.1.1.1 Stabilization Loops

The stabilization loops block of Fig,” 2-1 represents three loops that
maintain the IMU stable member at the spatial orientation to which it was
aligned; and thereby, isolate the stable member from roll, pitch, and yaw
motions of the vehicle. The CMC retains in memory a record of the refer-
ence coordinate system established by the stable member. Hence, when
movement of the spacecraft produces IMU gimbal movement about the. stable
member, representative electrical signals of this movement are trans-

mitted from the 1X and 16X gimbal resolvers (see Fig, 2-2).

A block diagram of the stabilization loops is shown in Fig., 2-3. Motion
of the spacecraft produces a torque on the stable member tending to move it
from its inertially fixed orientation. Each .iMU IRIG (inertial reference
integrating gyro) senses a component of this torque about its input axis and

produces an error signal. Since the Y-gyro is mounted with its axis parallel

2-2
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to the inner gimbal axis, it detects the full component of torque about the
inner gimbé.l axis represented by signal E(Yg). However, movement of the
stable member about the inner gimbal axis changes the relationship of the X
and Z gyro input axes to the middle and outer gimbal axes. Hence, the detect-
ed E(Xg) and E(Zg) values must be first resolved into their correct represen-
tative value of gimbal axes displacement. The three resultant signals E(Yg),
resolved E(Xg), and resolved E(Zg) are amplified and provide drive to the

torque motors for counteracting the components of torque.

The 1X and 16X resolver outputs are transmitted to the CDU and the
stabilization and control syétem (SCS). Each resolver has a sine and cosine
output by an 800 cps suppressed carrier voltage analog. The outputs to the
CDU are converted to digital representations that are sent incrementally to
the CMC so that it is continuously aware of the present gimbal angle dis-
placements. The output to the SCS provides a total attitude display on the

flight director's attitude indicator (FDAI).

2.1.1.2 Analog-to-Digital Conversion

Analog-to-digital (A/D) conversion is accomplished by resolving an un-

known gimbal angle 0 about a preselected angle { by the expression:
sin (@ - Y ) =sin O cos Y - cos O sin Y

When the equation goes to zero, 0 = and as a consequence Y/ is a representa-
tive value of §. The value Y/ is sequentially selected in incremental steps
within a binary counter., A value for 0 is obtained by the CMC accumulating

the number of binary steps required to null sin (8 - ).

An analog-to-digital circuit is associated with each of the three gimbals

(two A/D are also associated with the optical subsystem). Figure 2-4 illustrates
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a functional block diagram of one of these circuits. The CDU receives sin 4
and cos 0 signals from the 1X and 16X resolvers. The GG information is con-
tained in the amplitude of the sin 0 and cos # signals and their phase with
respect to the 800 cycle reference. The value of Y/ is accumulated in a
16-stage counter called the read counter., A binary one value contained in a
stage of the counter energizes transistor switches that accumulate, by

means of ladder networks (voltage dividers) and summing networks, analog
attenuation values for nulling the input resolver voltages and the 800 cycle
reference. As long as the equation is not nulled, the phase and amplitude of
the difference signal out of the error detector circuit produces a count up or
count down signal for incrementing the read counter. The amplitude of

the error signal (sin 91 + €) determines the rate (either 800 pps, 6.4 kpps, or
12, 8 kpps) at which the digital pulses, equivalent to 19, 8 arc seconds of gim-
bal displacement, are generated. The phase of the error signal determines a
count-up or count-down condition, By counting the number of steps until a
null takes place, the CMC obtains a digital representation of the gimbal angle.
The AGG counts to the CMC gimbal angle register are the output of the least
significant stage of the read counter and are each equivalent to 39. 6 arc

seconds of gimbal angle change,

The functional nulling takes place in two loops, coarse and fine nulling.
Wheny is within 22,5° of §, a nulling ladder from 0 to 22,5° in steps of
2, 81° is used to provide a coarse null for sin ¢, The fine null is utilized
to repeat the gimbal angle within approximately 1 bit (19, 8 arc seconds).
An overlapping between the coarse and fine nulling circuitry provides a
smooth transition, Thus, the y/ selection logic for both loops is selected
simultaneously with 180 electrical degrees of the 16X resolver rotation being

equal to 11, 25 degrees of the 1X resolver angle. The xpls selection logic
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develops a linear approximation of the gimbal angle within £+ 11, 25° of the
fine null. The phase and amplitude of the sin 91 + € signal develops a com-
plete count-down or count-up for a value K¢16 to obtain a null, Subsequent
changes in gimbal angle continue the process and produce incremental pulses

to the CMC so that the computer is continuously aware of the gimbal angle.

2.1.1,3 Digital-to-Analog Conversion

Digital-to-analog conversion (DAC) is used to provide attitude error in-
formation to the FDAI and coarse align error information to the gimbal servo
amplifiers. Five DAC loops exist and their function is dependent upon the
iSS mode of operation. Three of these loops are associated with the IMU gim-

bal angles and the other two are part of the optical subsystem.

A block diagram of a typical DAC loop is shown in Fig. 2-5. Assuming
that the loop is one of the three‘associated with gimbal angles, the pulses
entered into the error counter from the CMC provide a binary-coded repre-
sentation of a desired gimbal angle change (A QC). Each pulse is equivalent
to 158 arc seconds of gimbal angle displacement. The binary stages of the
counter activate transistor switches in the voltage ladder decoder. The
switches set a voltage divider into a configuration which provides a voltage
output with an amplitude proportional to the binary cocunt of the error counter,
This output voltage is an 800 cps signal with its phase determined by whether
a positive or negative value has been entered into the error counter. It
serves as an input into the servo amplifier demodulator (see Fig. 2-3) or an

attitude error display signal.

During coarse alignment, the read counter provides count-down pulses

into the error counter as the value within the read counter accumulates
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changing gimbal angle (AQG) due to coarse repositioning of the gimbal. These
pulses are accepted from the third stage of the read counter for decrementing
the error counter. The error counter tends to null as QG approaches GC. Rate
limiting pulses are also received from the analog-to-digital conversion cir-
cuit to be summed with the voltage ladder decoder output and limit gimbal
driving rate. A sighal out of phase with the ladder voltage and with an ampli-

tude proportional to the difference between the gimbal angle and the angle in

the read counter provides gimbal rate limiting.

If attitude error is to be displayed, the error counter accumulates the
A @ pulses from the CMC and maintains this accumulative value until the
CMC counts the binary-value down. Thus, three separate signals from the
three digital-to-analog conversion circuits are available to the FDAI attitude
error needles. Each signal is a £ 5,06 volts rms maximum, 800 cps sup-
pressed carrier_ voltage analog of each axis at a scaling of 3.3 degrees per

volt.

2.1.1.4 Gyro Torquing Electronics

The gyro torquing electronics (see Fig., 2-1) is used only during the fine
alignment mode. It permits t.he stable member to be aligned within 65 seconds of
arc to a coordinate frame determined by optical measurements. Control is
maintained by the CMC which computes the difference between the angle of
the gimbals at an instant of time and the desired gimbal angles. This differ-
ence is transposed into a number of pulses, each equivalent to 0. 618 arc

seconds, necessary to drive the gimbal through this difference angle.

Figure 2-6 illustrates a block diagram of the gyro torquing electronics.

The gyros are torqued on a time shared basis, The CMC sends to the fine
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align electronics four types of pulses: torque enable pulses, gyro select
pulses, torque set pulses, and torque reset pulses. T.he torque enable pulse
train is first sent to a relay driver to activate the circuit. The CMC then
sends gyro select pulses (+Afx or -Afx, +Afy or -Afy, and +tAfz or -Afhz)
which select a particular gyro and the direction it is to be torqued by means
of a transistor switch network that 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 coil. The amount of current
flow (T+ or T-) through the torque ducosyn coils is precisely controlled at a
fixed value by the precision power supply and regulating differential amplifier,
The duration of application is controlled by the length of time that set pulses
are applied.- The ducosyn winding appears to the circuit as a pure resistive

load due to the effect of the load compensation network.,

2.1.1.5 Accelerometer Loops

The accelerometer loops block of Fig, 2-1 consists of three loops. Each
loop measures a component of linear acceleration felt by the stable member
along the axis of the accelerometer within the loop. Since the axes of the
three accelerometers or PIP (pulsed integrating pendulum) are mutually
perpendicular and parallel to the gyro axes, the three measured components
of acceleration are representative of the acceleration on the stable member

(Fig. 2-7).
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A block diagram of a typical acceleration loop is shown in Fig. 2-8. The
accelerometer pendulum is maintained in oscillatory motion about its null
point. That is, with no spacecraft thrusting a constant input to the torque
ducosyn (TD) will hold the pendulum cycle constant. The signal ducosyn (SD)
output phase chahges as the pendulum passes through its null and the clock
pulses from the CMC interrogate the ac differential amplifier output to
determine the phasing. The frequency of the clock pulses is 3200 pps and
with no acceleration acting on the stable member, the frequency of the accel-
erometer pendulum is 533-1/3 pps, which approaches its natural frequéncy.
Hence, a complete pendulum cycle occurs during six clock pulses. ' The binary
current switches use the TM+ and TM- set pulse outputs to generate acceler-
ometer torquing current. The TM+ set pulse occurring for three clock pulses
and the TM- set pulse for the next three clock pulses. A TM+ set condition
produces a plus torque condition and a TM=- set condition produces a minus.

torque condition to the accelerometer TD maintaining the pendulum at 533-1/3

PpPS.
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To regulate the balance of the plus and minus torques, the load compensa-
tion networks compensate for the inductive load of the accelerometer genera-
tor ducosyns. Thus, the generator coils appear as pure resistive load to the
binary current switches. Therefore, as long as no acceleration acts on the
loop, three P pulses and three N pulses are generated to the CMC forward-
backward counter causing a count up of three and then a count down of three.

The CMC, in effect, is then recognizing a condition of no acceleration.

When an acceleration acts on the stable member, the equilibrium of the
loop is interrupted. Each accelerometer feels a linear component of this
acceleration as an additional torque that aids or opposes the torque genera-
tor forces. Because the torque current from the binary current switches is
constant, a longer application of plus or minus current application is neces-
sary to keep the pendulum in its oscillatory motion. The change in time
required for the float to be torqued back through null, results in an unequal
number of P and N pulses sent to the CMC., The CMC synchronizes its
sampling of each of the three forward-backward counters to once every
1/533-1/3 seconds which is equivalent to a pendulum period. Thus, the dif-
ference of the accumulative count of P and N pulses [Z(P) - £ (N)], is pro-
portional by a constant (K) to the magnitude of a component of acceleration.
Since the CMC performs its calculations with discrete values, the formula
a = (dv/dt) becomes a = (AV/At) [that is, AV = aAt]. Hence, the CMC
calculations for solution of a cha.nge'in velocity (AV) can be summarized

as follows:

AV = K[ Z(P) - Z(N)] At
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2.1.2 ISS Modes of Operation

The ISS modes of operation are normally initiated automatically by the CMC
or by the astronaut selecting a CMC program through the DSKY. Mode control
is regulated by the issuance of CMC discretes to the CDU.

The ISS is in a standby state when the IMU HTR circuit breaker is closed and
either the IMU circuit breaker is open or the G/N POWER, IMU switch is off. During
the standby state, +27.5 dc prime power is supplied only to the IMU heater cir-

cuit. The remaining portions of the ISS are deenergized.

2.1.2.1 IMU Turn On

The IMU turn on mode is entered onlyif theIMU circuit breaker is closed
and the G/N POWER, IMU switch is set to the on position. This mode drives
the IMU gimbals to their zero position and holds them there. It also clears
the CMC gimbal angle registers and the ICDU read counters. By establishing
this zero reference coincident with the spacecraft attitude, the CMC knows the
gimbal angles and is prepared to obtain incremental changes in gimbal orien-
tation from the read counters in any subsequent mode.

Figure 2-9 illustrates the circuit configuration for one of the three
gimbals during the turn on mode. Application of ISS operating power,
through deenergized ISS turn on relay, energizes the IMU cage relays
which in turn energizes the coarse align relays. In addition, the initial
application of power routes to the computer an ISS turn on delay request
discrete which provides a 90-second period for mode completion, which
permits the gyro wheels to run up to full speed. Upon reception of this
delay request, the CMC issues the coarse align enable and CDU zero

discretes. The coarse align enable discrete provides a redundant

to
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means of energizing the coarse align relays. The CDU zero discrete clears
the three read counters, clears the CMC gimbal angle registers, and inhibits

any incrementing pulses to the read counter.

The relay configuration is such that an 800 cps reference is applied to
the gimbal servo amplifier enabling the 800 cps sin ¢ signal from the 1X re-
solver to be converted to a dc drive signal. The gimbal torque motor drives

the gimbal to its zero position where the sin 6 value is now zero.

After the 90-second delay is completed, the CMC issues the delay com-
plete discrete. This discrete causes the latch relay to be energized. This
energizes the ISS turn on relay which removes the turn on delay discrete to
the CMC and deenergizes the cage relay. The CMC can then reﬁove both
the CDU zero discrete and the coarse align discrete allowing the ISS to go
into the inertial. reference mode or it can remove the CDU zero discrete and
issue an error counter enable discrete (while maintaining the coarse align
discrete) allowing the ISS to go into the coarse align mode. The latch and
turn on relays are kept energized by 28 vdc ISS standby power applied seri-
ally through both relays to the latch relay coil.

2.1.2.2 ISS CDU Zero

The purpose of the ISS CDU zero mode is to clear and inhibit the three
ISS CDU read counters. The mode is initiated by a CDU zero discrete from
the CMC. This discrete clears the read counters, clears the CMC gimbal
angie registers, and inhibits any incrementing pulses to the read counter.

The discrete remains present for as long as the read counters are to be

held at zero.
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2.1.2.3 IMU Cage

The IMU cage mode is an emergency mode used during CMC failure or
to stop a tumbling platform. It drives the gimbals to a known reference with
respect to the spacecraft axes. When the IMU CAGE switch is set to the on
position, the IMU cage relay and the coarse align relay are energized to
feed the sin 6 signal from the 1X resolver into the gimbal servo amplifier
(see Fig. 2-9). The switch is held until the gimbals settle at the zero posi-
tion (five seconds maximum). The gimbal position is observed on the FDAI.
When the IMU CAGE switch is positioned off, the CMC allows the read
counters to zero and then places the ISS in an attitude control mode. During
the read counter settling period, the IMU cage discrete is present and the
NO ATT lamp on the DSKY is lighted. Setting the switch off releases the
IMU to inertially stabilize at an attitude within 1 degree of the attitude at

the time that the switch is set to the off position.

The IMU cage mode may also be used to establish an inertial refer-
ence while the CMC is deenergized or in a standby state. However, the IMU
cage mode is an emergency backup mode and should not be employed unneces-
sarily at any time, because of the lack of CDU rate limiting which could
cause gimbal rates sufficient to drive the gyros into their rotational and

radial stops. Such action could cause gyro bias shift.

2.1.2.4 Coarse Align

The coarse align mode is entered when the CMC has issued the ISS error
counter enable and coarse align discretes. The purpose of this mode is to
change IMU gimbal orientation according to CMC computations to provide a

more desirable orientation for inertial measurement.
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When the mode is entered by issuance of the discretes, the CDU read
counters are in the process of repeating gimbal angles and supplying this in-
formation as AGG pulses to the CMC (see Fig. 2-10). By incremental
storing up-and-down counts in the gimbal angle registers, the CMC is
aware of total gimbal angles and calculates the necessary change in angles
to bring the gimbals to the desired orientation. Hence, the CMC computes
the number of pulses that must be entered into each error counter to produce

the desired analog drive signal.

The coarse align enable discrete energizes the coarse align relays to
disengage the fine align electronics and produce an input into the servo ampli-
fier from the digital-to-analog conversion circuit where the error counter
has been enabled by the error counter enable discrete. The CMC sends
bursts of puises (:tAOC) at 3200 pps to the DAC with each pulse equivalent to
a desired angle change of 158. 2 arc seconds on the IMU 1X resolver. Sﬁppose
for example, the CMC desires an 11, 25 degree change in a gimbal angle with
respect to the spacecraft. Since 11.25 degrees is equivalent to 40, 500 arc
seconds, the CMC sends a burst of 256 pulses (40, 500 < 158, 2) to the DAC.
The value in the DAC error counter is converted to an analog value for servo
amplifier input. The resulting torque motor drive moves the gimbal to
oroduce a new resolver angle in the read counter which transmits the in-
cremental change to the CMC and the error counter, The pulses sent
to the error counter subtract from the original binary value so that the error
counter ultimately contains a zero value when the gimbal has moved to the

commanded position,

2
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To prevent damage to the gyros and to assure that the read counter tracks
the gimbal angle accurately, the rate of gimbal drive is limited. A fine error
signal performs rate limiting by being mixed with the decoded error counter
output. This error signal is out of phase with the ouiput of the ladder decoder
and has an amplitude proportional to the difference between the actual gimbal
angle and the angle.in the read counter. During the coarse align mode, the
read counter is limited to a high counting speed of 6. 4 kpps and a low ccunting
speed of 800 pps. If the gimbals are moving at a faster rate than that which
the read counter is counting, the fine error signal increases, causing a re-
tarding torque to be developed by the gimbal servo amplifier. If the gimbals
are moving at a rate slower than the rate at which the read counter is count-
ing, the fine error signal decreases, causing the gimbal scrvo amplifier to
apply an accelerating torque to the gimbals. The gimbal drive rate is limited
to either 35. 5°/second (at the 6.4 kpps counting rate) or 4,57 /second (at the

800 cps counting rate).

2.1.2.5 Thrust Vector Control

During the thrust vector control mode, the CMC controls the SPS engine
gimbals by sending steering control signals to the SPS engine gimbal ampli-
fiers through the optics CDU. The thrust vector control mode is initiated
by setting the SC CONT switch to CMC and setting either of the AV THRUST
NORMAL switches to NORMAL. The closure of the AV THRUST NORVAL
switch enuables the C'M(" thrust on discrete to energize the engine solenoids.
In the CMC position, the SC CONT switch routes a +28 vdc discreie to the
oplics CDU where it arms a set of relays which, when energized, connect

the dc outputs of the optics CDU DAC's to the SPS engine gimbal

[\
i
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amplifiers. The +28 vdc discrete is also routed to the CMC. Receipt of this
discrete by the CMC enables the CMC to issue the thrust vector control dis-
crete, The thrust vector control discrete energizes the previously armed control
relays which connect the optics CDU DAC dc outputs to the SPS engine gimbal
amplifiers. The CMC issues the optics DAC enable discrete 60 milliseconds
after the thrust vector control discrete. With the optics error counters en-
abled and the optics CDU DAC dc outputs connected to the SPS en-

gine gimbal amplifiers, 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 +tAAC pulses
to be sent to the error counters. The error counters receive the +AAC pulres
and count up or down as required until all pulses have been received. The
error counters send this digital information to the DAC's 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 GNCS 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
removes the optics DAC enable discrete which inhibits and clears the error

counters. The CMC then issues the thrust vector control discrete.



2.1.2.6 Inertial Reference

The ISS is in the inertial reference mode during any operating period in
which the CMC does not issue moding commands. The inertial reference
mode provides a fixed coordinate reference system for attitude and velocity

measurements,

During this mode, the stable member is held at a fixed orientation by the
stabilization loops (see Fig. 2-11). The fine align electronics are inhibited be-
cause the fine align command pulses are not present and the error counters are
cleared and inhibited. The read counters provide the CMC with changes in
gimbal angles with respect to the stable member and the binary current
switches provide the CMC with changes in acceleration with respect to the
stable member. The six signals from the 1X gimbal resolvcrs (sine and

cosine windings) are sent to the FDAI total attitude display.

2.1.2,7 Fine Align

The fine align mode precisely repositions the stable member to a co-
ordinate frame determined by optical measurements. It is essentially a gyro
torquing submode of the inertial reference mode. Command discretes are not
issued, but this submode is entered by the CMC activation of the fine align
electronics during the inertial reference mode. Upon deactivation, the ISS

returns to the inertial reference mode.

Figure 2-11 illustrates the operating configuration of the fine align mode.
The error counter is cleared and inhibited. The read counter continues to
supply gimbal angle data to the CMC. Line-of-sight data from the OSS
is transformed by the CMC into stable member coordinates. From the

difference between the actual gimbal angle and the desired gimbal angle, the
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CMC computes the angular rotation about each stable member axis necessary
to change the stable member to the desired coordinate frame. Thus, the dif-
ference (9G - Gc) determines the necessary number of set pulses to be sent
from the CMC to the torquing electronics. The pulses are generated by the
CMC in bursts at a bit rate of 3200 pps. Each pulse is equivalent to 0,618 arc
seconds of gimbal displacement., The CMC simultaneously supplies a torque
enable command to the IMU, selects the gyro to be torqued, and gates the
required number of pulses through the fine align electronics to each gyro.

The number of set pulses to each gyro determine the duration of a constant
current that is applied to the torque generator coil which results in a reposition-
ing of the gimbal to the desired angle. Upon completion of torquing, stable

member orientation can be checked with another set of star sightings.

2.1.2,8 Display Attitude Error

The ISS is in the display attitude error mode during the CMC autopilot
program, The mode permits attitude error display on the FDAI and changes
in attitude and velocity to be supplied to the CMC. The ISS enters this mode
of operation whenever the error counter enable discrete is the only mode

command discrete issued by the CMC, (See Fig. 2-12,)

The CMC through its autopilot program controls maneuvering and thrust-
ing of the spacecraft by issuing commands to the stabilization control system
(SCS). During the display attitude error mode, the error counter is enabled
and the read counter continues‘to supply actual attitude information to the
CMC, The autopilot program computes desired attitude associated with
the present time and position of the spacecraft. The difference between
actual attitude and desired attitude (in each reference axis) is an attitude

error, The CMC transmits (GG = GC) pulses that are representative of
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attitude errors into each error counter. These pulses are generated at a bit
rate of 3200 pps with each pulse equivalent to 158. 2 arc seconds of error, ex-
cept for roll axis during boost monitor and entry for which the scaling is 632, 8
arc seconds per pulse. The output of each error counter is developed into an
analog error signal and fed to the FDAI. The error counter is incremented or

decremented only from the CMC as the digital feedback from the read counter

to the error counter is disabled.

Changes in spacecraft orientation are sensed by the IMU stabilization
loops which result in gimbal angle resolver outputs being transmitted to the

DAC and to the FDAI for total attitude display.

2.1.2,9 Attitude Control

GNCS attitude control uses the RCS digital autopilot (DAP) to main-
tain spacecraff attitude., The ISS is in the inertial‘ reference mode, during
which the stabilization loops maintain an inertial reference from which space-
craft attitude can be determined. The spacecraft attitude is compared to a
desired attitude by the DAP. If an error exists, the RCS jets are used to

change the spacecraft attitude. Attitude errors are displayed on the FDAL

During attitude control, the error counter is enabled. The computer
sends the desired change in gimbal angle orientation to the error counters,
The output of the error counters is developed into an analog error signal
(attitude error signal) by the 800 cps ladder network and the output is fed to
the FDAI The computer dex}elops discretes that control the firing of

RCS jets and, therefore, change the orientation of the spacecraft.
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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 to determine when to stop firing the RCS jets,

The FDAI error counter is pulsed to zero, nulling the attitude error signal

on the FDAI

2.1.3 IMU Temperature Control

The IMU temperature control circuitry maintains the temperature of the
stabilization gyros and accelerometers within their required temperature
limits during both standby and operating modes of the IMU (see IFig. 2=181,
Heat is supplied and removed to maintain the IMU heat balance with minimum
power consumption. Heat is removed by convection, conduction, and radia-
tion. The natural convection used during the IMU standby state changes to
blower controlled, forced convection during IMU operating modes. The IMU
internal pressure is maintained between 3.5 and 15 psia to enable the re-
quired forced convection., To aid in removing heat, a water-glycol solution
at approximately 45. 0 degrees Fahrenheit from the spacecraft coolant sys-

tem passes through the coolant passages of the IMU support gimbal.

2.1.3.1 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

gyro end mount heaters, three gyro tapered mount heaters, two stable member
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heaters, and three accelerometer heaters (see Fig. 2-13). The thermostat
and heater assembly is located on the stable member and contains a mercury-
thallium thermostat, a bias heater, and an anticipatory heater. Except for

the bias heater, all heaters l'are connected in parallel and are |

energized by 28 vdc through the switching action of Q2.

When the temperature falls below 130 (x 0. 2) degrees Fahrenheit, the
thermostat opens and transistor Q1 conducts and drives transistor Q2 to con-
duct. When transistor Q2 conducts, current flows through the twelve heaters.
Because of the large mass of the stable member, its temperature increases
at a relatively slow rate as compared to the gyros. The anticipatory heater
improves the response of the thermostat to insure that the magnitude of the
temperature cycling of the gyros and accelerometers is as smali as possible.
When the temperature rises above 130 (£ 0. 2) degrees, the thermostat closes
and the base of Q1 is shorted to ground, cutting off Q1 and Q2. The tempera-
ture control circuit maintains the average gyro temperatures at 135 (+ 1. 0)
degrees and the average accelerometer temperatures at 130 (+ 1. 0) degrees

under normal ambient conditions.

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 and close at

137 (£ 3. 0) degrees.

2.1.3.2 Blower Control Circuit

The blowers maintain IMU heat balance by removing heat. They are

. supplied 28 vdc, 800 cps power, which is also supplied to the gyro wheels
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(see Fig. 2-13). Fuscd phase shift networks are associated with each blower

so that excitation and control current can be supplied from the same source,

The contacts of the blower control thermostat close at 139 (+0, 2) degrees
and remain closed at higher temperatures. The amount of heat supplied by the
bias heater is a constant. If the duty cycle of the temperature control circuit
exceeds 50 percent, enough additional heat is provided by the anticipatory
heater to increase the temperature of the blower control thermostat to 139
degrees, 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 is approximately 15 to 20 per-
cent., Under this condition, the blowers will operate continuously. Only a

very low ambient temperature will cause a blower off condition;

2,1,3.3 Temperature Alarm Circuit

The temperature alarm circuit monitors the temperature control (see
Fig. 2-13). If a high or low temperature is sensed by the temperature alarm
thermostat located on the stable member, the temperature within limits dis-
crete to the CMC and PSA is removed, When the temperature is within the
normal range of 126, 0 to 134, OOF, the low limit thermostat contacts are
closed and the high limit contacts are open, Transistor Q1 is then properly
biased for conduction through a grounding system in the CMC, At tempera-
tures above 134,0 (+0, 2) degrees, both the low limit and high limit thermo-
stat contacts are closed, At temperatures below 126, 0 (+0, 2) degrees, both
contacts are open, In either case, transistor Q1 is not able to conduct.

Nonconduction of transistor Q1 signals the CMC of an alarm condition.
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No differentiation is made by the CMC between a high or low tempera-
ture alarm. When the CMC senses a temperature alarm, it causes the TEMP
lamps on the DSKY's and the PGNS lamps on the LEB panel and the main panel
to light. When the PSA receives a temperature alarm, it sends the informa-

tion to telemetry,

2.1.4 ISS Power Supplies

Four power supplies convert the +27.5 vdc prime power into the various

voltages required by the ISS. The power supplies employed in the ISS are:

a. Pulse torque power supply
b. 800 cps power supply
c. -28 volt power supply

d. 3200 cps power supply

The power supplies are located in the PSA., Closiﬁg of IMU circuit breaker and

the G&N POWER, IMU switch supplies the prime +28 vdc to these power supplies.

In addition to prime power, the ISS power supplies require clock pulses
from the CMC for synchronization, The dc power supplies utilize multivi-
brators as ac sources for synchronization, If CMC clock pulses are lost, the

multivibrators free run at a lower frequency.

2.1,4.1 Pulse Torque Power Supply

The pulse torque power supply provides +120 vdc to the three binary current
switches and three dc differenti‘al amplifiers in the accelerometer loops and the
binary current switch and dc differential amplifier in the stabilization loop fine
align electronics. It also supplies three 28 vdc output's to the accelerometer
loop precision voltage reference, and +20 vdc and =20 vdc to the differential
amplifiers, integrators, and binary current switches in the accelerometer

loops. 9-35



The -20 vdc output is derived from the -28 vdc power supply by using a
zenor diode as a voltage divider and regulator. (See Fig., 2-14.,) The output
is regulated at -20 (+0. 8) vdc. The +20vdc is derived from +27.5 vdc prime
power by the use of a transistor series regulator which maintains the output

at +20 (£0, 55) vde,

A synchronizing frequency of 12. 8 kpps originates from the CMC and after
being amplified and inverted is applied to a multivibrator-chopper causing
it to be synchronized at 6, 400 cps. A transistorized time delay circuit is
incorporated into the emitter circuits of the multivibrator to provide a turn
on delay of approximately 350 milliseconds. During the 90-second IMU turn
on mode, 0 vdc is applied through the turn on circuits to the time delay circuit

which inhibits the +120 vdc and +28 vdc outputs.

The multivibrator output is applied to the primary of a transformer
which has prime power applied to its center tap. The secondary of the trans-
former is coupled to a two stage push-pull power amplifier which opesrates
from prime power. Each of the rectifier regulators obtains full wave rectifi-
cation. The precision voltage reference time delay circuit inhibits the opera-

tion of the regulators to provide a 6 to 8 segond delay in the 28 vdc outputs.

2.1.4.2 800 cps Power Supply

The 800 cps power supply provides 800 cps, 0 phase power for IMU gim-
bal resolver excitation, gimbal servo amplifier demodulator reference, and
FDAI and autopilot reference. The two 5-percent outputs provide gyro wheel

excitation, IMU blower excitation, and accelerometer fixed heat power.
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Zero and pi phase, 800 cps pulse trains from the CMC synchronize the
multivibrator at 800 cps. (See Fig. 2-15.) In absence of the CMC pulses,
the multivibrator free runs between 720 and 800 cps. The multivibrator
output controls the operation of the chopper and filter circuit. A feedback from
the 1 percent amplifier is detected and added to a dc reference signal. The
positive sum is filtered and provides a dc bias to the multivibrator driven
chopper for amplitude control. Each of the 5 percent amplifiers perform a
-90 degree phase shift to achieve the output voltage phasing. A power factor
correction is maintained by the IMU load compensation network for regulating

the three output voltages.

2.1.4,3 -28 vdc Power Supply

The -28 vdc power supply provides input power to the three gimbal servo
amplifiers in the stabilization loops and to the pulse torque power supply to
generate -20 vdc for use in the accelerometer loops. (See Fig. 2-16.) The
25.6 kpps synch.ronization pulse input is amplified and inverted for use in
synchronizing the multivibrator-chopper at 12, 8 kecps. The output of the
power amplifier is transformer coupled to a full wave rectifier and filter

whose positive side is reference to ground to provide a -27.0 (1. 0) vdc output.

2.1.4.4 3200 cps Power Supply

The 3200 cps power supply provides excitation voltage for the signal
generator and the magnetic suspension portions of the gyro and accelerom-
eter ducosyns. The 3200 cps output is also used as a reference for the

demodulator in the gimbal servo amplifiers.

The excitation voltage to the signal generators requires both voltage

stability and phase stability. (See Fig. 2-17.) To accomplish this stability,
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the excitation voltage power transmission to the stable member is through a
step down transformer on the stable member which reduces the slip ring cur-
rent and, therefore, voltage drop effects due to slip ring, cable, and connector
resistance. In addition, each wire connecting the output of the transformer to
the input terminal of each accelerometer is cut to exactly the same length.

The voltage level at the primary of the transformer is fed back to the power

supply and is compared to a voltage reference.

The 3200 pps pulse train inputs synchronize the multivibrator which con-
trols the operation of the chopper circuit. The 28 volt rms output of the
amplifier is transmitted through the slip rings to the transformer on the
stable member where the voltage is stepped down to 2 volts for the accelerom-
eter ducosyns and 4 volts for the gyro ducosyns. A sample of the 28 volt
level at the primary of the transformer is fed back through the slip rings to
the automatic amplitude control circuit. The positive peaks of the feedback
signal are detected and added to a dc reference signal. The sum is filtered
and provides a dc bias to the chopper circuit, The dc bias controls the

amplitude of the chopper output to the filter.
2.2 OPTICAL SUBSYSTEM

The OSS consists of an optical unit (including a sextant and a
scanning telescope), two CDU channels, portions of the G & N control
panel, and portions of the PSA. The control panel contains the controls and

indicators that are used to establish OSS operating modes.

Figure 2-18 is a functional block diagram of the OSS., The diagram shows
the flow of data for the various modes of operation selected by mode switching
and the functional relationship among the various blocks. Each functional

block is described in subsequent paragraphs.
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2.2.1 Scanning Telescope

The scanning telescope (SCT) is a one=power, 60-degree field-of-view optical
instrument, capable of changing the line-of-sight (LLOS) of the viewing field.
The LOS is positioned by rotation of a viewing prism about its trunnion axis
and by rotation of the outer telescope tube assembly about its shaft axis.
Trunnion and shaft are rotated by separate servos, each commanded from the sextant
(SXT). The SCT is able to scan a conic viewing area of 110 degrees. The SC'T
wide field of view is used for general celestial viewing and recognition of tar-
get bodies for sighting setups and measurements. In addition, it is used to

track landmark points during earth and lunar orbits.

The SCT has two axes of rotational freedom, defined as the shaft and
trunnion axes. Rotation about the shaft axis defines increments of shaft
angle movement (AS). Rotation about the trunnion axis defines increments

of trunnion angle movement (At\..

The prime element of the SCT is a double dove prism, mounted in the head
assembly. (See Fig. 2-19.) The prism introduces the target image into the
SCT optical system. The prism is positioned about the two axes interpreted as
As and At' Mechanically, this is accomplished by rotation, through a differ-
ential, of the complete head assembly and driving of the prism on its mount.

A differential gearing system enables independent positioning of As and At'
The independent positioning enables the LLOS established through the prism
to traverse within the following limits: zero degrees (parallel to shaft axis)
to £60 degrees at At elevation, unlimited 360 degrees in As' When the SCT
is slaved to the SXT, rotation is limited to 270 degrees due to limit stops

along the SXT shaft axis. Due to obstructions created by aperture limitation
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in the spacecraft heat shield, the LOS along the trunnion axis has a useful
range of approximately 45 degrees. Therefore, the aggregate maximum field
that can be viewed by rotating the trunnion and shaft withintheir respective

limits is 90 degrees.

The optics hand controller controls the shaft and trunnion drive rates.
The drive rates are integrated by SXT servos which position the SCT LOS.
The shaft and trunnion angles can be read directly from the SCT by counters

mounted in the face of the optical panel.

The SCT contains an optics head assembly, a rotatable outer telescope
tube assembly, a stationary inner telescope tube assembly, an eyepiece prism
housing assembly, and an adjustable focus eyepiece assembly. The optics
head assembly contains a double dove prism and mount assembly, mount,
support, carh-follower and spring assembly, and trunnion worm shaft. The
outer telescope tube assembly contains the objective lens assembly and the
reticle. A housing and lamp assembly, used to illuminate the SCT reticle,
is mounted in the optical base around the outer telescope tube assembly. The
inner telescope tube assembly contains a pechan prism and relay lens assem-

- bly. Contained within the eyepiece prism housing assembly are two right-
angle prisms. The adjustable focus eyepiece assembly contains an objective
lens assembly., The objective lens assembly and reticle in the outer tele-
scope tube assembly and the pechan prism and part of the relay lens assembly
in the inner telescope tube assembly form the optical complex of a minus
4, 6-power telescope. The poftion of the relay lens assembly in the inner
telescope tube assembly, the eyepiece prism housing assembly, and the ad-
justable focus eyepiece assembly fcrm the optical complex of a plus 4. 6-power

telescope.
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2.2.1.1 SCT Optics
The SCT optics (Fig. 2-20) consists of a double dove prism, a minus

4, 6-power telescope, and a plus 4. 6-power telescope.

2.2.1.1.1 Double Dove Prism. The double dove prism contains two

optically matched dove prisms. The prisms are aluminized and cemented to-
gether at the hypotenuse and accurately positioned and clamped toa mount.

The double dove prism is the first optical element in the SCT optics to pick

up the target image. Each dove prism inverts and transmits an image to the
objective lens assembly. Optically the prism functions as a compact, wide-
angle mirror that is rotatable about two axes, trunnion and shaft. The rota-
tional limitations of the prism about the trunnion axis arefrom -5 to+50 degrees.
At zero degrees, the reflective surface of the prism is parallel tothe shaft axis and
to the selected target LLOS, when the selected target is centered on the reticle
crosshairs. The images of the targets passthrough the angular entrance face of
the prism, are refracted toward the prism's reflective surface, and are re-
flected off the prism's mirrored surface at the angle at which they were re-
ceived, toward the exit face of the prism. At the angular exit face, the
images are refracted again and the now inverted image is transmitted parallel
to the shaft axis. When the prism is rotated about the trunnion axis, the
selected 'garget increases in angular position to the prism's reflective sur-
face. With an increase in angular position of the selected target, the images
entering the prism become increasingly inclined to the prism' s angular face.
As the images entering the prism increase in inclination to the angular face,
the degree of refraction caused by the prism decreases until, at perpendicular-

ity, there is no refraction. However, in use, the prism field-of-view is
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limited by the SCT head assembly, the command module optics opening, and
the size of the objective lens. These limitations restrict the useful field-of-
view to 45 degrees and the conic scan to 90 degrees. At all useful positions
of the prism, the images reflected off the ﬁlirrored surface of the prism are

transmitted parallel to the shaft axis by the objective lens assembly.

A worm gear and worm shaft drive the double dove prism and mount.
The worm shaft is driven by a motor generator in the SCT trunnion drive
gearbox, An angle counter, seen through the SCT panel window, displays

the trunnion angle and is mounted in the trunnion drive gearbox.

2.2.1.1.2 Minus 4. 6-Power Telescope. The minus 4. 6-power telescope

consists of an objective lens assembly, reticle, pechan prism, and part of the

relay lens assembly. (See Fig. 2-20.)

The objective lens assembly consists of three cemented doublets, made
up of a positive and negative lens, fitted into the upper end of the outer tele-
scope tube assembly. This objective cluster collects light from the double

dove prism and produces an image at the reticle plane.

The reticle (Fig, 2-21) is adjacent to the objective lens assembly and is accu-
rately positioned in the focal plane of the objective lens assembly. The inverted
images transmitted by the objective lens assembly are focused onto the reti-
cle. The reticle crosshair intersection is the reference target for the image

transmitted from the double dove prism and objective lens assembly.

The reticle is lighted from the edge by four incandescent lamps located

in the housing and lamp assembly.



Fig. 2-21, SCT Reticle Pattern,

2-51



The pechan prism erects the inverted images. The prism is in the optical
path between the reticle and the relay lens assembly. The pechan ﬁrism con-
sists of two sections separated by an air space. This design achieves the
erecting of the images and increases the axial length of the optical path and

decreases the physical length of the SCT.

The relay lens assembly consists of a group of relay lenses fastened to
the end of the inner telescope tube assembly opposite the end holding the
pechan prism. The relay lenses receive the erected image from the pechan
prism and transfer it without distortion to the relay lenses of the plus 4. 6-

power telescope.

2.2.1.1.3 Plus 4, 6-Power Telescope. The plus 4. 6-power telescope

consists of part of the relay lens assembly, an eyepiece window,l an eyepiece

prism assembly, and an adjustable focus eyepiece. (See Fig. 2-20.)

The relay lenses receive the images transmitted by the minus 4. 6-power
telescope relay lenses and transfer them through the eyepiece window to the

eyepiece prism assembly.

The eyepiece window acts as a seal between the eyepiece prism assembly
and SCT components exposed to environmental conditions outside the command
module. The eyepiece window has no optical effect and transmits the image

directly from the relay lens assembly to the SCT eyepiece prism assembly.

The eyepiece prism assembly is fastened to the front of the SCT panel
assembly. It transfers the image from the relay lens assembly to the eye of
the observer. The eyepiece prism assembly contains two right-angle prisms,

one small and one large. The small prism is mounted in-line with the shaft
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axis and receives the images from the relay lens assembly and reflects the
images 90 degrees into the large prism., The large prism is mounted in a
manner that corrects for this 90 degree image orientation by reflecting the
images 90 degrees into the adjustable focus eyepiece parallel to the SCT
shaft axis., The prism mountings enable the adjustable focus eyepiece to be
mounted in a position that provides the astronaut with the most viewing com-
fort. Enlé.rged thumb screws are provided which allow the astronaut to

quickly disconnect and remove the prism assembly while wearing gloves.

The adjustable focus eyepiece is mounted to the eyepiece prism assembly.
This assembly contains three telescope 6bjective lens doublets, heater, thermo-
stat, insulation, and connector. The objective lenses are optically identical
to the minus 4, 6-power telescope objective lenses. The heater,_ thermostat,
and insulation maintain the adjustable focus eyepiece assembly at a constant
temperature to prevent moisture condensation on the eyepiece components.
Heater current is provided through the connector when connected to the harness
plug on the eyepiece storage unit. Focus adjustment compensates for astro-
naut sight differences and enlarged thumb screws allow the astronaut to quickly
disconnect and remove the adjustable focus eyepiece assembly while wearing

gloves.

A SCT eyeguard is fastened to the end of the eyepiece and is adjustable in
an axial direction to allow for differences in facial contours of the astronauts.

The SCT long eye relief V(LER) can replace the SCT adjustable focus
eyepiece for use while wearing a helmet. It contains a lens assembly, a posi-
tive lens, heater, thermdstat, insulation, and connector mounted into a SCT

eyepiece housing.
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2.2.1.1.4 SCT Optics Light Transmittance. The optical efficiency of

the SCT allows 38 + 1 percent of the light impinging on the double dove prism
to be transmitted to the eyepiece. Light losses in the SCT are held to a
minimum by the use of multiple anti-reflection coatings which increase the

efficiency of all transmitting surfaces.

2:,2.1.2 SCT Mechanical Drive

The single speed SCT obtains rotational drive about shaft and trunnion
axes through two motor generators, one for each axis. Reduction gearing,
motor generators, resolvers, and angle counters for shaft and trunnion axes

are assembled in two separate gearboxes located in the optical base.

SCT shaft and trunnion axis drives are linked by a differential gear
assembly. The differential gear assembly permits trunnion axis positioning
independent of shaft axis, and shaft axis rotation without introducing errors
in the trunnion axis. The AS trunnion drive gear and the trunnion positioning
planetary gearing system are pinned to the differential drive shaft, whil‘e the
'At trunnion drive gear and the trunnion positioning gear can rotate about the
differential drive shaft. The SCT shaft axis drive motor restricts rotation
of the As trunnion drive gear and the trunnion positioning planetary system
then permits the trunnion positioning gear to rotate about the differential
drive shaft when the At trunnion drive gear is rotated (SCT trunnion axis po-
sitioning). Likewise, the SCT trunnion axis drive motor restricts rotation
of the At trunnion drive gear and the trunnion positioning planetary system

then permits the trunnion position gear to rotate with the differential drive

shaft when the AS trunnion drive gear is rotated (SCT shaft axis positioning).
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Two identical counters displaying SCT shaft and trunnion axis angles are
located in the optical base. The counters are viewed through lighted bezel
windows in the SCT panel. A flip-up counter shade is geared to the drums
to permit continuous numerical display. The counter is calibrated to display
readouts from 0 to 359. 98 degrees with graduations in 0. 02 degree incre-
ments. Counter rotation is continuous in either direction. One revolution of

the counter input shaft results in a one degree change in counter indication.

2.2.1.3 SCT Servo Loops

Shaft and trunnion servo loops are used to position the SCT. The shaft
and trunnion servo loops function as single speed repeater servos. Trunnion
servo loop operation is determined by mode switching.

2.2.1.3.1 SCT Shaft Servo Loop. A single speed positioning servo loop

(Fig. 2-22) is used to rotate the SCT optics about the shaft axis. The electrical
input to the SCT shaft 1X resolver is the sine-cosine output signal from the SXT
shaft 1X resolver in the SXT shaft servo loop. The SXT shaft 1X resolver
generates ’an error signal proportional to the mechanical rotor displacement
from electrical null. The SCT resolver error signal is applied to the MDA
summing network. Feedback from the motor-generator is applied through a
feedback compensation network of the MDA summing network. The amplifier
circuit generates the motor drive signals in the phase and magnitude required
to drive the rotor of the SCT shaft 1X resolver to null and to position the SCT
shaft at a new angle. The SCT shaft movement is thus. slaved to SXT shaft

movement.
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2.2.1.3.2 SCT Trunnion Servo Loop. Rotation of the double dove prism

and mount assembly about the trunnion axis is controlled by the SCT trunnion
servo loop (Fig. 2-23). This servo functions as a single speed, positioning
servo. The SCT trunnion 1X resolver generates an error signal proportional
to the mechanical rotor displacement from electrical null. The electrical input
to the SCT trunnion resolve‘r is determined by the configuration of the SCT
trunnion relays, K2, K3, and K4. These relays are controlled by the position
of the TEL TRUN switch.

When the TEL TRUN switch is in the 0° position, the 0° and
SLLAVE relays, K2 and K4, are energized. This disconnects the input sine-
cosine signals from the SXT trunnion 1X resolver; applies a fixed 28 volt,
800 cps, 0 phase reference signal to the sine winding of the SCT trunnion 1X
resolver; and shorts out the cosine winding to establish a zero electrical
reference.

When the TEL TRUN switch is in the 25° position, the 25°
and SLAVE relays, K2 and K3, are energized. This disconnects the input
sine-cosine signals from the SXT trunnion 1X resolver; applies a fixed
28 volt, 800 cps, 0 phase reference signal to the sine winding of the SCT
trunnion 1X resolver; and applies a fixed reference voltage from the
secondary of a transformer tothe cosine winding to establish an electrical ref-
erence which causes the SCT to move to afixed 25° trunnion angle offset,

When the TEL TRUN switch is in the SLAVE to SXT posi-
tion, relays K2, K3,and K4 are all deenergized to connect the sine and cosine
windings of the SXT trunnion resolvgr transmitter to the sine and cosine wind-

ings of the SCT trunnion 1X resolver.
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The error signal from the SCT trunnion 1X resolver is applied to the MDA
summing network. The feedback from the motor-generator is also applied to
the MDA summing network. The amplifier circuit generates the motor drive
signals in the phase and magnitude required to drive the rotor of the SCT trun-

nion 1X resolver to a null and to position the SCT trunnion at a new angle.
2.2.2 Sextant

The SXT is a highly accurate, dual LOS, electro-optical instrument with
28 power magnification and 1. 8 degrees field of view. It is capable of sight-
ing two celestial targets simultaneously and measuring the angle between them
with 10 arc seconds accuracy. One LOS, called landmark LOS (LLOS) is fixed
along the shaft axis normal to the local conical surface of the spacecraft. The
LLOS is positioned by changes in spacecraft attitude. The other LOS, called
star LOS (SLOS), has two degrees of rotational freedom about the shaft and
trunnion axes. Variation about the trunnion axis is represented by movement
of an indexing rﬁirror. SLOS positioning is controlled by electromechanical
integration loops consisting of servos, tachometers, and associated electron-
ics. The SLOS movement is independent of the fixed LLOS, Measurements
are made by first sighting into the SXT eyepiece and adjusting spacecraft
attitude until the LLOS image is centered on the SXT reticle. Subsequent
positioning of the SLOS to locate the star image coincident with the LLOS is
done to satisfy requirements necessary for measurements to be taken between
the two images. (Coincidence must be as near the reticle center as possible.)
Positioning accuracies of the SXT trunnion and shaft axes are within 10 and 40

arc seconds, respectively.
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The SXT is divided into the index head assembly and the base section.
(See Fig. 2-24,) The SXT index head assembly contains the indexing mirror,
SXT right angle mirrors, beam splitter, and trunnion drive electromechanical

components,

The SXT portion of the optical base contains the shaft axis assembly,
shaft drive electromechanical components (motor-generator, shaft drive
gcarbox, and resolvers), and SXT eyepiece. Rotating components, mounted
on the shaft axis assembly include the SXT telescope tube assembly (with
objective and intermediate lens), the SXT reticle, and the shaft resolver
rotors. The SXT panel assembly covers the underside (face) of the optical
base. This assembly contains the eyepiece window and has provision for

mounting the SXT mirror housing and eyepiece assembly.

2.2.2.1 SXT Optics
The SXT optics consists of SXT indexing mirror, right angle mirrors,

beam splitter, SXT telescope lenses, and eyepiece assembly.

2.2.2.1.1 Indexing Mirror, The SXT indexing mirror (Fig. 2-25) is

used to pick up and direct a target star image onto the right angle mirrors.

The indexing mirror is mounted on the sextant head and rotates in the trunnion
axis. For every one degree of indexing mirror movement, the SLOS moves

two degrees.

2.2.2.1.2 Right Angle Mirrors, Two mirrors (Fig. 2-25) are fixed at

right angles to each other. They are used to reflect the star image, from the
indexing mirror, onto the reflecting surface on the underside of the beam

splitter,
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Trunnion indexing mirrors and mount assembly

Trunnion servo gear box

Dummy weight
Objective lens assembly
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Shaft servo gear box
SXT eyepiece assembly
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Coolant passages (not used)

Ball mount (3)
Optical base
Right-angle mirrors
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Fig. 2-24,

Sextant (Sheet 2 of 2)
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2.2.2.1.3 Beam Splitter. The SXT optics provides two distinct lines of

sight with different degrees of light transmission for two simultaneously viewed
images. This capabilily is provided by the beam splitter (I'ig. 2-25). The
beam splitter is more properly termed a beam combiner since its function is

to reflect the SLLOS into the same path as the transmitted LLOS.

The landmark image is brighter than the star image, therefore it is
necessary to transmit the image intensities at different levels to keep the
landmark image from obscuring the star image. The beam splitter provides
the required variations in transmission by its surface reflectivity character-
istics.

2.2.2.1.4 SXT Telescope Optical Complex. The SXT telescope optical

complex (Fig. 2-25) consists of an objective lens, the intermediate lens, and
reticle. A triplet and a single lens form the objective lens assembly at the
upper end of the lens holder. The intermediate lenses are mounted at the
lower end of the lens holder assembly. The objective and intermediate lens
assemblies form a telephoto type lens system. The reticle (I'ig. 2-26) is positioned
in the forward vacuum focal plane of the SXT optics. This position provides
optimum focus of the reticle vacuum pattern etched on the forward face of the
reticle assembly. When operating in the earth atmosphere, the reticle
vacuum pattern becomes indistinct due to a shift in the focal plane of the SXT
optics. An air pattern is eiched on the rear.face of the reticle and an air
focusing shim is inserted between the SXT plate and eyepiece assemblies to
compensate for the shift. The air focusing shim is removed prior to launch
for vacuum operation of the SXT. The edge illumination of the SXT reticle is
provided by four lamps which light three transmitting rods spaced evenly
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Fig. 2-26. SXT Reticle Pattern,
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around the reticle. The eyepiece window serves as a seal in the SXT panel.

The SXT eyepiece window is similar in function to the SCT eyepiece window.

2.2.2.1.5 WMirror Housing and Eyepiece. The SXT mirror housing and

eyepiece assembly consists of the mirror housing and heater assembly, and

the eyepiece assembly. FKnlarged thumb screws allow the astronaut to
quickly disconnect and remove the SXT mirror housing and eyepiece assembly
while wearing gloves.

The mirror housing and heater assembly (Fig. 2-25) consists of the relay
lens assembly, two mirrors, heater, thermostat, insulation, and connector.
The relay assembly contains two lens doublets which relay the image to the
primary of the two mirrors. The mirrors reduce the length of the system and
transfer the image into the eyepiece assembly. The heater, thermostat, and
insulation maintain the SXT mirror housing and heater assembly along with
the attached eyepiece assembly at a constant temperature to prevent moisture
from condensing on components., Heater current is provided through the con-

nector when connected to the harness plug on the eyepiece storage unit.

The SXT eyepiece contains two lens doublets, a single lens, and an ad-
justable polaroid filter., The polaroid filter provides landmark (LLOS) image

brightness adjustment without affecting star image (SLOS).

In effect, the SXT eyepiece assembly represents a telemicroscope of
0. 34 inch focal length and contributes to the SXT 28 power magnification by
providing 3.4 power magnification from the relay assembly. Focal length of

the eyepiece equals one inch, which results in a total magnification of 28 power.

A SXT eyeguard, fastened to the SXT eyepiece, adjustable in an axial

direction, allows for differences in facial contours of the astronauts.
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2.2.2.1.6 SXT Optics Light Transmittance. When a beam of light passes

from one medium to a different medium, the intensity will decrease, This loss of
intensity is due mainly to absorption, With respect to the SXT SLOS, incident light
impinging on and emerging from the trunnion mirror is reduced by a factor of
approximately 4 percent. The resulting 96 percent is passed on to the first
fixed mirror, which causes a further reduction of 4 percent passing on 92 per-
cent of the light to the second fixed mirror. The second fixed mirror further
reduces transmitted light by 4 percent, leaving approximately 88 percent to
be reflected by the beam splitter. The beam splitter will reflect approxi-
mately 82 percent of the light principally in the shorter wavelength of the
visible spectrum. Light loss in the objective lens assembly and through the
eyepiece results in total light transmissions of approximately 25 percent for
the SL.OS.

The total light losses in the LLLOS amount to approximately 97 percent,
with 89 percent. occurring at the beam splitter. The remaining 11 percent
emerging from the beam splitter is further attenuated through the objective
and eyepiece assemblies. This results in an ove -l transmittance of 3.2

percent.

2.2.2.2 SXT Mechanical Drive

The SXT obtains rotational movement about shaft and trunnion axes
through two motor generators.b Reduction gearing, motor generators, and
resolvers are contained in two separate gearboxes. One is located in the
optical base; the other is located in the index head assembly.

In trunnion axis, positioning of the indexing mirror is restricted me-

chanically to a range of -5 to +50 degrees through the use of a limit stop.
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2.2.2.3 SXT Servo Loops

Shaft and trunnion loops are used to position the SXT, Either loop may
function as a two-speed positioning servo or as an integrating servo loop.

The loop function is determined by mode switching.

2.2.2.3.1 SXT Shaft Servo Loop. Rotation of the SXT index head about

the shaft axis is controlled by the SXT shaft servoloop. This loop may func-

tion as either a precisiontwo speed positioning servoloop or as anintegrating

servo loop. In manual and computer modes it is used as an integrating loop;

in the zero optics mode the servo loop is set as a two speed positioning servo.

When the ZERO switch is placed in ZERO position, the two-speed switch,
zero relay (K5), and auto-optics and zero relay (K7) are energized. (See
Fig. 2-27,) The output of the secondary windings of the SXT 16IX resolver
(fine) and 1/2X resolver (coarse) are applied to the two-speed switch. Relay
K5 disconnects the direct tachometer feedback from the MDA input summing
network and applies it through the compensation network as required for the

positioning servo configuration.

Relay K7 places the rate input to the MDA summing network at zero.
Consequently, the error input to the servo is taken from the two speed switch
and is proportional to the SXT shaft displacement from the zero electrical
reference. The zero reference for 1/2X coarse resolver is obtained from
the 28 volt, 800 cps stator excitation supply. The error reference for the
16X fine resolver is more precise and is established by the 28 volt, 800 cps
rotor excitation, The two speed servo loop drives the SXT gear train into

accurate alignment with the zero reference.
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In system modes of operation, other than zero optics and CMC, relays
K5 and K7 and the two speed switch are deenergized. This sets up the servo
as an integrating loop and places the two speed iﬁputs to the MDA summing
network at zero. Deenergizing relay K7 removes the zero input to the MDA
summing network and switches in the rate error. The rate error is obtained

from one of two drive rate sources depending on mode switching.

When the system is in manual resolved mode (Fig. 2-28), the resolved
mode relay (K6) is energized. The optics hand controller drive rate signal
is applied through closed contacts of the relay to the SXT shaft 1X resolver.
The output of the SXT shaft 1X resolver goes to the cosecant generator and,
through relays K6 and K7, to the MDA summing network. The cosecant func-
tion generator output also goes to the 2X computing resolver in the SXT trun-

nion servo loop.

In the manual direct mode (Fig. 2-29), all the relays are deenergized.
The source of the drive rate error signal then is the optics hand controller.

The signal is fed through relays K6 and K7 to the MDA summing network.

In the computer mode (Fig. 2-30), the CMC mode relay (K10) is energized.
This connects the CMC to the MDA summing network through the DAC in the

CDU. Relay K7 disables manual control of the loop.

2.2.2.3.2 SXT Trunnion Servo Loop. Rotation of the SXT indexing mirror

about the trunnion axis is controlled by the SXT trunnion servo loop. This
servo is similar to the SXT shaft servo in that mode relays select a precise
two speed positioning servo loop in the zero optics mode (Fig. 2-31) and an

integrating servo loop in the remaining modes (Figs. 2-32, 2-33, and 2-34).

2
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The same series of input relays switch the input to the MDA summing network
from one of two sources: (1) the SXT trunnion hand controller during direct
manual mode; (2) the resolved drive rate from the shaft 1X resolver during

resolved manual mode. All relays are energized as explained previously.

SXT trunnion and shaft angles are obtained by interpreting displacement
of the SXT indexing mirror about both axes. Two pancake resolvers,
mechanically linked with the SXT indexing mirror and SXT head assembly,
sense and transmit analog equivalents of SXT mirror displacements about

trunnion and shaft axes.
2.2.3 OSS Moding

The OSS incorporates multiple modes of operation to facilitate the taking
of precise measurements within short time increments. The specific mode
selected effectively adapts the system to fit the needs of the astronaut under
varying situations prior to sightings. The OSS operates in one of three prime
modes and can be controlled in either of two control modes. Each is selected

by switches on the indicator control panel. The modes are:

(1) Zero Optics

(2) Manual
(a) 0°
(b) 25°

(c) Slave to SXT
(d) Direct
(e) Resolved

(3) Computer
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Fig, 2-32. SXT Trunnion Resolved Mode Integrating Servo Loop
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SXT Trunnion Direct Mode Integrating Servo Loop
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SXT Trunnion Computer Mode Integrating Servo Loop
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2.2,3.1 Zero Optics Mode

In zero optics mode, relays convert the SXT trunnion and shaft loops into
two speed null sensing servos., The positioning servos then drive the SXT
optics into alignment with zero reference inputs, This mode of operation is
normally established as a part of a preliminary procedure for taking optical
sightings.,

The zero optics mode (Fig. 2-35) is selected manualiy by setting the
ZERO switch to ZERO, which energizes the two-speed switches, The CMC
is notified of the zero optics mode by a signal when the ZERO switch is in

the ZERO position,

Entering the zero optics mode causes relays K5 and K7 to be energized
and K10 and K11 to be deenergized. This configuration disconnects the SXT
loops from all data source drive rate inputs and switches in zero alignment

reference inputs and serves to mechanize each loop as a positioning servo.

The OSS is mechanized so that the CMC may command zero optics mode.
This is done by CMC issuance of an enable zeroing discrete and a disengage
DAC discrete, The enable zeroing discrete energizes relay K9, which
provides energization to the two-speed switches, if the MODE switch is set to
CMC. The disengage DAC discrete energizes relay K8, which in turn
deenergizes relay K10, to disconnect the DAC from the MDA, and energizes
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