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l	 FOREWORD

This report is a design survey of the Lunar Orbiter Guidance and Control
system and is one in a series of design surveys prepared for the NASA
Design Criteria Program. The objective of this NASA program is to estab-
lish a unification of design approaches in the development of space
vehicles and their major components. The surveys are intended to document
design experience gained from specific NASA projects and will be used as
a data source for design criteria monograph documents.

This design survey was performed in accordance with the Statement of Work
in NASA contract NAS 12-2027, "Lunar Orbiter Design Criteria Survey," for
the NASA Electronics Research Center Design Criteria Office, directed
by Mr. Frank J. Carroll, Jr.

The material for this report was gathered, prepared, and documented under
the direction of the Program Manager, J. Be Montgomery. Major sections
of the report were contributed by Messrs. D. C. Fosth, E,. We Kangas,
R. L. Maxwell, W. I. Mitchell, G. Be Morrison, G. A. Price, R. Be Risdal .
and W. F. Yee. Mr. V. L. Minter assisted in compiling and editing the
final manuscript as well as writing portions of the report. Numerous
other Lunar Orbiter team members who participated in the design, develop-
ment, and operation contributed much needed assistance, consultation, and
review.

The report is organized in the following manner:

Summary - briefly states the most important items from this design
survey.

Introduction - describes the overall Lunar Orbiter program; the
successes and failures; the spacecraft and the guidance and control
system..

Subsystems - are described, requirements listed, development-and
operation are discussed in detail, conclusions and recommendations
are given.

Components - are treated in a manner similar to the subsystems but
to a finer level of detail.

Biblio raphy - lists a selection of significant references for those
wh	 t to dig deeper*",,,.

The contractor's designation for this report is'D2-114277 -.30
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1.0 SUMM

This d•2si t3n survey presents the results of an eight ninth study of the
Lunar Orbiter Guidance and Control s: ,stem and program documentation. High-
lights of the experiences pained from program initi-itio:i through the final
terminal crash maneuver of L.O. V are reported. The things of value to the
designer of future spacecraft are emphasized. The evolution of the design
was studied and the reasons for changes have been indicated. Considerable
effort was ;jade to identify and report the cause for difficulties that
occurred. Reasons for sut:ceo3 as well as failure are sur-narized in the
following paragraphs berinnin^- with the total spacecraft program; proceeding
to an in-depth review of the guidance Lnd control system, its subsystems,
and finally the G«C corlponents.

PROGRAM FEATURES

Die items w::ich had a major impact on the overall progran were the followinE:

1) Basic prog	 nram objectives re-nfAined uchanged th.roujihout the design and
operational fli;rht phases.

2) The test concept was that the initial flight would be a complete
operational mission. Every flight spacecraft was subjected to a
"Flight Acceptance Test" -,ehieh sirmalated the nomin.a operation
environment for temperature, vacuui:: and vibration. :very compo-
nent wus subjected to prior tests wane'.: eliminated sericus nrohlenis
at the spacecraft level.

3) Technical Reviews aniong the contractors and government agencies were
held throughout th Fe program beginning with en-inearini; information
exchringes, prelimi nar:. deli ; reviews, critical d:.siCn reviews, space-
craft compliance reviews, and culminating in a Flight R t)dine •s rcviet:
which involved all the com^^anies and agencies concerned -w-ith the
launch. It was most si3nificant that the stnridnrd of conduct fcr these
reviews was "Wrat was Right."

4) A strong team concept with close working relationships was mnintnined
ariong customer and contractor personnel. Test teams were assigned to
particular spacecraft at final assaml—lly, and continued through test,
planned 13=ch, and flight operations. The continuity of personnel
from design through f',616ht operation was important.

5) Space proven hardware and techniques were used wherever possible.

6) The incentive features of the contract coverin4 delivery, cost, and
performance motivated the contractor and the government to fulfill
their side of the contractual interface in a timely mnnno:.

GUIDANCE MD CO:JTROL SY9=L

Guidance and Control System concepts which contributed to the success were:

e
1
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1) "Put the intelligence on the ground," was a guiding criterion when
choosing between competitive designs. This lead to a simple system
implementation.

2) Complementary paths of information via the engineering telemetry gave a
comprehensive picture of spacecraft status and performance. Alternate
modes of operation allowed the flight operations crew to exploit the re-
maining spacecraft.capability. Examples were: the use. of the high gain
antenna signal strength map to corroborate the questionable roll infor-
mation from the star tracker; the use of .the, solar panel array current
and voltage as a measure of the angle off the sun for angles exceeding
the sun sensor saturation level.

3) Operational flexibility was provided. For example, the mission could be
controlled from either Stored programs or Real Time Commands.

4) A three axis stabilized configuration was selected which best suited the
mission requirements. The technology was developed by the Jet Propulsion
Laboratory for interplanetary spacecraft.

ATTITUDE CONTROL SUBSYSTEM

The most significant features of the design are summarized in the following:

1) The predicted performance for each attitude function such as deadzone
width, maneuver rate, accuracy, limit cycle rate, disturbance torques,
settling time, and impulse requirements was close to that actually
experienced. This permitted the mission gas budget to be replanned
with a high degree of confidence and accomplish much more ambitious
missions even when faced with serious thermal heating, star tracker
glint, and camera problems.

2) The options available in.attitude control provided the work arounds
which salvaged the missions. The options were:

a) To hold attitude using error signals from the Sun and Canopus sen-
sors or using the gyros in the rate integrate mode. This gave an
lnertially references attitude when the Canopus tracker gave trouble.

b) To select wide or narrow reaction control threshold deadzones. This
gave 20 or .20 limit cycle, also .050/sec or .50 sec maneuver slew
rates; the former conserved reaction control gas.

c) To select coarse or fine sun sensors. This -ive a wide angle refer-
ence and an additional deadzone option. It was.used to conserve gas
when re-acquiring the sun.

d) To switch the Canopus tracker off and on without necessarily using
the error signal for attitude control. This technique was used
often to track Canopus instead of glint, also to allow the image
dissector tube to "heal" after being exposed to excessive light
flux.

2
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REACTION CONTROL

The cold gas Nitrogen reaction control subsystem operated reliably on all
flights, with a delivered specific impulse of at least 68 seconds, and with
leakage less than .5 lb of gas per year. The most important design features
were:

1) The brazed and welded construction prevented leakage.

2) The cleanliness requirements; i.e., no metallic particles larger than
5 microns, nor non-metallic greater than 25 microns were allowed,
prevented contamination from becoming a problem causing leakage or
jamming. Filters provided a redundancy to the cleanliness provisions.

3) The common 112 supply for the Reaction and Velocity control subsy', =s
provided an adequate gas supply.

THRUST VECTOR CONTROL SUBSYST&M

The most significant design features of the thrust vector control were:

1) The design concept changed 4 months after contract go-ahead. Electro-
mechanical position servo actuators were developed to gimbal the engine.
The one pound thrust reaction control ,jets-on the tips of the solar
panels were deleted.

2) Dynamic stability of design provided a 6 db gain margin based on a
worst case combination of conditions. The-large center of mass changes
postulated for propellant migration between paired tanks did not occur:
thus, flight performance did not approach deli a limits.

3) Dual lead-lag compensation networks on gyro position error signal made
the system susceptible to mechanical and electrical noise. Problems
were solved by filtering high frequency noise and setting limits on
allowable gyro noise.

VELOCITY CONTROL SUBSYSTWI

The velocity control subsystem functioned as intended on all flights. An
error analysis provided the basis for permitting the use of existing hardware.

GUIDANCE CONCEPT

The most important feature of the guidance concept was the use of ground
based intelligence, skill and facilities in determining the spacecraft state
vector, computing required maneuvers, commanding their execution, determing
the new state and adjusting the subsequent planned events to Wiest accommo-
date tra mission objectives. The Major error found in locating photo sites
was the uncertainty in the lunar gravitational model.

3
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INERTIAL REFERENCE UNIT

The Lunar Orbiter IRU provided a 3 axis attitude reference and integrating
accelerometer in a unit weighing 13.4 lb. and requiring 1 1--.9s than 30 watts. Gyro
drift was in the range of 1/2 0 per hour. Once committed to launch no life, wear-
out, or reliability problems occured on missions up to a year in length.

The principal problems were the result of:

1) Unrealistic severe vibration requirements were originally specified and re-
laxed late in the qualification program.

2) The Sperry SYG 1000 gyro was not being produced in quantity. The low yield
of acceptable gyros made it necessary to obtain a second source of gyros.

The back-up program using the Kearfott alpha gyros in the Sperry frame and
electronics was successful.

SUN SENSORS

The Sun Sensors used an arrangement of cells tailored to the Lunar Orbiter con-
figuration to give complete spherical coverage. The sensor elements were the
same as those used on the O.S.O. spacecraft built by Ball Brothers. To avoid
introducing pointing errors from the nearby illuminated moon required the wide
field of view cells to be switched out. The problem most affecting delivery and
test schedules was caused by weather and cloud conditions at-Boulder ., Colorado
since the actual sun was used for calibration and test.

CANOPUS STAR TRACKER

The Canopus star, tracker was consistently hampered by "glint ` from illuminated
spacecraft appendages, from earthlight, moonlight, and direct sunlight. A major
source of the trouble was internal to the tracker and a result of poorly mated
optics i light shield ., and electronic scanning.

FLIGHT ELECTRONICS CONTROL ASSEMBLY

This unit was specifically designed to the requirements of the Lunar Orbiter
spacecraft and mission. It provided timing, sequencing and control of all space-
craft events from either stored program or real time commands. It also provided
the electronics for closing the control loops around the reaction and thrust
.vector control subsystems.

The criteria most emphasized in the design were:

a) High reliability - affected the choice of parts, processes, and circuit tech-
niques. .7he design was essentially single thread ., but with redundant clock
oscillators.

b) Low power - driver circuits were designed to be in the off state during
quiescent periods,
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c) Low weight - integrated-circuits were selected for the progratmliQr event though
the reliability of mass produced articles in 1964 was not yet firmly established.

d) Resistance to electromagnetic interference - voltage margin fox , digital logic
state switching was required for worst case design conditions oC temperature
and voltage.

Unexpected design and manufacturing problems which were solved during the program
were: difficulty in obtaining approved parts, static discharge causing micrologic
module failures, contamination of one lot of micrologic modules, stress from the
potting process causing electrical value change, cross talk between the redundant
clocks causing extra bits in the time words.

THRUST VECTOR CONTROL ACTUATOR

This unit was a hermetically sealed servo using a d-c motor and solid state
electronics. It was developed specifically for this application. The short de-
sign and development time allowed before first article delivery pushed the bulk
of the servo de-bugging problems into the acceptance and qualification phases of
the program. With hindsight one can say the specified requirements for 101/sec
rate, for f 2.9 1 stroke, and for irreversibility during launch were somewhat
conservative.

RECOMMENDATIONS FOR DOING DIFFERENTLY

The important items which should be done differently on future spacecraft are:

1. The mission system and component requirements analysis should be done before
specifications are sent to vendors and designs are firm. Both performance
and environment are important to be realistic.

2. The Star tracker optical, mechanical, and electronic analysis and design should
be checked in detail before proceeding with construction. Test methods and
facilities to evaluate component and spacecraft glint should be developed.

3. Inertial instruments for an IRU should be selected from a mature design to
avoid extensive development problems. The marks of maturity for gyros are to
be in quantity production on the same article, to have service experience, and
to have service recorded for failure analysis. Any change, even of the float
fluid, should be considered a major design departure.

4. The ability to command one spacecraft only when two or more are present should
. be assured: preferably by assigning different radio link frequencies to each.

5. Operational procedures developed to solve emergency situations should not ,be
continued on subsequent missions; for example,, flying off-sun for thermal
relief, or continuing flights with the Canopus tracker glint problem unresolved.

.o
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2.0 INTRODUCTION

The L=ar Orbiter program was directed by NASA's Office of Space Science
and Applications, and mana7ed by the agency's Lank;ley Research Center.
Contract award was made to tae Boeing Com pany in March 1964 ) and the first
mission occurred on August 10, 1966. The primary objective of the Lunar
Orbiter spacecraft was to obtain high resolution photographic data of speci-
fic lunar areas to aid in the selection of Apollo landing sites. Secondary
objectives were to obtain d5ta about the size, shape, and gravitational
field of the MDoz; the micro eteoroid and radiation levels in the luzsr
environment; and moderate resolution photogruphy of extensive areas. How-
ever, it was not required that all objectives be satisfied on any one mis-
sion. Specific mission plans were not identified until shortly before each
spacecraft flew. This resulted in a broad range of hardware capability
being designed into the spacecraft. It provided the flexibility to plan
specific missions around this design capability and to take advante-a of
results from Drevious flir;hts. This flexibility also provided the cApsbi-
lity to utilize backup wiles and work-around methods to accommodate in-
flight anoma.iles.

A typical mission is illustrated in Figure 2-1.. The flight profile events
are illustrated in Figure 2-2 and described in the folJow-ing. The space-
craft and Atlas/Ag-!na launch vehicle underwent countdown as o ne functional
unit, called the Lunar Orbiter space vehicle. At the completion of count-
down the Atlas boosted the space vehicle to an altitude of 35 r,.iles before
Atlas separation. The spacecraft nose shroud, no longer required for atmos-
pheric protection, was ,jettisoned prior -to AGena firing. The Agena acceler-
ated the Agena/Orbiter combination into a 100-mile-altitude parking orbit.
After coasting to the translunar injection point, the Agena engine was re-
ignited and accelerated the spacecraft to cscap .^ velocity. The Lunar Orbiter
was then separated and began its coast, to the noon.

After spacecraft separation, si pals from the flight electronics control
assem, _y initiated squib firing to deploy solar panels, antenna booms, and
to activate the reaction control subsystem. Sun sensors ant? rate gyros
controlled the opening of small nitrogen thrusters, causing the spacecraft
to pitch and yaw until the correct sun attitude was attained. The roll
rate was reduced to near zero by another set of thrusters. At e Later tire,
the spacecraft performed a series of roll maneuvers to enable the star
tracker to acquire Canopus. This completed the initial thra^2 axis orienta-
tion and stabilization of the spacecraft.

Continued tracking by the deep space stations enabled the Space Flight
Operations Facility to compute spacecraft range, velocity, and flight path.
Devistioti from the intended trajector-y was corrected by transmitting the
necessary guidance commands to the spacecraft flight electronics control
assembly, where they were stored and subsequently executed. At the proper
time the spacecraft broke the sun/star reference attitude and oriented the
spacecraft to point the rocket engine in the desired direction. Attitude
reference was then provided by the inn rtial reference unit. The 100-pound
thrust engine was i6mited, changing the spacecraft velocit;, vector u lnti
the integrated output of accelerometer measuring the velocity change, shut
off the engine. The spacecraft systems were designed to parform a second

K 40" aej LV I I F.Al 5 DZAAT,,,4 M a 9,
7
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midcourse correction if required. However, none of the five missions re-
quired a second correction.

Trajectory data obtained throughout the translunar flight was used by the
Space Flight Operations Facility to compute the velocity and direction
changes required to achieve initial lunar orbit. The necessary commands
were again transmitted to the flight electronics control assembly. At the
proper time the spacecraft was injected into Lunar Orbit. Additional
tracking of the spacecraft by the deep space stations accurately established
the actual orbit and subsequent.orbit changes were accomplished as required
by the mission.

The photogral c phase of the mission required a precise knowledge of the
orientation and position of the spacecraft to point the camera at the de-
sired target area. The desired spacecraft maneuvers from the sun/star
reference attitude were determined at the Space Flight Operation Facility
from tracking data. Commands were transmitted to the flight electronics
control assembly for execution at the proper time. The Flexibility of the
photographic subsystem, coupled with the ability to design the mission for
a range of orbit parameters such as inclination and perilune altitude pro-
vided great flexibility in selecting the size, shape, and location of the
areas to be photographed.

MISSION PERFORMANCE

The mission results are summarized in the following so as to provide a
frame of reference and basis for understanding: (1) difficulties or pro-
blems in mission operation as a result of the design selected, (2) how it
should or should not have been done (hindsight), and (3) the work-around
techniques that ^iere possible because.of the design flexibility.

Major program accomplishments were:

a) Initial program objectives essentially completed in three flights.

b) Photographed over 99 percent of visible side of Moon with resolution
capability at least 10 times better than Earth based observations.

c) Photographed virtually the entire far side of Noon.

d) Provided data for the selection of eight candidate Apollo landing
sites.

e) Provided photographs of numerous areas of scientific interest with
resolution capability of 1 to 2 meters.

f) Developed techniques to employ vertical, oblique: forward stereo,_
side stereo, and converging telephoto stereo photography to conduct
site search, site confirmation, and mapping missions of celestial
bodies.

g) Devised operational techniques to command and control three space
f	 craft in lunar orbit at the same time.

10.
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h) Crashed all spacecraft on the Lunar surface ( your of five upon conunand
from the SFOF) and eliminated potential :future problems of unwanted
communication.from the spacecraft or of collision with Apollo.

i) Provided the Apollo Manned Space Tracking Network with a live model
for training purposes during the L.Q. extended missions.

Provided radiation data in the lunar environment.

MISSION I

L.O. I (spacecraft number 4) was launched August 10, 1966.

a) Photographed nine potential landing sites in a southern latitude band
of Apollo zone of interest with eight meter resolutions.

b) Eliminated some potential Mission II sites from further consideration.

c) Accurately established the desired lunar orbit characteristics.

d) Provided data for lunar gravitational model for 12 degree orbit
inclination.

e) Performed 574 attitude maneuvers, fi­,^ ,.•elocity maneuvers, and pro-
cessed 4,510 transmitted commands.

f) Obtained the first oblique photos of Moon and the Earth as seen from
the vicinity of the Moon (Figure 2-3).

g) Obtained the first high quality photos of the far side of the Moon.

h) Transmitted more than 400 photographs to Earth, providing photographic
coverage of about 150,000 square miles of the lunar surface visible
from Earth and about two million square miles of the Moon's far side
were photographed from about 1000 miles above the surface.

MISSION II

L.O. II (spacecraft number 5) was launched November 6, 1966.

a) Photographed 13 potential landing sites in a northern latitude band
of Apollo zone of interest with one meter resolution.

b) Improved oblique photography control and pointing procedures (e.g.,
Copernicus photo, Figure 2-4).

c) Photographed 17 secondary photo sites within the orbit inclination
limits on front and far sides of the Moon.

d) Identified Ranger VIII impact area.

e) Developed procedure to synchronize DSN station clocks to within 50
microseconds.

11
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Earth was photographed by Lunar orbiter l from	 ;riles awa}. with the

?coon in the foreground, this photograph closely duplicates thle scene astronauts
will view as they prepare to land on lunar surface. Center of Earth in the
photo is Bechuanaland, South Africa. Lunar horizon spans about 450 miles and

is 1500 miles away from Lunar Orbiter's camera.

Figure 2.-3:
	

EARTH AS SEEN FROM MOON
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Copernicus Crater, with mountains rising to approximately 3000 feet with slopes

up to 30 degrees, was photographe d by Lunar Orbiter II from an altitude of 28.4

miles and 150 miles away.

Figure 2.-4:	 COPERNICUS CRATER
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f) Performed 284 attitude maneuvers, seven velocity maneuvers, and pro-
(	 cessed 3,571 transmitted commands.

g) Survived four known micrometeoroid impacts.

h) Changed its orbit inclination from 11.8 to 17.5 degrees to provide
scientists with additional information about the Mon t e gravitational
field.

i) Transmitted 417 photographs to Earth.

MISSION III

L.O. III (spacecraft number 6) was launched February 5, 1967-

a) Photographed 12 potential Apollo landing sites selected from Missions
I and II.

b) Photographed 31 secondary sites within the 21 degree orbit inclination
on front and far sides of the Moon.

c) Performed the first cor_--prehensive photographic site confirmation
mission.

I	 t
d) Positively identified the landing site of Surveyor III and photo-

graphed the Surveyor I landing site and spacecraft (Figure 2-5).

e) Provided data for lunar gravitational model for a 21 degree orbit.

.f)	 Performed 383 attitude maneuvers, 7 velocity maneuvers, and p-ocessed
3,615 transmitted commands.

g)	 Completed the primary Apollo requirements for photographic informa-
tion from an Orbiting Spacecraft. Coverage provided by L.O. III wab:

o lPrIme sites - 2,200 square miles high.resolution

i
11,500 square miles wide angle

o Secondary Photography

Near side - 350,000 square miles area of scientific interest

e.g., Kepler (see Figure 2-6).

Far side - 900,000 square miles.

h)	 Transmitted 327 photographs to Earth.
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This 350- by 500-foot area was photographed by the high-resolution camera
aboard Lunar Orbiter III. Surveyor I can be detected as a white object casting

a shadow approximately 30 feet long. The spacecraft was located by triangu-
lation of distant objects seen by Surveyor I cameras.

Figure 2.-5:	 SURVEYOR I LANDING SITE

F

Lunar Orbiter III's wide-angle lens captured this view of the lunar horizon.
The most prominent crater La Kepler, approximately 20 miles in diame,.:r and
over 1 mile deep. The smaller, almost perfectly formed crater to the right
is about 1/2 mile deep and 3 miles in diameter.

Figure 2.-6:
	

CRATER KEPLER
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MISSION IV

L.O. IV (spacecraft number 7) was launched May 4, 1967.

a) Completed first photographic mapping mission of Noon.	 Over 99 percent
of near side (7,000,000 square miles) was photographed at resolutions
of 60 to 100 meters.

b) Provided first photographs of surface detail for all limb and polar
regions.

c) Provided first details of Orientale basin (Figure 2-7).

d) Provided trajectory data for 8 5 degrees orbit inclination to improve
the determination of the lunar gravitational model.

e) Performed 586 attitude maneuvers, four velocity maneuvers, and pro-
cessed 7,111 transmitted commands.

f) Provided data to relocate Mission V sites to increase the scientific
data obtainable.

g) Survived two known micrometeoroid impacts.

h) Operated in orbits with full sunlight- for long periods of time.

i)	 . Transmitted 359 photographs to Earth.

MISSION V

L.O. V (spacecraft number 3) was launched August 1•, 1967•

A) Completed photography of the far side and 45 near side photo sites to
support numerous scientific requirements with resolution down to 2
meters.	 Figure 2-8 is from a wide angle view of the crater Tycho.

b) Provided a near full-Earth photo centered in Indian Ocean showing
land mass outlines.

c) Performed 532 attitude maneuvers, six velocity maneuvers, and processed
4,525 transmitted commands,

d) Survived the six hour eclipse of October 1967 without difficulty.

e) Spacecraft was tracked optically in lunar orbit during a special
experiment utilizing reflected sunlight directed toward Kit Peak
Observatory.

f) Provided low altitude high inclination data to improve the determina-
tion of the lunar gravitational model.

g) Transmitted 425 photographs to Earth.

15
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This photograph was taken by the Lunar Orbiter IV at an altitude of 1690 miles
and shows the enormous complex called the Orientale Basin. The Cordillera
Mountains which form the outer scarp are more than 600 miles in diameter and
rise to an altitude of 20,000 feet above the surrounding Surface. Orientale
is believed to be the most recent of all the Meon's large circular basins.

Figure 2.-7:	 ORIENTALE BASIN
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Tycho, a very young, large crater, was photographed in this crisp detail by
Lunar Orbiter V from an altitude of 135 miles. The crater, which is more than
50 miles from rim to rim, is considered by astronomers and scientists to be
quite young because the debris associated with its formation is superimposed
on older t000Qraphic features over a large area of the Moon's visible side.

Figure 2.-8: Tycho
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PROBLEMS AREAS

Problems experienced during the program are summarized in the following
paragraphs.

a) Launch of L.O. I was delayed one month due to the unacceptable photo
subsystem. During the second launch period launch was delayed one day
by questionable launch vehicle instrumentation.

b) Major failures affecting photo data recovery were:

L.O. I - Telephoto images degraded because focal plane shutter
control circuitry was susceptible to electromagne,,ic
interference. Corrected for missions II through V.

L.O. II - TWTA failed to turn on 12 hours to planned end of mis-
sion. 98.5 percent of all photos had been read out.

L.O. III - Film advance motor failed after reading out 73.8 percent
of the 211 dual exposures taken.

L.O. IV - Film advance problems necessitated early Bimat cut and
the loss of approximately 20 planned photos of areas
beyond the western limb.

L.O. V - None.

c) Operational problems encountered were:

1) Star Tracker Glint - L.O. I through V

o Stray light resulted in erroneous signals to star tracker.

o Satisfactory operation was possible during solar occultation.

o Periodic attitude update maneuvers were required.

o Error signals from star tracker were used by subsystem analyst
to determine and predict roll position.

2) Spacecraft Thermal Control - L.O. I through V

o Equipment mounting deck thermal paint degraded from solar
energy.

o Spacecraft was pitched off sunline for extended periods to
provide spacecraft temperature control.

o Mirrors were added for Missions ZV and V to reduce thermal
energy exposure.

17
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3) Intermittent Film Hangup - L.O. III

o Readout of a single framelet was repeated.

o Real time commands were employed to control and reinitiate
readout when hangups occurred. Hangup was attributed to inter-
ference between teflon separators and readout looper rollers.

4) Film Advance Control - L.O. IV

o Intermittent film advance logic signals caused readout and pro-
cessing problems.

o Manual commands were employed to set up special logic control
configuration to allow specific functions and inhibit other
functions.

o Roal tome commands were used to set up automatic reinitiation
of readout mode at end of each scan cycle.

5) Camera Thermal Door - L.O. IV.

o Door failed to ripen on command during first and second photo
orbits.

o heal time commands were used to control door operation from
partially closed to full open.

6) Photo Subsystem Window Temperature - L.O. IV

o Condensation developed on window when camera thermal door was
left open following above problem.

o Spacecraft was oriented so that solar energy would maintain
window temperatures. (Not successful.)

o Direct light on window penetrated light baffles and light
streaked film.

o Partially closing door gradually eliminated all problems.

7) Loss of Photo Coverage - L.O. IV

o Light streaking of film degraded photos of eastern areas.

o Mission plans were altered to rephotograph areas by apolune
photography near end of mission with some reduction in resolu-
tion capability.

8) Communication Subsystem - L.O. II, III, and V

Unintentional commands were received, transferred to the pro
C	 grammes, and executed by L.O. II and III during the primary

18
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mission of Spacecraft L.O. III, IV, and V. These commands occurred
with the other spacecraft transponder in uplink lock under weak up-
link signal conditions. Bit errors developed in the address code
such that commands addressed to another spacecraft would be ac-
cepted and executed.

9) Extended Mission Attitude Control - L.O. V

Loss of 2.5 pounds of nitrogen gas occurred during a weekend
period when the spacecraft was not being monitored by the SFO
and required that the mission be terminated several months
earlier than planned.

SPACE_"RAFT CONFIGUR_ATI01J

The spacecraft configuration is illustrated in Figure 2-0. The Lunar O.-biter
weig:.ed 850 pounds and when prepared for launch measured five feet in dia-
meter by five and one-half feet high. During; launch the solar panels were
folded against the base of the spacecraft and the antennes ware folded against
the sides of the structure. When the solar panels and antennas were deployed
in s7:^ace the maximum span became seventeen and one-half feet across the an-
terina booms, and twelve feet across the solar panels.

The primary structure consisted of the main equipment mounting; deck and an
upper section supported by trusses end. an arch. Located in the upper section
were the velocity control engine with its tanks for oxidizer, fuel and pres-
surant', and the attitude control thrusters, remote sun sensors, and the

(	 switching assembly. The nozzle of the engine extended throujr an insulated
heat shield. The equipment mounting deck supported tha camera, communica-
tions equipment, electrical system equipment, and the fcllovirg 	 comic-
nents: inertial reference unit, sun senscr, star tracker, end the flight
electronics control assembly.

The electrical power system was a solar panel rechargeable battery system
with voltage regulation and charge control. In full sunlijit the solar
panels would produce about 375 watts; the battery was rated at 12 ampere
hours. The electrical system voltage would vary from 22 volts when the
battery was supplying the load to 31 volts when the solar panels were
operating.

The communications system was compatible with the Deep Space Network S-baud
system. It received, decoded, and verified commands sent to the spacecraftm 
from earth, and transmitted to earth all data gathered by the Spacecraft.

A low power operating mode delivered spacecraft performance telemetry and
data from the lunar environment experiments (radiation and meteoroids) to
Earth at 50 bits per second. Telemetry was in digital fora and was passed
through a signal conditioner, a multiplexer encoder and a modulation selec-
tor before transmission,.

A high power communication mode was used to transmit photographic data in
analog form and brought into use the spacocraft's high goir, antenna and a
travelling wave tube amplifier. Performance and environmental telemetry
were mixed with the photographic infon-rnt.inn in the trr,nsmi ;Sion.
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In the tracking and ranging mode, the transmitting frequency of the trans-
'	 ponder was locked to the frequency of the signal being received from Earth

in a precise ratio. The signals were then used to determine the radial velo-
city of the spacecraft to an accuracy of about one foot per second. When
interrogated by the Deep Space Network ranging system, the transponder signal
measured the distance between the Earth and the spacecraft with an accuracy
of about 100 feet. This was an important part of the total G&C function and
the data obtained in this mode was used to determine the necessary commands
required to perform midcourse corrections and orbit insertion.

The transponder received a transmitted command from Earth and passed it to
a decoder where it was stored temporarily. The command was then re-trans-
mitted to Earth through the transponder to verify that it had been correctly
received. When verification was confirmed, an execute signal was sent from
Earth causing the decoder to pass the command along for immediate or later
use as required. The command transmission rate was 20 bits per second.

Spacecraft temperature control was provided to maintain desired component
temperatures. An aluminized mylar thermal barrier enclosed the area between
the insulated upper heat shield and the equipment mounting deck. Indium
foil .005 inch thick was used between high heat dissipating components and
the equipment mounting deck to provide a known heat transfer coefficient.
The interior of the spacecraft was tied together thermally and the primary
means of heat transfer was the equipment mounting deck, which faced toward
the sun when the spacecraft was in a sun reference attitude. The equipment
mounting deck was coated to obtain a high heat emission-absorption ratio to
provide an equipment deck temperature between 85 and 35 degrees F when in
orbit about the Moon.

GUIDANCE AND CONTROL SYSTEM

The Lunar Orbiter G&C system is illustrated in the functional block diagram
of Figure 2-10. The primary functions performed by the G&C system were
attitude control, velocity control, and sequencing and timing of spacecraft
events.

The system provided three axis stabilization and control of the spacecraft,
utilizing a design concept that simplified the spacecraft ;functions and
equipment by placing greater emphasis upon Earth-based facilities. The
total G&C function was accomplished by the spacecraft G&C elements working
with the Deep Space Network, Space Flight Operations, Facilities, and the
flight operations team through the communications subsystem. A key factor
in this implementation was the ability to utilize the decision making ability
of the flight operations team. The twofold result of this system approach
was first the realization of a spacecraft system that was simple, reliable
and straightforward to operate, and secondly a flexible (3&C system that
could accommodate both a wide variety of mission tasks and flight anomalies.

The guidance and control system was composed of the hardware items below:

1) Flight Electronics Control Assembly - all parts of the G&C system were
interlinked by this unit. It consisted of two distinct functional
sections, a programmer and closed-loop electronics. The programmer

r
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Was a low-speed digital data processor, with memory capacity large
enough to provide sixteen hours of control from stored commands. it
controlled all timing and sequencing of spacecraft events. It inte-
grated the maneuver magnitude signals from the gyro or accelerometer.
The closed loop electronics performed the tasks of attitude control.
It was basically all analog in operation, accepting error signals from
the sensors and gyros ., and controlling the reaction tlu-asters and
thrust vector control actuator upon command from the programmer.

2) Inertial Reference Unit - this unit consisted of three single-degree-
of-freedom, floated, rate-integrating gyros, and one pulsed integrating
pendulum-type accelerometer. The gyros operated in either of two modes
selected by the flight electronics control assembly; rate mode or rate-
integrate mode. The accelerometer was on but readout only during velo-
city maneuver.

3) Sun Sensors - there were rive sensors on the spacecraft that provided
41Y steradian coverage to assure sun acquisition and maintain pitch and
yaw attitude. Four remote coarse sensors were located at the corners
of the heat shield; the fifth, a combination coarse and fine sensor
viewed through the equipment mounting deck,

4) Star Tracker «• the celestial reference for the spacecraft roll axis
was provided by this unit. It produced a roll error signal and a star
map voltage that was transmitted via telemetry. The-flight operations
team interpreted the star map to provide assurance that the tracker
was looking at Canopus rather than some other star.

5) Reaction Control - eight reaction control thrusters using nitrogen gas
generated the torque necessary to control the spacecraft in roll, pitch
or yaw. Approximately 14 1/2 pounds of nitrogen were stored in a tita-
nium sphere at a pressure of 3500 psi. Ten pounds were budgeted for
attitude control, and four were used for pressurizing the fuel and
oxidizer tanks.

6) Thrust.vector Control - spacecraft attitude in pitch and yaw was main-
tained during velocity maneuvers by a gimbaled engine. The engine was
positioned by two actuators responding to error signals from the gyros.

These six items of the G&C system were interconnected by the flight electro-
nics control assembly to form four functional subsystems. Many of the re-
quirements and much of the functional development was accomplished on this
subsystem basis, even though some elements were not exclusively a part of
only one subsystem. The four subsystems and the items that composed each
one, were as follows;

1) Attitude; Control Subsystem -,including the programmer, sun sensors,
star tracker, closed loop electronics, and inertial reference unit.

2) Reaction Control Subsystem - included the programmer, reaction thrusters,
regulators, N2 supply, and plumbing.

n 	 .
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3) Thrust Vector Control Subsystem - included the programmer, thrust
vector actuators, closed loop electronics, and inertial reference

a unit.

4) Velocity Control Subsystem - included the programmer and accelerometer.

Section 3.0 through 6.0 discuss each of these subsystems individually.

GUIDANCE & CIONTROL SYSTEM DEVELOPMENTAL GUIDELINES

The development guidelines which had a major impact on the spacecraft and
the Gidance and Control system are listed in the follow-Ing paragraphs.
The overall program schedule with selected emphasis on Guidance and Control
events is shown in Figure 2-11. The major events recur in discussions of
particular development problems.

1. Compatibility between the spacecraft and the Atlas Agena booster was
required. Most important effects were the launch envelope allowed
and the booster environment 	 acceleration, vibration and tempera-
ture.

2. Use of off-the-shelf, space proven, and high reliability hardware
wherever possible was a program requirement coupled with a thorough
quality assurance program from the program start. All modifications
to existing hardware were analyzed and tested as carefully as though
it were a new design.

(	 3. A comprehensive test and qualification program was required that en-
compassed all levels of test beginning with fabrication testing and
concluding with spacecraft launch and checkout. This included not
only functional and environmental test of all flight hardware, but
development, qualification, and reliability demonstration tests of
components, subsystems, systems and the entire spacecraft.

4. In addition to providing flight performance information in real time,
it was an objective that spacecraft performance telemetry be sufficient
for monitoring all subsystem and component performance to a level ade-
quate to isolate problems to the black bolt replacement level for all
spacecraft level tests.

5. Modular design was provided as illustrated by the propulsion and reac-
tion control assembly. The advantage was in being able to assemble,
test,, and service the module without later changes to the plumbing re-
quired by a higher assembly level.

6. An unwritten but often quoted philosophy when choosing between alter-
natives was; "Put the intelligence on the ground." The objective was
to keep the spacecraft and its functions simple, by assigning the
flight operations team the responsibility of decision making.

7. The spacecraft reliability goal for the successful completion of a
30-day mission was 0.70 based on a realistic single thread assessment
of state-of-the-art hardware. The reliability allocation to the gui-
dance and - control, system vas . -83.
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PRECEDING PAGE BLANK NOT FILMED.
8. The spacecraft was to remain in orbit after completion of the photo-

- ( mission with suitable equipment working for an extended lifetime to
obtain additional selenodetic and environmental data. The lifetime
goal was one year.

GUIDANCE AND CONTROL SYSTEM DESIGN CONSTRAINTS

The system requirements were:

1. To acquire the sun within 20 minutes frgm staging from the launch
vehicle and to maintain a sun orientation for power and thermal con-
trol.

2. To establish and maintain a Sun-Canopus reference attitude of the
spacecraft anytime after six hours from injection on translunar tra-
jectory.	 -^

3. To perform up to two midcourse velocity maneuvers as required.

4. To perform velocity changes to inject into initial and final orbits
about the moon. The three sigma inaccuracy allowed for velocity
maneuvers was not to exceed -5 feet/second plus 0.0008 times AV feet
second.

5- Perform maneuvers in space from the reference attitude for photography,
velocity change, or communication with reorientation error not to ex-
ceed .75 percent of the commanded maneuver. Maneuvers about any axis
of at least 180 degrees were required. Return to the reference atti-
tude was required.

6. To maintain the proper attitude during engine firing.

7- Point the high gain antenna at Earth within the beam width of the an-
tenna for the 30-day mission.

8. To provide sequencing and timing of all spacecraft events, with a
timing resolueUon of 0.1 second.

9. To provide at least 5 percent side overlap between pictures taken on
successive orbital passes.,
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3.0 ATTITUDE CONTROL StRBSYSTi3f

The Attitude Control Subsysteri (ACS) was one of four subsysLems that
constituted the spacecraft G&C system. The relationship of the ACS to the
total G&C system is illustrated in Figure 3.1.

3.1 SUBSYSTEM DESCRIPPI0:1

The ACS subsyste;a was bv,sically a rate limited, conventional on-off, cold gas
reaction control.	 basic reference attitude was established by a Sur, sensor
and star tracker. A rate dampin3 si,.,-nai was provided by a rate gyro for each
axis during normal celestial hold operation with tile Sun sensor (Pitch and Yaw)
or star tracker (Roll). During Sun and Cano pus occultation periods attitude
was maintained by the Gyros in the rate integrate :node. Lead-lag networks
provided stability.

Tilp functions of the attitude control were to:

1) Acquire, stabilize, and maintain a Sun orientation of the spacecraft in
pitch and yaw.

2) Acquire, stRbil i ze, and nkii: l-nin a Canopus referenced orientation in roll.

3) Maneuver sequentially one axis at a tinra away from celestial references
as desired, e. f;. , for n.	 -re pF^ic or velocity eh^.nGe purposes.

4) Hold attitude to lnerti:,l references as required, e.g., for photo sequences,
for velocity chances, and for periods of sun ^in^_ Canopus occultation.

Return scx_(_-ecraft to celestial reference orientation upon co::ipletion of
above maneuvers.

6) Point the ML,;h ga.iri antenna.

-)7 	 Provide deltN velocity meusure::iant Nrnd control for engine burns.

The attitude control bloc:: diagram for one axis i^ siicn4n in Figure _-- 2. The
design features of the hardware co:rrpoaents are discussed as inndividur.l topics
in para,,raph 3.0. The modes of attitude control operation were controlled
by the flight pr ogramji<er si.own oil 	 left side of Figure 3-2.

The center portion of Figure-2 was called the closed loop electronics
portion of the Attitude Control subsystem arc was physicali.y Locar-eu in the
Fli6ht Electronics Control .,.ssemciy. Tile re-:&,^inlna eiemeuts on tee rignt of
Figure 3 are the sensors, torquers aiia spacecraft dynamics.

Each :xis was controlled inde pe:.4en:t?.y (e..:ceut that all deudbands were switched
toe,ether and sun sensor select opera lk;ed bath pitc:'n and yLw) . The operating
modes provided for limited rate about any axis, attitude hold to celestial and
inertial references, -aneuvers of precise rrgnitude, and Logic to provide
for occultations. These modes will be described in the folloding paragraphs,
using the sequence of a normal mission*
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3.1.1 Sun Acquisition

The initial Sun Acquisition was accomplished according to Figure 3-?. For this
initial acquisition, tha su:i i.,ensor field of vier was 4 steradian. The
output from the sun sensor ::::plifier vas limited with r soft limiter. 'funs
attitude error limiter had the ef f .ct of a rate limit oil 	 system for larEe
errors. Denendir.0 upon the dpadb nd ch=,.,, the rate run r,e was nominally 0.55
+ 0.5 degrees p•_r seconi for the 2.0 de^re•= Jev-dband Peal 0.55 + 0.05 de6!rees
per second for the 0.2 degree den6band. T:ie time allowed for tie su., acquisi-
tion:, after Ager.a sepcLration was li-aited to 20 rein. by better , capacity. Tile
narrow deadba.rd w,-:s c::osen for this tas : to rssure that Vae acquisition rate
would be at- least 0.5 de,-rees per second. During, Su_i acquisition, tile roll
axis was oju• rr:te:l i:1 P rate limited mode, with t :F CF:no;:us tracker "OFF"
until after the s pa.cecv%ft had -D&ssed t:sough the Van .^Illen radiatio.: belts.

3.3.? Cftnopus r•.c quisition

Approxi-nately six hours :, fter launch, the Canopus Trac :er was turnea on. Tae
piannea Canopus Acq,-is,tion seque .ice s"ovn its Figure ?- wcs initiated: I 360
decree maneuver vas co,:^::anded durin:; which time a suer ::k-tp was telemetered to
the ground. This ste.r map was compared to F-. computer c4lculated a priori star
map fro; whica the roll an ;le of t:1N sp<^-cecreft relati ve to Ci:nopus ' t tin. era
of the 360 degree maneuver wvs defined. A second r. •.tneuver was com;s3-nded to
orient the spacecraft with as small a roll error relative to Canopus as
possible. The trac::er switched. from seerc':1 tz) tra.c:ti and issued e. "Canopus
present" sigruil. Tile thir6 maneuver in the sequence was an Acquire Canopus
comm,,.nd whic:i switched ti:e co:itrol of roll error to the tracker.

3.1.3 attitude Wt^.euver

Th%c Lunar Orbiter maneuver sequence we-s Ciffcrent fro.;, any methcKi used up to
that ti: in it spacecraft. Th.e sequence is outlined in detail ill Fi ;;Ure 3-5.
For tine ,lneuver sequence, tiie der.abands for all Axes were first nari owed to
0.2 degrees. T:iis provided tight control on the v chicle rate durin6 the
maneuver and f--.lso Mara :teed the vehicle positiocL to be within 0.2 degrees
of null at the start of the sequence. After a wait time of 51.2 seco:ids to
stabilize in the new li:tiit cycle, the :raneiiver wig .s initiated by simultaneously
applying, a 0.55 + 0.0; degree per second slev , voltG^-,e to tae rrnneuver axis,
and switching the IRU rate signal t` a voltage to frequency pulse converter
which, in turn, w %.is connected to t:.e ProgrF^m=er's pulse countin`; register. The
control system: nulled t.:e slew volte..c.;e areal rate glr•o signal by firing_ tae proper
,,lets to bring tare S "C to t o cc--xranded rr.te. The intc-6ration register in the
pro grammer would count the output pulses of t ,-,e V/F converter and comt^-re the
accuzr,ulated court with gist stored in the mem,:)ry for the cou:;:1`:nded ma nau'ver.
When the maneuver was completed, the slewir.^ si6nai was removed, and the gyro
switched to the integrating :11,:>dc. T:tis fixed Vie null of the gyro to the
desired end point of t:.e ,riireuver. Tile vehicle was controlled during the
maneuver hold period with ,jet pulses co:r.:rran;ded by the inertial hold lead-lag;
compensation n:etwor:^ 01'122*atinig on the attitude error output frog the gyro.
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2. Conventional ON-OFF
Reaction Control but
with "One Shot" on ,jet

valve driver.

D2-114M-3

3.2 DESIGN REQUIREMITS

The design requirements of the attitude control subsystem were developed from
a nominal 30 day photo mission with a one year extended life capability.
Figure 3-6 correlates the requirements with mission events. A qualitative dis-
cussion of the design features required of the attitude control subsystem is
listed below. A discussion of component tolerances is contained in the re-
spective component sections.

3. Inertial reference unit with
rate and rate integrate
modes from gyros.

b) Canopus Star Tracker
with magnitude telemetry
and presence gates at 1/3
to 3X Canopus intensity.

I^

BASIS OF REQUIRE14ENT

To obtain the required 1 meter resolution
from orbit demanded the choice of a photo-
graphic camera to obtain, store ,, and play
back the topographic information rather
than by a television system. Image smear
during the photo exposure times was of prime
concern. A spin or dual spin stabilized
configuration would have been more complex-
to compensate for image motion.

Cold gas N2 reaction control was proven
for long reliable life by JPL Interplanetary
Spacecraft (Mariner). One shot for minimum
impulse bit was selected to suit good
performance state of art valves. Boeing
laboratory experience was source of one-
shot feature.

Unique orbiter requirement was to hold
reference attitude with either Sun or
Canopus occulted. Accurate rate informa-
tion was required to maneuver, to stop
initial tumbling, and for damping with
celestidl sensor position references.

Complete 47- 7 sterac7iA n coverage was pro-
vided to assure sun acquisition. Coarse
and remote eyes were switched out on
command to prevent pointing errors from
secondary radiation sources such as the
moon or earth.

Canopus is second brightest star; only
14.50 away from South ecliptic pole, with
no other bright stars nearby. TherSfore
a star map generated by rolling 360 about
sun line would provide unique Canopus
identification by comparison with a priori
star map. Thus a unique celestial referenced
coordinate system is established by a line
to the Sun .(for pitch and yaw) and to
Canopus (for roll).

DESIGN FEATURE REQUIRED

1. Three axis stabilized
configuration.

4. Celestial sensors;

a) Fine sun sensor, coarse
sun sensor, aft remote
sun sensors.
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5. Wide and na rr ow deadzor e
provided by "two step gain"
c:ux,gc on s: - I tciiin,	 1j^liPier
(Gain of 1 or 7 0) as co;s.^ nded
by the Flivht Progra ^=r_r.

6. Le"d-la- derived rate :rota
inertial reference unit in
the rate inte E,mte m.:Ze
with lxtsaiv- R-C networks.

7. Slew plus or r.inus (for
i.tt itutie n^hneuvers c t 0.5o I
Sec.

8. Switch y ,;  control to
phot..)z;ra ph V ji c r,.b•
anj,. control

y. Solar Dete for (Solrtr
ponel -rrt ,..v voltage)

Aerinracy for photo and delta velocity
mn-vvers dermnded de-adzoae ro GreE:ter than
0.20; to irevent larCe limit cycle
pr y: j^c ilant.^r::.lty durinG coc.st periods
required 2.0 or 11,rLer deadzone. Cain
ch:.nee method retained switch line slope
with rate to position ratio of 4;1 and
an overdaraped response for .propellarnt
carservation.

Trt:nsfer function selected to provide near
optimum ti::;; respon^c for convergence fro,n
;,itneuver rt,te of . 5 /S AC and be overdamped
at lesser rRtes for pro,--wellant conservation.

To obtain photoa at proper surface illurLi-
iiatiorn ar.,;lt, follrylin^ occultation (A.M.
nhoto^;rYphy) requir ed tie :-i-aeuve r rate to
be 1pproxi7,ate ly . 5 d /Sec . Otaer mr.neuvcrs
, ould hz:ve beer at lower	 Both plus
end minus i:i.:Zevvers required to r.linimize
total r.i^.neuvered acr j;le in! ;;ive most
accurate orientation.

This feature, though provided, was never
used in fli,,ht ojr-^rr.tions 	 it was
not needed and did not work very well
because of r:ois::. S: rly require;rerit was
based on antici:^ated inability to predict

orbit treck and spvicecraft «ttitude to pre-
vent lateral i ;-ale smeknr as would result
yE:^.r anti~ le (cI-•tb) errors i;re p t :: thu,n 0.5

U
 .

i, su:, "not -resent", as indic.tited by l.ac.i
of solfu• array voltaSe, initiL.ted switcniriV
logic to ll<<ce IRU pitch z.ni Ftw axes into
rate integrate mode so ,is to iold irertic,l
attitude durir:^ sure occul"titior. :xriods .
A si-ulhr logic was provided by Canopus

"not present" si_,wl.

Weight li: it of spticecraft limited control
6T-s av&ili=ble.

Selecte'. or: bf:sis of electrical noise
level expected witin solid state i iectr$nics
fLnd to	 noise effect smr ll on a .2
deF dzoiie .

10. Pr , )viie attitude control
for prim-ry mission and
exLcnded mission. wit"I 10 7.11
of :12 Si,s.

11. 1.0 Volt ^r de free zrnd 4
volts per dee^rQe er sec.
for sensor scale fHctor
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:^

12. Only solid state switches used
throughout this subsystem.

3.2.1 Gas Budget Requirements

Reliability for attitude control subsystem
could not be achieved with relays, reliabi-
lity required was .88 for 30 day mission.

The impulse requirements for attitude control were determined by accounting for
every detail item of impulse. These were grou ped in the following 5 major
categories:

1. Major rate increments

a) Initial damping of booster tip off'rates
b) Initial Sun and Canopus acquisition
c) All maneuvers; midcourse, injection, orbit change and photo maneuvers.

2. Limit cycle

Deadzone width and time were the variable factors b Because of the uncertain-
ty in ability to obtain limit cycle rates of .001 /sCc. corresponding to a
single 11 millisec. pulse, .0025 sec. ,mss arbitrarily assigned as the
minimum predicted rate.

3. Disturbances

a) Solar pressure acting to produce torque over the mission time was
determined.

b) Gravity gradient torque ti=ne history was determined.
c) The net disturbance torque was integrated over the mission time to

give the imtpulse re saire-azent. .

4. Celestial, reference reacquisition follo'%iring an occultation

The consequence of occultation and re-appearance of the celestial
references is a unique problem of an orbiter. Reacquisition may impose
severe gas requirements if the design fails to anticipates the problem.

5. Leakage

This is the total system leakage and was treated as a random quantity
producing no net torque on speaceraft.

The conservative way of obtaining gas requirements is to simply add them
up for each individual axis as impulse requirements. To the extent that
limit cycle and disturbances strongly interact this is an over simplifi-
cation of the problem. The experience of Lunar Orbiter was that gas usage
was less th;an the simple addition of predictions for limit cycle and
disturbance.
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3 . 3 DEVELOPMENT AND OPERATION

There were no changes to the attitude control hardware design for any of
the 5 flight spacecraft. This was due in part to the maturity of the
design as a result of a thorough developmental and qualification test
program; also due to the ingenuity of the designers, analysts, test engi-
neers, and flight operations people in devising work-around methods or in
exploiting inherent capability of the existing hardware. To expose this
information in an orderly manner the listing of design changes will be
discussed for periods between major mileposts related to the program
schedule.

3 . 3 .1 Proposal Submittal to Contract Award

One change to the spacecraft mission which had a major impact on the atti-
tude control was to be capable of continuing in operation for-one year.
The primary photographic mission required approximately one calendar -month.
The.extended life goal of eleven additional months was desired to provide
extended periods of time for obtaining lunar en^fironment and selenodetic
data by means of tracking through the DSIF. The proposed design solution
was to siaply allow the spacecraft to continue in operation in much the
same manner as for the primary mission except that there was no requirement
to maneuver and point the high gain antenna. This meant no firm require-
ment for an absolute roll reference. An additional 2.0" lb of Attitude Con-
trol gas was allocated to provide coarse stabilization to the sun line.
The gas requirement was based on a simple extrapolation of the propellant
requirement for a wider deadzone limit cycle for an additional eleven
months. The inadequacy of this estimate will become evident in the dis-
'cussions which follow.

3.3.2- Contract Award to Preliminary Design Review

Changes during this period occurred as a result of detail design and analy-
sis efforts. It was also during this period that the total spacecraft
wei&-t became a major problem and forced the decision between alternatives
in favor of the lighter method.

The first class of changes to be discussed are those resulting from.problem
areas that were not anticipated in the proposal but which were identified
before the Preliminary Design Review (PDR).

1. Reacquisition of Celestial References

A unique problem of an orbiter spacecraft is how celestial occultations are
handled. Orbits for the Lunar.Orbiter photo mission resulted in typical
Sun occultations of 45 minutes out of each orbit period of 200 minutes.
Canopus could be occulted with similar frequency. The Lunar Orbiter design
concept was to automatically switch the gyro to inertial hold when the
celestial sensor was not present. Likewise the celestial sensor error sig-
nal was to be switched back into the control loop when the occultation
period was over.
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The probability of being outride the switch lines at sunrise was not properly
assessed. Gyro drift had been considered bu8 not the null shifts fiom being
at an unknown random position within the + 2 deadband at the time of occulta-
tion. Figure 3-7 illustrates the sequence for the pitch axis; yaw would be the
same. Roll would be a variation of the same idea. The penalty for one reacquisi-
tion illustrated above would be twice the	 expended at sunrise to get back inside
the switch lines. A. lo/sec used approximately .007 lb. of N2 gas.

The total gas penalty for each axis would be the sum of these individual
amounts which would be dependent on a more or less random position in the
deadzone at both sunset and sunrise.-

2. Maneuver Initiation

The sequence proposed for initiating a maneuver of the spacecraft was to:

a) Close the deadzone to +.2 degrees.

b) Wait for a zero crossing of the celestial sensor.

c) Slew plus or minus with gyro switched to rate mode.

F -

Analysis showed that closing the deadzone on each orbit caused the expenditace
of approximately .02 lb. of N2 per 3 axis closure. Continuous operation in a
+.2 degree deadzone used only .014 lb N per orbit. Therefore, a saving of
.007 lb of N, per orbit could be had by2continuing in the .2 degree deadzone
instead, of dosing the deadzone once per orbit from a 2 0 deadzone.

The "Wait for zero crossing" idea was originally proposed to eliminate the
inaccuracy contributed by the position uncertainty within the deadzone.
Analysis showed that there was h strong possibility that disturbance torques
(gravity gradient and solar pressure) would be sufficient to cause an unsym-
metrical. .limit cycle and if already in. the .2 degree deadband, no zero
crossing would occur. Thus it was concluded that maneuver time uncertainty
of the zero crossing negated its value and it was eliminated frum the design.

The final design provided for a deadzone closure of all axes , 	 %tonumLnd from
the flight programmer followed by a 51.2 second wait time for s^.ctling,
immediately follotired by the slewcomim^^nd to the axis being maneuvered. Another
feature which was incorporated in the pitch and yaw channel was a limiter on
the sun sensor at 2.4 volts. The limiters prerented* the reaction control from
accelerating the spacecraft to a. high rate when acquiring the sun from a large
angle.

3. Wide Field Of View Sun Sensor Errors

Pointing errors introduced into the sun sensor by secondary radiation
from the moon could have caused pitch or yaw errors of a pproximately to to
20 because of the wide field of view of, the sensor proposed. The solution
was to provide a fine and a coarse sun sensor, selectable by command from
the flight programmer, and to switch out the wide angle coarse sensor when-
ever the coarse sun sensors were not required.
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4. Extended Life

The method of providing an extended life capability of eleven months follow-
ing the primary photo mission of 30 days remained an unsolved problem for
most of the time period preceding the PDR. Several alternatives were examined
and rejected. One of the most promising was to operate the gyros in the rate
integrate mode and to slave the gyros to the celestial sensor error signal.
Projected gas requirments to continue operation in the same manner as during
the 30 day photo mission; i.e., with Sun and Canopus reacquisition each orbit,
were prohibitively heave. The major item requiring the greatest propellant
expenditure was the celestial reacquisition problem discussed under item (1)
above.

The proposed design solution presented at the PDR involved an operational
concept without much change in control hardware. The gas quantity allocated
to extend the life to 1 year ranged from 2.6 lb to 5.90 1b. The 2.6 lb was
simply an optimistic estimate of required limit cycle gas in a wide depri?one.

The 5.90 estimate was based on analyses that included probability of reac-
quisition, disturbances, and leakage requirements. The operational method
proposed to be employed was as follows:

a) Control roll to + 2 degree Limit cycle with roll gyro in rate integrate mode.

b) Operate pitch and yaw in wide deadzone with coarse sun sensors only - this
provided deadzones in the range of + 10 degree to +, 16 degree. Also
lowered the probability of requiring a celeacial reacquisition each orbit.

Another important outgrowth of this analysis was the philosophy that the
quantity of control gas qas fixed at 10.58 lb. Reserves and safety factors
became expendables available to extend raf ssio4 life ; but could be traded
off for more maneuvers or for other mission c?'ntions.

5. Thrust Vector Control

Thrust vector control by means of.gimballing the rocket engine instead of
high level reaction control jets located at the ti ps of the solar panels was
a major change and is discussed under Thrust Vector Control Subsystem,
Section 5.0.

The lour level reaction control jets were relocated on the rocket engine heat
shield and is discussed in detail under Reaction Control Subsystem, Section 4.0.

6. Location of Antenna In View of CE.nopus Tracker

Initially the low-gain antenne. was located in the direct field of view
of the Canopus tracker. The antenna location was originally selected be-
cause of the desire to maximize the signal strength receive d at earth over
the ,low gain radio link. Since the t ntenna pattern was torroidal the idea
was to put the plane of the torroid near the earth moon or ecliptic plane.
The antenna pattern was broad which allowed shifting the boom and antenna
away from the tracker optical axis. In the final design the object Rnearest
the tracker field of view .was the tip of the antenna. It was 23 1/2 from
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the optical axis of the tracker. As can be seen from the discussion of
the Canopus tracker operational problems in section 3.3.6 this was proba-
bly not far enough!

3.3 . 3 Preliminary Design Review to Critical Design Review

The emphasis during this period (approximately 3 calendar months) was on
establishing the adequacy of the detail design. A series of development
tests were run on the attitude control components and subsystem. Perfor-
mance tests of the breadboard attitude control subsystem were conducted
on an air bearing simulation of the spacecraft. Data obtained confirmed
the soundness of the design concepts. Some potential problem areas were
identified (e.g. ) electrical noise from sources such as the gyros, thruster
operation, or other switching transients).

The principal design change was to reduce the roll thruster force level to
.028 lb from .05 • 1b. This force level gave similar torque to inertia ratio
capability to the roll ax-is as existed in pitch and yaw. Analysis also
indicated a potential N 2 gas saving over the entire mission of 0.8 lb.

The pitch and yaw thrusters were oriented so that plus and minus jets
thrusted in opposite directions. This jet orientation was selected to
minimize the net accelerations imparted to the spacecraft by .attitude con-
trol. It was desired to make the unpredictable accelerations on the space-
craft as near zero as possible because the effect would be to cause errors
in the gravitational model deduced from orbit determination data.

3 . 3. 4 Critical Design Review to System Design Verification Tests

The actual design changes to the attitude control during this time were
minimal. Analyses refined the propellant requirements. Breadboard tests
of the 3 axis control system were completed and a high level of confidence
was obtained in the ability to predict the control performance in space.

Effects of component tolerances on system operation were re-evaluated ac-
counting for all known tolerances. The impact on attitude control of com-
ponent tolerances or of specification changes was assessed frequently as
demanded by the difficulties in meeting component requirements as set by
prior procurement specifications or by test requirements.

One important design philosophy was adopted in this time period which eased
the component; and spacecraft assembly problems considerably. Namely, it
was decided to calibrate the spacecraft by measuring alignment of important
items rather than require the precise installation of the item on the space-
craft. The resulting alignment data would be incorporated into the command
software computer programs as necessary. Examples of this alignment pro-
cess were:

• Sun sensor null to spacecraft X axis

• Canopus tracker reference mirror to spacecraft Y and Z axis

o Center of mass location relative to X, Y, and Z
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o IRU mirror relative to Sun sensor and Canopus tracker mirror

o High gain antenna relative to reference sensors

o Camera optical axis relative to X. Y, and Z

3.3.5 System Design Verification Test to Actual Flight Operations

System, subsystem, and component problems came to light as a result of
ground tests. One set of flight type hardware designated "Set C" was used'
to assemble a complete spacecraft. A logical buildup of tests by compo-
nent and subsystem preceded the system integration tests at the spacecraft
assembly level. An important milestone in the development of the attitude
control was the Subsystem Design Verification Test (referred to as SDV1).

The purpose of the first of these tests was to demonstrate compatibility
among components when connected together electrically. The Flight Elec-
tronics Control Assembly was checked with the Star tracker, the IRU, and
the sun sensor. Open-loop performance measurements were made whenever
possible, for example, to check maneuver accuracy on the rate table.

Closed loop tests of the attitude control were conducted on an air bearing
platform simulating the spacecraft. The purpose of these tests was to ob-
tain verification of correct functioning of the flight hardware.

All of the major functions of the attitude control were observed. This was
the first closed loop demonstration of a precise maneuver magnitude.

I The unexpected events which occurred were:

1) Programmer would not execute stored programs.

2) IRU lost power wh-never oscillator clocks were switched over from
clock A to B or vice versa.

3) Inaccuracies in performing maneuvers on the air bearing occurred.

Design changes resulting from these anomalies were:

1) Beat frequencies between the two Programmer clock oscillators were
interfering with normal execution of stoned program commands. Pre-
vious evaluation tests on the programmer had been done with a test
set connected to be able to monitor operation. The air bearing test
was the first time it was possible to observe the operation without
extraneous equipment attached. Evidence of the problem was simply a
hangup in the stored maneuver program where the simulated spacecraft
would not maneuver back to reacquire the sun or continue in the
stored program. The cause was isolated to extraneous bits appearing
in the command word as a result of cross talk or beat frequencies
between the two clock oscillators. Circuit changes required to cor-
rect this deficiency were incorporated.
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2) IRU power was lost at clock switch over due to a state change in the
programmer. This problem was tied up with item (1) above and circuit

(	 changes corrected the problem.

3) maneuver accuracy was questioned because:

a) 3 axis air bearing tests could not verify closed loop maneuver
precision because measurement equipment was not precise enough.
Also too many test effects obscured the real accuracy; e.g.,
earth rate, "g" sensitive drift and position instrument
inaccuracy.

b) Spike noise from the IRU was out of spec-and had a detrimental
effect on maneuver accuracy. Changes to the IRU were incorporated
to reduce the spike noise. Later tests on the precision rate
table indicated maneuver accuracy requirements were met.

The conclusions reached from these test experiences were:

1) Overall system accuracy ,evaluations are the most difficult to treasure
in ground tests. Some short cuts initially implemented to save sche-
dule time and money had to be reworked; for example, a precision rate
table test with the programmer and IRU operating together was essen-
tial to evaluate maneuver accuracy.

2) Test specifi gations were based on space operating requirements and
errors allowable in an earth test environment were greater. Insuffi-
cient effort was put into analyzing the effect beforehand. Whenever
an inaccuracy (for out of tolerance test result) occurred, it was
difficult to answer the question as to 'the cause; design deficiency,
true failure of a component, or a test environment effect.

3) A test without ground system checkout equipment or cabling connected
is essential to obtain a good picture of expected. operation. The
air bearing tests were an invaluable tool in validating the system
performance.

4) The completed flight spacecraft tests in the 3 axis test stand were
also an essential ingredient to the operational confidence in the
attitude control system on all five missions. It gave the test crews
an operating model which previewed all space maneuvers except actually
hot firing the.enine.

F
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3 . 3 .6 ATTITUDE CONTROL FLIGHT OPERATIONS

Before the first flight a major question was the extent and rate of degrada-
tion of the thermal mating of the equipment mounting deck due to exposure
to ultra-violet radiation in space. If the reared degradation occurred, the
equipment mounting deck and thermal environment was expected to exceed the
upper design limit of +350F during translunar flight when the spacecraft was
in full sunlight. Later in the flight the continued degradation of the
coatings would also cause excessively high temperatures. An operational
solution was proposed to be employed if required by the thermal environment,
namely: to maneuver off sun approximately 35 degrees to maintain the ther-
mal equilibrium. The consequences of exceeding an average temperature of
approximately 70 degrees F over a long time period prior to completion of
photo processing would have been a progressive deterioration of the photo
processing bi-mat. Mounting deck temperature above approximately 100 de-
grees F would have caused the temperature control limit on the gyro heaters
to be exceeded with the resultant loss of fluid viscosity and scale factor
change.

Flight Experience - The attitude control system operation for all five mis-
sions could be considered flawless had it not been for the consistent pro-
blem of "glint" with the Canopus tracker. The first six hours and 48
minutes of Mission I were routine and according to plan. At this point
the Canopus tracker was turned on and a 360 degree roll was made according
to plan to generate a star map in preparation for the first midcourse cor-
rection maneuver. Canopus could not be identified. The actual, star map
had no resemblance to the priori map. Failure to obtain an accurate roll
reference (Canopus or-a reasonable substitute) would have been catastrophic
to the mission. The second star map was executed three hours and 40 minutes
after the first attempt: and produced similar unintelligible telemetry data.

Four hours later (and after much analysis) a third star map was made sinul-
taneously with an antenna .signal strength maps The antenna roll map corro-
borated the location of the moos indicated on both previous maps and con-
firmed that one blip seen on the second star map was Canopus. The moon was
used as the roll reference for the first midcourse maneuver 13 hours later
(a total of one day and four hours into the flight;). Detailed star-iap is
shown in Section $.3, which discusses the Canopus tracker.

The diagnosis of the Canopus tracker problem was that the star tracker was
"tracking" glint reflected from the light baffles; hence was locked-up at
full roll error. One major source of stray light was identified as the
low gain antenna which was located 23 1/2 0 off the tracker centerline in
roll. Canopus was finally tracked successfully when in the sun by maneu-
vering to the roll attitude which placed Canopus near the center of the
field of view and turning the tracker off and back on by ground command.
The basis for switching off and on was in the design of the tracker acqui-
sition characteristics. The first bright object seen by the tracker in
the search field of view
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would be trucked. This first object could be glint from the sun
shade baffles, Crtnopus or so7<r o gler star. The off-on cycle
mi j;at htr.ve to be re p•_ated several times to "get" C!t::oPus tecp.use
of the Location of the star in the field of view ) glint, and the
unpredictable st^rtin,^ point of the instantaneous field of v!ew
in the scan cycle. LAtNr in orbit w:len the sun was occulted by
the Moon the C^noju::, trc_c,:er operated correctly and star moos sere
generr.ted w:iich closely mtched tae a priori nr.ps.

The r:ttitude, conduct, and control. philosophy of tae s;x:cecraft
operations te£:ra ctian,;Pd radically as a result of t':lis experience.
The items which i.mDicted future operations are discussed in the
follow! ng;

1) The pre-planned mission, the timing of events, the riLorous
and inflexible operatiomil Modes of the attitt:-"e control
subsyste:n which he.a peen olaruied for usz- were aisc<araea z,ron,'.
necessi"y.

2) The worst fears of the then-.;F:1 control people about the s x-ce-
craft overliesting were confirmed. Operation :,f tile. spacecraft
at an angle to the sun line .provided ther;-,fil relief and bec -me
accepted ns ste.ndard required practice.

3) The flexibility of the Pttitude Control System to operate for
long time a^rioas in mod,-!s not previously planned was cle: rly
exposed.

4) The sk 4 11 of the oper<tions team in beinc; able to fly the
sDacecraft, almost as if in re&1 tine, was demonstrated.
Many o; ttre fli-tit operations ^ople hnd b•. . intinetely
involved in t:ie design, e.np-lysis, t°nd test _ ,.ase , of tae
arogre.m.

5) The confidence in tive att{tude co:Ltrol and s-.x:c,:crFf equip-
:mnt was increased by an order of mgnitude.

6) The v.tt+tude control propellrant wt:sted in the initial portion
of the f1i0ht (by nu:rarous unsc'ieduled mneuvers) dent:nded
that subsequ_—nt o l^ratio::s co::serve 2+^ gas F.s ti.e prime criteria.
Mx_e11_ont -nnagemnnit of r_rieuvers, re-luctioll of the number of
reacquisition of celestial references, intef-ration of taerr^^..l
relief off-sun; rv.nt_uvers wit:+ other maneuvers ., extrnPolatior_
of telen.-^try ir.(licated gyro r:rift data and exrloitation of the
wide dead-^one mode for both. limit cycle and sun acquisi.tioa
were F.11 used to complete tht- primary photo rds,ion of Lurar
Orbiter I with alL l^iv)tns rc d out and with 2.7 lb. of 1; 2 gc-=s
rt-rninitlg for externded life rni s:;ion. 
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3.4 CONCLUSIONS AND RECOMEIMATIOFNS

The attitude control subsystem performance on all 5 successful flights ade-
quntely demonstrated the quality and soundness of the design concepts and
hardware used except for the Canopus tracker. In suim-Ary the major DO's
are:

1) Provide 4''^steradian coverage to ensure sun acquisition, but be
able to. narrow the field of view to avoid excessive errors from
outside light sources.

2) Closed loop attitude maneuvers (one axis at a time) using strap down
gyros with rate and rate integrate modes provide good precision. The
reverse maneuver sequence (or unwind) as employed on Lunar Orbiter
proved especially useful in avoiding unnecessary celestial re-
acquisitions or searches and provided a. means of evaluating the
maneuver accuracy via telemetry by means of the celestial sensor
error when the sequence was completed.

3) Alternate and complementary modes of operation which can be selected
by ground, command are invaluable. Examples which contributed most to
the Lunar Orbiter success were:

a) Roll orientation could be determined by radio signal strength
from the high gain antenna when pointed at earth and was used
to corroborate the infornkition from the Canopus tracker.

b) Star r.-p and roll attitude error sig.-uals were of great value
to the workaround methods of achieving roll attitude even though
the CST failed to consistently allow. Canopus lock-on in the
sunlight.

c) Attitude hold using gyro references in inertial hold for long
periods of time permitted the operation off sun to prevent over-
heating the spacecraft; also to solve the Canopus tracker glint
problems. In space calibration of gyro drift improved the
efficiency of these workaround techniques.

d) The reaction control gas supply was adequate for the missions
because minimum impllse bit limit cycle was achieved and th-e
operations team could trade off gas budgeted for extended life
against extra maneuvers.

e) The wide and narrow deadzone select option, in conjunction with
the fine 0and coarse sun sensor select option, was used to maneuver
at 0.055 sec rather than the design rate of 0.55

o
 /sec. These

options conserved gas.

f) Derived rate from lead lag networks provide good acquisition
characteristics. Electrical. noise problems were successfully
solved before first launch and limit cycle performance with gyros
in inertial hold using the lead lag circuits also achieved minimum

.,	 impulse bit performance.

a^
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4) Many of the people manning the flight operations team had intimate
knowledge of the attitude control system gained through involvement
in analysis and test from the beginning of the program. Others were
new to the design and so had no inhibitiions about exploring and
exploiting new capabilities. Without the ingenuity and skill dis-
played by the flight operational team in working around in-flight
problems, the program could not have been a success.

Recommendations for "doing differeiiLly if one had it to do over" include
the followings

1) Additional features which were desired by- the flight operations team
"if they had it' to do over again" were:

a) The ability to torque the gyros of the IRU or command spacecraft
slew at some low fixed rates, e.g. increments + .05 degrees sec.
Since gyro drifts were very predictable, they could have been
corrected by torquing pulses controlled in duration through the
programmer. Hence the effects of gyro drift could have been
essentially eliminated.

b) Gyro rate telemetry scaling was selected to confirm limit cycle
rates and gave a saturated output during oall maneuvers. An
additional 6cale covering a range of + 1 degree per see. would
have been very useful in gas budgeting, and in confirmation of
maneuvered angle.

c) A wide angle sun sensor calibration prior to flight would have been
useful in flying off sun. Such a calibration was made in flight
from maneuver data.

2) One disadvantage of the operating routine deve-loped for Lunar Orl-iter
which became evident during the extended mission was that a Flight
Operations crew was required to "baby sit" the s pacecraft. There
were essential, required functions, tests, and naaneuvers which were
inters persed between hours of doing nothing. The result was boredc)m
to the operations crew. This was probably a factor in incorrectly
compensating for drift, loss of sun power and the unscheduled loss of
N Gas on Spacecraft V. This required that it be crashed much earlier
t?Ian nlanned.
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4.0 REACTION CONT TO L SUFM T E

The Re ,action Control Subsystem (ICS) was one of four , subsystei:is Lhf,.t
constituted the spacecraft G^.0 system. T -? relationshi p of the RCS to the
total G&C system is illustrated in YiLure 4-1.

4.1 SUBSYSTEM AESCRIPrIOIT

The RCS, illustrated in Figure 4-2 consisted of the nitrogen storrge tank,
squib valves, filters, pressure reZuletors, plumbing, and reaction control
thrusters. The N stora;;e tenk served as the gas supply for the RCS, and as
a source to pressurize: the fuel g rid ox_-f dizer titnks in the velocity control
subsystem; Figure 4-1 illustrates the plumbing and valves cssociated witn
this function. The RCS generated the torque necc•asa.ry to control the space-
craft about three ortr000nal axes designFted roll, pitch, and ynw, by u:.e of
eight rerctior. control thrusters. Thruster opening was controlled by the
closed loop electronics. 	 sti;-) )1y of 14-1/2 rounds of nitrogen was stored in
a s pherical t'-.nk at 3500 psi. Ten aoun0s were budCeted for attituae control,
and four for pressurizing the fi:el anc o::i:tizer tames. The nitrogen was
regulatert to ly psi for the thrusters aro to approxir", tely 000 usi for
pressurizing the fuel and oxidizer tanks. The au •rr rtz.ges of usinZ sx, ce
proven, cf ,.-t _-shelf hnraware were -7n jor factors in the selectior of the
nitrogen control Sr:s system. 111ne trirustrrs anu reE;ulator were modifications
of those used on the Range: and Ml iriner s?zricecraft.

4.2 SU?3SYSTE:^S DE:-)IGNT RECZUIRE1 "ITUS

In addition to t:ie ge-nernl guideli::es and cozistrtAntc speci:"ied i:i section
2.0 whicli apply to the G&C system as a whole, t'.i r_re were t`_ie following
specific re quiremezits ir;poscd on the RCS.

r

I

51



I	
oCZ ON

I N w
I	 N

72-11 4277 -3

IW
N
N
co

N
J
O
ce
f-

O
V

O

Q
U-3

o6

v
U-1
oc

ti

I J I
i

O ID

w Z II O! N > I
	----	 -- I	 ^^ N} I I	 I------

	

I	 U
HI	 !	 i

	

j U	 I	 IW-I	 i Z m Iceld V)l
Z

	

LLJ 	i	 i'-!	 ! O u^.ilw;QUl	 }
o 21

	

i W	 I I^ I^ -	 J -^ ! ^ Iin Q !	 Z ^

	

Z	 !	 !	 w ►- I	 N	I J	 I	 I^I w0 ! (D I N UI

	

I Q	 I	 I WI	 i H 0 1 0	 1I	 E"' !	 J
I	 JulI 	 IbZIa.IUwl

	

! Z	 I	 IQ!	 IJUl 	 Z -a

	

_	 I	 I	 I	 u-
I f	 I I	 I----I--I----I	 0 0

V ^.
Q O

	

----	 w U

	

i ?	
^ !
w I

! n- ^ YO U I^—

Q N	I U	 F- I

I	 II	 1I LU	 j	 ! = Z } I
IL^^ I	 I	 I

I^ Uj I	 luW;	 I<OI	 I :,2 J I
I w N I	 1	 N	 I U- I—	 I
10 ~ I Z I	 I a W	 i w W V I

I	 I	 !	 I w	 I	 U	 I
I	 I	 w	 Q o-

I	 Ln i	 i	 Ln I	 II r^ 
Z	 I N O

I
l O	 I	 I	 I	 I

I	 I	 U	 i	 !	 I	 I-------I

52



D2-114277-3

IJ
Iwoz I

J^
J

cOLI)
i^Z^ ^''O^

Qtn

I=Ov!
^-. U LIJJ
L ^ j

53

®daa2

LLJ	
U/

UJU
ww c
a. 7_

w 06 d

mm
J J

F--
= co I^
o 

N 'O

LU II	 II
w w

ck^ IĴ  J
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REACTION? CONTROL SUBSYSiE ; rZ4UI IIZM, fS

Subsystem Life	 One Year

Nitrogen Supply

8.0
2.0
4.c
1.0

15.0 lbs.

Attitude Control
Reserve
Velocity Control Pressurization
Ullage and Leakage

TOTAL

System Leakage

First Month (including velocity control
pressurization)

Thruster Requirement

Resporse
On transport lag
Off transport lag

Cycles (endurance)
Leakage
Thrust Levels

Temperature
Thruster '-dy - other components

f	 Thruster nozzle
Gas temperature

Pulse width
Recovery time of electronic driver

Regulator

< .061 lbs%month
< • 037 l.bs/mor.t.h

< 9.75 millisec
< 9.5 millisec
> 100,000
2SCC/hr/thruster
.05 lb. pitch and yaw
.028 lb. roll - in couples

350 to 850 F.
-3000 to +3000 F.
-65 0 to 85 0 F

11.5 f .5 millisec
1	 millisec

Adjustable pressure 	 16 to 24 psig
Maintain pressure	 f 1 psi

With inlet pressure	 200 to 3820 psig
and flow rates	 0.5 to 2.0 SCFM

Cycles - lockup to 2.0 SCFM to lockup	 240,000

Cleanliness
Maximum particle si::e
	

5 micron metallic
25 micron nonmetallic

Assembled in class 100,000 clean room

The thruster performance was based on a specific impulse of 68 sec
using N2 gas at 700 F. This also was the basis of the conversion to
amount of N2 gas required.
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4.3 Dr VELOPI•SE:.T I-N-D OPER;,TION

Cold gr:s NitroZen r e,,+ction control :.ups;,: ste*s ha(G been used on several s.7c ce-
cr:.ft prior to Lune: Orbiter. Tire R^ar_,er F.rd I•Sari::er were si.:.il.r,r c.pplicr.-
tions and the h.^rdw•are experience and techniques develol-ed on ti:ose. pro rsir;s
were used wherever possible. F- arevt--r, it beca7:e ap_,arer At that the particular
Lunr r Orbiter sp•acif icr.tions for er vi ron:xrt a:id paerfor-ance precl sued the
auto::zatic apnroval of the hardware based on "spade proven" operation. I•Sost
items of hardware were required to be comnletel • re-qualified and do,=::ertec
in a for,-,:::l manner.

4.3.1 SUBSYST--N D-ESIU, "N EvOiXTIO.'

The strinF_ent lea'.%^.ge require;aents, necessary to meet a one year life
requi re- ent ) played a do:-irant roll• in develop:.-,e,-*, and oler atic)ri of the
RCS. Many of the desi.czn considerations al,d ,-dr-)r rr oblems encount,:red in
both the devolop^:ent and mission one rations .^^re related to 1e:t .^.c con-
siderations. Tae use of brazed fittings f r.r e-11 tae j lu: bii. , except ti:e
connection of the IT tank, and the use or v cluster of 3 tiu•ustei• s to reduce
manifold plumbinS, -re examples of the is lu-_nce of lea:-.:,;e requirements
upon confi;-u_ratio:i. "Modular" construction of the r--Lction control syste
was used to keep nlu,;icin-- lei-Sths short and allow 	 at the subsyste-.
(,jodu l.e) lev ,21 rather tir.n at th,.: spacecraft level. Tests for iet^:4^ge
after installation on the spacecraft were accomplished usinL; a nnss snectro-
:^eter to sense leakage by me,c_ns of a heiiu:i tracer. T'uruster leakl age vas
determined by using a s pecial fittin- over• t:ie end of the thruster and
collecting the E,as. Stringent compor:ent and asse::.bly clearline^s require-
=-nts vere imposed to keep contamin..tion lo ,.: and to help :.ai.nts:I: tare
leafa6e require::,_-nt. Each co„ ironent had to ?et the require.wont that
there be no :rtitallic particles exceeding rive microns in size «nd no
nonmeta l lie pr..rticles' exceeding 2j microns in size. Component assembly
in P. class 100,003 clnun room was required and rccept&nce test procedures
incli.ded r-,  test for cleanliness of tale components. By purling t'ie co:^-
ponents with a C;as w:iich ,.as passed through a 1.2 micron filter and collected
on a 0.3 micron filter, it •,.,as deceri- ned if the co:7vonent 	 t'.ie above
require, te nts. If any ^erticle exceedink- the requiremcnts has 'found, the
component was pur-ed again until. the specification ,.:s :::et.

Several si6nificant desi: chanEes occurred earl: L. the RCS design nhast-.

Tale origirn:l systei.. pro posal 'aad t.4o levels of t:irusL L. low level. for
attitude control ::a F high level for control duri: ,-- % _loc{ty mi.neuvers.
In July 1964 1 a decision wr.s ii_de to use r: gimbaLed en;..ine :,:otuit, controlled
by .. ,x,.;st vector actiintors (this trade is t:{ scussed in section 5- 0 ) . Th.is
ch n.-e, ,rL:de pr imaril^; to reduce s.kacecraft :r°_ i fit, elimin^.tet-? tic need for
the hiCh level one pound thrusters loc,-tea o:. t:le salar lrnnel.s. It tl l sc
eliminated the associated structural couplin;; with the reactio:: control
loo., as A potentii.1 proble :. Ms nnrt of the weight saving effort a corL.on
p;2 stora,-e tan:: was selected t•D serve-- astare RCS :s su p -ply, and ,-s &

source of pressurizing Ts for the f ti • 'l and oxidizer t&nr.s. The srveral
advLntaEes of co:*inin , tale two syst ,-ms were: (1) weight s_:ving of one
talk instead of two, (2) weight savin, ,s by s:iarirg t: ie nitro`en residurls
and reserves between the syste:::s, &I1(1 (3) considerable flexibility between
the syste::. Was rorvi?c-ble, e.g., a squib valve was :provided to isolrte the
velocity siubsyste::,. This could be ur^( d rafter the final orbit :L:reuver to
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conserve all reraiairz 11,E for utLituue control (sufficient pressure re==ined
in the velocity system to ex-)el. Fuel and oxidizer in a "blow dour ::.ode"
to accomplish a fi:.::l engine but • .•, to crash t :e spacecraft at the coricl.usi:^r.
of the mission). The maJor disi.dvant4cn wen t::e possibility of a s!:vere
leak in one system depletin` Vae ,-as for the ot:ier system. If ti:e atzitt:ue
control syste::, developed a ler.k it could not be isolated since the loss of
attitude co ntrol was catastrophic or. the mizsion. One require:tent that
resulted from r: combined syst im wr s to Specify :.•terir:ls ill the attitude
control re t ulator e.rd thrus,er - 1 hich ,,,ere co:.:: tibie with N,0 1+ , since all
leakf,Z,,_ beck from the propellant tank could not be prevented.

In the origimii proposal th:: lcr.i level attitude thrusters were located on the
equipment mountin- deck. Just prior to the prelimir ,%ry deli f;rl review the
decision. was .::.de to Tore tine thrusters to ta^ e::-ine nountin:.; dec:: to i:. rove
laver a-.;Ls end reduce ritr .oZz!n collsixn7tion, Any: to reduce p1u:.^bin^ lengths.
At this ti:r.: the th -ust: ..:oiitvde of the roll ti:ruster was reduced fro::, 0.Z,^
lbs. to 0.023 lbs. to improve licliL cycle efficiency in the roll axis.

4 . 3.2	 THRUSTL.13 D%V

T he reaction control tiirusters vrere des Shed to r:Pet ,.iie requirements stated
in pt'.raL-xaph 4 .2. The original desiE;r ► require-::t s on res ponse were much
titer	 5 milliseconds " O I." t...rsport lag) tilr,n nasal require:::e:its.
Durin' the design evolutioi:, it becv.me apparent that t'.;e tamster vendor
could not meet the response require:-.cuts over the specified ran,;e of temperature
a:.d volta i, e. Thruster control circuit desi;;.I 'r..:d to be inodifie : to be co:.:_x..ty-
ble kit:: thru-ter earabilit;/. Res ponse time was set on the thrr^ster to rLtl.i.r._ze
the nitro;;en co.nsu:Iption for limit cycle operation. Limit cycle rate fouls were
one - foi:i •th of the desi n rate, used for fuel -cud L;et calculat; ors and ornc-tenth
of the desi`,n r., %te as set by pi:oto smear requireTients. This con:ser%Ttive
requirerjent wits set to assure t::at the rate requireZn-nts would be meet even
with multiple pulsin- of the control system.	 cycle races durink,
were alnost Flways below the rate equivalent of two ­,animu,;, tiu lister pulses.
VThen the rtes were hi,-he-r, t he r,.!. Jor cruse wi:s disturbance torques.

Thrt:st level was siz ,Ud by the attitv ,^ :v.ueuver	 and equipment. The
spacecraft 	 ,r e ,	 4	 n was ,^.n^^,vercd a,, 0. ^ cie^recc per second no::Iirt.11;• £..,c tc... r;_ .ctic_.
control t?u•usters hr.d to b, lame en ou ji to reduce this rt,te to zero in less
than four• de rees trav,_-1 (Gimbal units of ti:e U,rro) .

In order to meet the strin,-ent lea_ a6e r-.^qt:ire:::ei.ts of 2 	 ^:nd have
lo.4; life with low leala-_E;e, :::.rd metal-to-met. ­ 1 ;,?::. ; ^.nd po^iet were usi.c in
the t:Lrusters. The seat w-.--s 440 st:=iiLIL-ss steel rt ." tiie Freppet was t,
tun -ster. carbice. 'fen; • s.stisfrcctor;; perfor:.�nce was achieved with this
desi ;n in both test and : iiG-iit.
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Fxtrly in the pro,; mam F, leakh:-e protlot, was Pneoi .tered durit , ,; !.sse:ably of the
C	 hf,rd uetal seats to the truster body. -,ZhZ thruster design during ttu•t time

per,'_od is sho-.m in lk",he botto:i half of Fib xe 4 -3. T:ie le%,:m e was being;
controlled by ad j ,.;stin^ the torque o% six +:ssembl^ • screws. Due to the very
ticht le.akaze requlre rent, minute h;torti,3r,s of the seat occurred resultir.
in lea:v:^e that excecded specifications. Tae hart: flan6e of the seat was
modified to	 a^inst a silicouc flan6e seF•.l as shown in the up per :•hr.l f of
Figure 4-3. This	 ' esi^;:h eliminatod the ori_`^:,F.1 problem b y cec:ling the
seat without disto: t{ ng {.t.

One pitch and a pair of roll t1irusters were ^::.L:f' .z"IXe(A in ei, welded cJ.t:s ^cr
of th: •ee with co=on :,T:ni fold ir.._ tO save wei.,ht, r educ •c leF.:::^^;t, an!
re3i:ce the number of ali,m!:.ents required at tae s -icacraft level. Proble:s
we: e: encountered with the cluster of thrusters. Dur in.; t'aa 	 1:cldiuL-
process, conta.-drat tion was ben=rated waie:i caused t1hru3ter leai.n L;e. In
r-P ny cases only two of the t'aree thr :-,ters Would --.t!et the specifications
durin tiru'ster cheCi7u',	 This resu^ted in a Great. deed of reworc:
and schedule delays. In addition i:' one of the three t':irusters was out of
aliorL^ent, specificaticn or..spa.cecrc.:'t _-.ss_r.:bly realimment of th;3t thruster
would usun 11; coraproraise the align::et:'c of t:le ot::er twc,.

In order to mintain moderate t:iraster valv:: to: _ : •f.tures, the body of the
t:u•uster was mounted i,lside the ther:. l 1 s:.roud. Ir' addition, :L n insulatirt LIJ

silicone eas::et was::er wF:s uscd bet: e: -n the nozzle and t:-.e valve body wr.ica
reduced the treat loss throu3h the nozzle to deep space. By necessity ) the
nozzle as ex_rosed to tile veep space environs ent w.t: .l a tE:::: 'C,2 .4- 	 rat.`e
of + 300 de; roes F :.senheit. Durin,- testing It was shown that the valve
ork-rated su._ cessfuliv rat te.xxm- ,ur r^s n s lov r-s .anus 65 de;;(-ees F. Also
to prevent t:we possibility of thruster freeze uc, ti:e ni-,ro,:,^: ;c'.s Was
required to b,: dry enough so ti.- 4,  =isture would :,-)t precipitate from the tas
at temperatures d7-;n to minus 65 F.

4 . 3.3 TIMUS'iM CO:THOL CIRCUIT

Th y- circuit to corar of openin,: of the thruster was physically  located in the
closed loon electronics portio:: of thf: FliF;a Electronics Control Assembly.
The " ,,m_lve driver" controlled t:.e ti,rust-_r i:: res Jnso to err;;r S igrk:ls fro::
the s uI; se-sor or sv`:r .^ rtic'Ser, ine 'iy	 :'.- .1 :.tferen­ :. unit, and slAw rid

amplif.°:•.
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" oneore stl,-•t,	 electronic drive circus!, was incor.vr..te in t e v;:lvc driver
electronic- s to nvoic: thruster c::attrl et'usec b y t::e driver res-x3nc:in;; to
$ySt^': ;1 :1 ISe of irSu°fj %ient 	 t0 CaL:S^ tiht t:1r11S^^I' to full y Ope n .

By preven lvin.; thruster chatter tz•= :.c: Aber of cyclt:s ^ot^ld be :ec'.u,-eci to
extend t i l •` life of the thruster for t !v! one yenr ::dssiorl. Tae ail time of
the "ot.e s:Iot" was selected to sn.ti.	 two coat: iti )::s, (1) w ith Horst case
tolerp aces the t:•ZI• uster :could be f,-ill,- open prior to the One shot off tire,
end (2) :.lini -u:^ valu ,^ co::sistent it:i t:ie taruste2 • response *ir.,! to -linimize
the impulse bit c,^..aLbility of th e s;;. 'oc-... In order to r_auce the t:u'ustcr
Off uel%y and protect cne trk_nsis; or klrlve circuit :'ro :l excessive i nuuc^:ve
4ic,trr.cl" ) £: snuaT, cener cioGe w s itioorporated. T--_ zener DI•eakdUwtl value
was "ol:til:,ize1" ris s:.ow n in Fij re 4.-4 so taut t::e off delay ::..tcaed the on
delay. Ti:,_ rlini:;a:l il;r3ulse 'cis 1-3: -,  t,:lc tiL^ustc>r with the o:ie s: 	 wiot 'we-s 11
r:lilliseconls no.,Anal.

curre:lt and volt"6e usciilo_:ru:.1s wtr used to indim to Itctual playsic:.l :::otion
of tae v^:lve pluuer	 `^{ 1 current trace for ti-, ,.lve opening is 3aJwt. in.	 .y.;
F•s ure 4-7£_ and for a vUlve- closing iu Fib re w-5:. Ti;ese "sii,I.hltures"
were. uses to measure response ti p :: 0:1 eo::. o:letlt tests as w•_ i t as to pr. -: tnat

;;i..	 h --n r^ ri 	 on tiro sp£ cecraft.the thruster was still °unctio .^; w.l .. i...,t^ll^

It . 3 . a REODU TORS

The pressure red;t1^tor "as des6:le(. to ^: .i.:t - -i:l	 t':rus*er su,p1J pre. ssui •e of
19-5 psi,; + 1 psi from a ^_xi mum tan!: pressure oi' ' .s'c0 pstg. The 3300 psi
tan'-, pressure zr s c:.osen dear the ixi t." v'^lue t:1"t an avF.il b L- = r:e ce
proven pressure re -ul-tor cOUlr. tolerate •.rithollt e rcaesi.,n. Talc 1).5 psi ­proven
t:1ruSZer pressure im-s chosen to Vii':^ C "COd t.:rust coefficleIit i,'aile W-11 "iail-.i.h:`,
a coranret unit alld pectin„ the t.must rQquire=. nt. T e 	 xi,::.i:3 pressure was
kept l,s low r-s	 under tale above desioh cons tvra:.nts to reduce ieu1fagc
and u1 le.:;c	 I r1 order t0 rU1if_'ve downstrE':?1:1 l:r:SSUr_ surce r`.> > Itin:; from t:lf:
sla::: st£ • rt, . relief valve 'wris iI1Cor2Or.-', ted i:. t':C	 Start,

1•esui ed fro:., firin- t.ie 7r essur l tior. SCluib f : l l ` l i:l;; S iC °Cr^ . e S@DHrC:tiOI..

4.3.5 PLIA-0III,,

Stainless steel iu::rtcr inch tuc•i:: .. w}^.s used fo:	 ql> r ter
t ^-: ze to c^ll^^w flow +sr e sind.le t truster o erf^tion_.1Ca1 tutin r', `1 ^.J C l 4... L qt.t.^	 J &

without exccssive pressur : CirJ 1 . because f;iie s ,aeecrtA't wf. S mc.,&uvered about
one axis at a ti;:e, 0.11y a single th2•Llc ter wou?a o;recut. ,:^ f'or r l	 curatioi)
(not in pulse mode) c:t c ti :!c. T::e ,ur.rter irlca tucir:,; Ik:^ . z<^ssu2•`_ drops

which resultea in out ..)f spe: i;iec thrust if -ll ttlree thr l lstoers wer•:
oiler£:t^^a sl; ultujeG:Isly . Since	 Erode Of opevrati3n W&s rot n)r;w-.l ancG tale

r eaucea tilrus t c^3used b ., ';; f ree t.ir.: ^ ter S i£:llllt£.A°OL:S U^ /' rte=t+0a	 • •S still

v.deq ,.:nte for contrc)l, t'::e tuL)ir.,-- d z,- was not increF. se(.i.

To :•:eep lea,:a ge to a minixu..i tae iJints were brczi:a. ;rai:lless st%C:1 tubir,z
h£s- chosen bec,,.-vs` co:-,sis':.c:I Uy Zoo d brazed jo it.ts w=2:' t!r.sier t0 $Chi_'VC.

The brut nt., process wi;,s c:iOso.j o• e. weldinZ bt;:C:-use t : ► ' • r)lu."1biI; ,̂ could be

usse.,-*Ied and br-	 "	 wit .out c0ntr.,,i fill tinj; the systei,l.:zed on ^.1 •_ s-•s.^ecr.:i •

4 .3.6 TF.STIN',,

EnC,int:, erinj, cvaluc-tion test. Of tae vi utters s:e:e Cond,ticted uz- 44,, develo-mi- rit
;rlOd^ls o-' the thrust f rs vi t!: sell- levy' l :lOZZles OtC.<.iI:Cd i r0.:. J ter# -1 in 1.ue-1, :st
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of 1954. These were later incori ►orated or. the air-bearing attitude
control simulator.

One of the mri jor questions about t.lie reaction co:,trol subsyste::1 fr,).: the
critical design review of Janu rry L-)65, wt:s whet:ier tae sir:cific impulse was
de`.a.ded in the :nini-mu i pulse or 11:nit c ycle :node of attitude control.

An analysis was conductei to ass,_:.;i ti:e total 	 on the N dp s requirc-:::ents
of a specific impulse deFrFtdetio.,. Tale analysis in.:icin ted the t tiie gas require-
ments for short pulsi,.L^ were relatively insensitive to I 	 over a range fro:rl
145 tJ 63 sec. The reason for this waL th:lt 01,.s reruireds .por limit cycle welt
dow:: wit`.: lcrrtrr I	 w1lile tale gr:s required to remo'ia disturbr•.nces vent up.
The two effects S  ter.ded to cancel out.

In addition, a si:;,p1e uni( ,, ,ue methoc: for testir.^ valve thrust Etnd impulse
degradation was devised. The test thruster wa:; mounted at the end of e 61 inch
-piece of 1/4 ins' ► tubinG is P cn tilevered bet :-.	 had a free period of
1.0 sec.	 (See Figure 4-6). Du ,! to the lc,,r dt::,pir:,; of this syst_... the first
pear or the steady st:.te value of tile. deflection is	 opoi tiort h . to thrust level.
Steady st,lte thrust lt_vels were !aeasure.-`1 usir.i; t:is test set 11 1 )	 In addition,
the	 test sct u"0 w' fsS 11sAd to det-ermine i%ipulse when the thr ,,istt^r war, driver.
by single ,pulses of^ 5 to 100 .-MillisecO:.ds dura.tL.,:.. 	 s a res.:1 1- .f this testing,
it Was concluled t',,—,, tt blare was nn si:;nifican.t i:apulse 	 due to S`ior t
UulsinE;. These were so-,t- of the tests which edd•d confidence in the adequacy of
the design.

DurinE; sro:ceoraft level testint; the thrusters sere operated for 	 thousand
cycles without ohs f1oYr. T:zraughout szeceem"t jesting, when tr srace(:ra.ft was
not in e clean room aree, "ne thrusters were kept clean by means of a dust cover
over the end of the thruster. ^;s a result, only irtertially ;errerr.:tea cvut^llina-
t,ion could cause the .iirusters to exceed their require ..en s . Ey cyclint,
the thrusters several thcus:--::d -cycles :,it:h t4, how l.— , the leF'kn-c coal,• be
reduces: to i.r, acce ^tabie "Llue ) < SCC,^:lr. ^he ilhrL i trl]_ poppet and seats and
gas flow would eli7 in:=.te ::1:; • cont4:.;ir.:tio:: wit:iDut scoring, ai.0 return to a.n
&cceptable leakage st?•te. This v:an a very usefuI edvantt;.ge of t::e me lc-1 to
metal seat desi.;;n.
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IML

Figure 4-6:	 REACTION CONTROL THRUSTER FORCE AND !MPULSE TEST SETUP
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4.3.7 IaSSION PERFORMANCE

{	 The Lunar Orbiter Mission Operations proved to be very flexible in part due to
an adequate supply of nitrogen control gas. Tlie requirement to provide the
capability for control of the spacecraft for one year provided a substantial
amount of N2 that could be traded for modifications to the primary (30 day
photographic) mission.

During Mission I, an internal. leakage did occur in the velocity subsystem
regulator. In ten days approximately one pound of 112 vented overboard through

the propellant tank Pressurization relief valve. A decision to isolate the
system even though there was propellant left was made to conserve the attitude
control nitrogen. The isolation squib stopped the major leak. Later the velocity
control engine was fired successfully in a blow down mode. Following t'-e
photographic mission (30 days into the flight), a detail analysis was made to
account for all control gas used. The difference between the actual usage (W:
indicated by tele-etr-y pressure and temperatures and this irTpulse analysis was
50 sce/hr. Leakage through the isolation squib of the velocity control subsyste::,
was not evident in tank pressure rise. Since the analysis only covered 2 orbits,
approximately 7 hours, the leakage value is at best an estimate due to the coarse-
ness of the tele:~etry data and in accuracy in assessing the nitrogen used in the
limit cycle mode. The significant thing is that the design, leakage requirement
was based on approximately 21 scc/hr with the isolation squib completely closed.

Performance during Mission II was as expected. The first clear evidence of
leakage through the velocity control isolation squib was indicated by the pro-
pellant tank pressure rise after the isolation squib was blown. Methods of
conserving nitrogen gas were improved and refined.

Figure 4.4 is a comparison of the design nitrogen budget and the Mission III
actual usage. It is evident from the comparison that the basic photographic
mission was greatly expanded from the design mission by comparing the design, and
actual photo maneuvers. Also, an additional 1.1 pound of nitrogen was used to
circumvent problem areas encountered with the spacecraft. It is evident from
Lunar Orbiter experience that the control propellant budget for future spacecraft
should include contingency gas.

During the last four of the Lunar Orbiter missions there was a small internal
leak through the velocity subsystem isolation squib. The leak was estimated to
be 50-100 cc/hr and occurred until the velocity control. regulator went to
"lock up" and then the leak sopped. An improved design of this isolation squib
with a conical shaped pluK and seat, rather than a cylindrical shape would probably
have reduced this leakage source.

There were no catastrophic failures of any of the components during the five
Lunar Orbiter flights which accumulated 920 days of flight time in the five flights.
A summary of thruster cycles and total- mission time is presented in Figure 4.-8.

V
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FIGURE ►+.-7

DESIG11 ?12 I tUDGG

Compared to Mission III Actual Usage

Design	 Actual
PRIt-UM PHOTO =SIOIi (30 Days)	 budget	 (Mission III)

Initial Acquisition	 0.22	 0.30

Attitud-c Maneuvers for Velocity Chanr-e 	 0.55	 0.28

Photo i•:-incuvers

12 - 3 axis (design total)	 1.19
41-3axis'
8 - 2 axis(actual)
1-1axi^)

Actual Total	 3.64

Photo Transmission

10 days (design)	 O.68
8 days (actual)	 0.40

Extra Maneuvers	 0.0	 1.11

	

Limit Cycle & Automatic Celestial Reacquisition 1.36 	 1.07

	

4.00	 7.OG

EXTENDED MSSIOr

TOTAL	 (11 mont:is design .. 7 months actual)	 4.02 lbs	 1.7

Usaze Ratc	 0.01?_ lbs/day	 .0172* lb/day

Reserve	 1.98

Ullage	 1.00

Available when destroyed 	 1.0

N2 Velocity Control

Primary	 4.00	 2.85
Extended	 .0	 .65

Total Velocity Control	 4.00	 3.50

Total Supply	 15.00	 15.20

*average usage durinG 215 day:. Included limit cycle and pitch maneuvers
for thermal relief plus several special tests and training maneuvers for
Mission IV.

05
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FIGURE 4.-8

THRUSTER CYCLE AND TIME HISTORY

Mission I II III IV V

S/C 4 5 6 7 3

Test Cycler 697,380 497,100 231,500 74,800 96yLoc)

Photo ?mission Cycles 26,830 15,264 17,CK" 19,1P0 17,110

Extended Mission Cycler, 11.	 D. N. D. N. D. 14.	 D. 214,400

Total Cycles 724, 210 r;" 412060D;/ 248, 500% 93,98 327,910

Cycles 1'er T'urusterr2 120 ,700[x. 85 ,390 41, 310r1,Z 15,660 ]^ 54,610

Plight Time Total 79 days 338 daye 246 drys 73 days 182 drys
?8 hrs 8 hrs 9 hrs 8 hrs 9 hrs

N. D. - no datf

1D Total of test and Fboto mission cycles.

Assuming each thruster operetes approximately one sixth of the tote..
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4.4 CONCNJSIONS AIM RSCOt-2•:EIIaI%,rIO2JS

The major conclusions of the ::1.,uiy of the Lunar Orbiter Reaction Control
design are:

1) The cold gas :I2 reaction control proved to be highly reliable, and
vith operating characteristics closely predictable. There was never
any evidence in flight that the delivered specific impulse differed
from the theoretical value of 68 to 70 seconds.

2} ?revention of leakage for the lon3 life requirement had the major
impact on the design. Welding and brazing proved to 	 food solu-
tions. Cleanliness require:aents for conta.:Unation to be le_s than
5 micron for metallic and 25 micron for nonmetallic particles was
,justified. Even so, the velocity control :, 2 pressure regulator
experienced internal leakage (failing to lock-up completely) on
Lunar Orbiter I and wasted approximatel, 1 lb,. of gas.

3) An adequate gas supply permitted the flight operations to be conducted
with a flexibility greater than was anticiated at the design stage.

4) A one-shot or minimum pulse bit command to the thruster is recommneuded
to avoid -.aloe chatter problems.

5) ?lard metal valve seats are recorrriended for valves ex , acted to last
more than 6 months in space or operate more than 100,000 cycles.

6) Combining the N2 gas supply for reaction and velocity control
Proved L,) be good on atiar Orbiter and added to the mission flexibility.

7) valves or other moving parts tend to generate their own contamina-
tion particles which Tray acct-ululate during testing and cause ex-
cessive leakage. The thruster valves on Iunar Orbiter proved to be
self cleaning when Ill gas was allowed to flow from a rnal:e-up supply
during final spacecraft check-out.

8) Thruster nozzles with external threads allow caps to be installed
for protection and sealing. System regulator checks may also be
pvrformed without added test valves. 	 i

9) Oscillo,rams of current and voltage provide an adequate signature
of physical motion of the valve plunger for functional test purses.

f

10) The N2 tank supply was sealed off from the reaction and velocity 	 i
systems by squib valves until the squibs z.ere actuated in space.
This permitted end to end system testing from the time of final
spacecraft propellant and :t*2 tank loading until actual launch
without being constrnined by tho amount of N2 gas -which would be
wasted if the tanks Lind riot been so isolated. This was a good
feature and added confidence in proper hardware operation.
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Reco=endations for doing differently  "if one -t;-re to do it over' rare:

1) Welding of thrusters into u cluster of three caused proble:.,s vith
L:anufacturinZ e:-.d delivery s.elie-dule slides because t'rj^ process
caused contamination of thru:,tPrs ureviously completed sfatis-
factorily.

2) The isolation, squib of thf^ velocity control s,, stets tins inadegaatN -
it leaked; it could not be nctusted against nomal system pressuYes
early in the mission. A conical seated sq:_tib valve should have been
used.
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^.0	 THRUST VECTOR CONTROL SUBSYSTEM

The Tr.rust Vector Control (TVC) subsystem is one of four subsystems that
constitute the spacecraft G&C system. The relationship of the TVC subsystem
to the total G&C system is illustrated in Figure 5- -l-

5.1	 SUBSYSTEM DESCRIPTION

The TVC subsystem, illustrated in Figure 5.-2, ccnsisted of 3 principal elements
for each axis, the thrust vector actuator, the gyro, and the compensation network.
The TVC subsystem controlled the spacecraft pitch and yaw attitude during velo-
city maneuvers. The Attitude Control Subsystem initially oriented the spacecraft
to the attitude desired for the thrusting maneuver, and established a 0.2 0 dead-
band. During the velocity maneuver, error signals from the gyros operating in
the rate integrate mode, commanded actuator position through the lead-lag compen-
sation networks. The velocity control engine was mounted on a set of gimbals and

positioned by the thrust vector actuators. The gimbal assembly utilized flexural
pivot bearings, which were selected because of their inherent insensitivity to
prolonged space storage, and ability to withstand high temperature resulting from
engine '::eat soakback.	 The compensating networks were locates: within the closed
loop electronics portion of the flight electronics co:trol assembly. Roll con-
trol was maintained by the .028 lb. roll thrusters of the Reaction Control Sub-
system.	 The pitch, yaw f_nd roll reaction control deadbands were opened to f 2.00
during engine firing to avoid wasting reaction control gas.

5.2	 DESIGN REQUIRE4ENTS

In addition to the general guidelines and constraints specified in section 2.4
and 2.5 that apply to the G&C system as a whole, there were the following speci-
fic requirements imposed on the TVC subsystem:

Orient and hold the thrust vector with a total error of 	 1.30
(including attitude control two axis maneuver errors).

Maintain control with -z.m. offsets from actuator null of 1.50

Recover from engine start burn misalignment cc-:ditions:

Pr

Full propellant tanks

Near empty propellant tanks

Have 6.0 db gain margin for ail flight conditions.

Environment:

Pressure from sea level to hard vacuum

3.8
0

3.00
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Operating temperatures 	 35
0
 to ^^o:,.

Actuator roa end soak back - non-o;.erating 1750.7.

Vibratior - A coribinatic- of 10.0 6 sinusoidal between 20
and 2000 cps and random vibration with a power spectral
density o" 0.02 g`/cps between 15 and 4C^; ,.cs peaking
to 0.1 g2/cps between 1000 and 1400 cps at 11 g i3MS
overall for Flight Acceptance Tests. Qualification_
tests were similar to i'AT, but with 16 g &S random
:or 4 minutes per axis and 15 g sine sweep at 4
octaves per minute.

The requirements to coie with a c.m. offset and mistrim were based on two
values of initial conditions, o-e n start-burn flight conditic7 with full
propellant tanks, snd the second an end-burn flight co7dition with near
Pmpty propellant tanks. These initial conditions were:

SOURCE OF MIS^IIGIIIMENT	 START BUr14'	 END ?URN

Initial spacecr-ft error with respect
to the gyro null

Initial actuator position.

Engine position fo: • c.m. alignment.

Initial nozzle ang ,.:lar errol from trim

± 0.2°	 t 0.2°

J 2.8' (stroke limit)	 ± 1.5°

± 1.00	 i 1.50

3.8 ° 	 -.0"

The large c.m. offsets and shifts from trim used in the design were calculated
from 'Che effects of the possible propellant migration. between tanks plus initial
alignment, tolerances. Actuator hard-over conditions were considered for the
start-burn flight condition, because of the remote possibility that an actuatoi-
co,ld o^ , ershoot to .his condition if the velocity maneuver wa_; snort and tae
actuator power was shut off during an actuator aigh rate transient. A possible
tyro iarro. • of t 0.2 degrees co_ ,ld exist at velocity engine ignitio .- since these
are the deadbands of the attitude control. system prior to a burn.

5.3	 DEVELOPMENT AND OPERATION

The thrusting control co::figuratic. originally proposed or the Lunar Orbiter
spacecraft c,)rsisted of a fixed engine pre-aligned as close as possible to the
average predicted center ofD%ss. High thrust le v el (1.0 1b) reactior control
jets located at the tips of the solar panels were provided to .,aintain control
of pitch and yaw during engine firing. The gimbaled engine corfiguration was
also considered and presented as a backup in the prorcoal. The high level re-
action_ control was initially selected to avoid the problems of a new act.uato.
hardware develorment. Early in the spacecraft design phase, total spacecraft
weight dictated a vigor-o:-, s weight reduction. program. The most important facto -s
which favored the change to the gimbaled engine was the resultant weight reduction
and allowed relaxation of c.m. locatior. requirements. A tabulation of major
trade factors are summarized in Fig. 	 -3.
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A major engineering design decision was made based on this evaluation to change
to a gimbaled engine using electromechanical actuators to provide pitch and yaw
control during the engine burn. The decision made prior to the PDR permitted
incorporation of necessary design changes and the development of a qualified
actuator without a delay to the program. Problems arising during actuator devel-
opment and subsequently in system integration did, however, cause delays in com-
pletion of qualification and reliability demonstration, tests beyond initial
schedules. The TVC actuators were the last items of the guidance and control
hardware to receive qualification approval.

5.3.1	 THRUST VECTOR SUBSYSTEM DESIGN EVOLUTION

The design concept selected for the thrust vector control loop was based on
booster control technology, except that aerodynamic forces were not present
in space. The initial transient conditions of engine thrusting direction rela-
tive to c.m. alignment were most important in sizing the actuator rate require-
ment for closed loop stability. The inability to predict c.m. location was
due primarily to uncertainty in knowledge of where the propellant was located
in the paired tanks during flight.

Two potential problems with c.m. shifts due to unequal propellant in the paired
propellant tanks were considered in the TVC subsystem design. The first problem
results from propellant flow imbalance during the velocity maneuver. Small
imbalances in tank pressures or in outlet pressure drop could result in one
propellant tank depleting before the other. Since it could not be proved that
the flow imbalance would not occur , matched orifices were installed in tank
outlet lines and were sized to be the predominant pressure drop in the propel•-
la_nt feed system which assured that propellant (both fuel and oxidizer) usage
from paired tanks would be nearly equal. The second prob'._em was possible migra-
tion of propellant from one to the other • between the paired tanks during the
long coast times between the engine burns. It could not be proved that migration
would not occur, so the TVC subsystem was designed to recover from the predicted
c.m. shifts due to this phenomenon.

Another problem which strongly influenced the TVC subsystem development was
the inability to precisely model the spacecraft dynamics or the actuator dyna-
mics while both were being designed and constructed. 	 The approach taken was

to keep the design as simple as possible while maintaining a conservative approach
of considering worst case situations for those parameters that could not initially*

be definitely specified.

Early in the thrust vector design, an attitude trimmine network was considered.
A simple block diagram of this network is shown in Figure 5.-k. The output of
this network was sunned with the gyro position. Since the actuator must align
the thrust vector with the c.m. for a trimmed condition, a steady offset of the
thrust with the spacecraft centerline results. The trim network had a long time
constant but would eventually cause the spacecraft centerline to move away from
the initial thrusting orientation so that the resultant thrust vector would align
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itself with the nominal desired direction. This network was discarded because
it increased the system complexity and reduced reliability. Also, it reduced
over-all system stability margin for a given compensation design since this
feedback was positive.

	

5.3.2	 SUBSYSTEM ANALYSIS AND SIMULATION

Thrust ;rector control subsystem analysis and analog computer studies were ini-
tiated early in the design phase of the program to define component and system
performance requirements. Initial analyses and computer simulations prior to
the CDR were based on a simple structural model with variable hinge stiffness
of each appendage. Later analysis refined the model to include flexible body
parameters as determined from structural dynamic model testa. Linear and non-
linear structural effects with propellant slosh were evaluated on the analog
simulation.

Even though damping effects of the propellant expulsion bladder was not include?
(a conservatism assumption), slosh dynamics were found to be insignificant com-
pared to structural coupling associated with the solar panels and antenna bo3ms.
Qualitative estimates of the slosh damping provided by the bladders was estimated
to be .2 to .3 by observing movies of those dynamic tests. It is also significant
that all of the propellant was located between the engine and the spacecraft center
of mass and divided among four tanks. This was an ideal arrangement from a slosh
stability standpoint.

During the design phase the analog simulation was used to determine compensation
requirements, system response, transient response, etc. Early in the design phase,
actuator characteristics (i.e., nonlinear effects) were simulated in detail to
determine effects on system performance. From the analog simulation, detailed
actuator requirements were generated so that overall system requirements and
stability could be met. Close coordination between the TVC subsystem analyst
and the actuator vendor was required during actuator development to keep the
analog simulation up to date and evaluate effects of actuator design changes on
system performance.

	

5.3.3	 THRUST VECTOR ALIGNMENT

Compensation for known pre-launch, center of mass offsets was accomplished by
aligning the thrust vector with the known c.m. using a mechanical adjustment in

the actuator length prior to flight. During the adjustment the actuator was set
at its electrical null. This procedure would reduce point-Ing error requirea to
align the thrust vector through the c.m. Since the thrust vector was not aligned
with the spacecraft centerline after these adjustments, the attitude maneuvers
were adjusted to compensate for this known offset.

In order to reduce startup transients at each engine i gnition, the .nctuator was

designed to be irreversible and the electrical power was switched off the actua-
tor between velocity maneuvers. During each velocity maneuver (if the maneuver
was of long enough duration) the actuator aligned the engine thrust vector through
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the center of mass. At the next velocity maneuver the engine would bf; trimmed
up with the c.m., providing there was no charge, and the resulting transient
minimized. This technique increased the stability margin since tht , system sta-
bility was a function of initial conditions because of actuator notilinearities.

	

5.3.4	 COMi'ENSATION NETWORK SELECTICN

Structural design of the Lunar Orbiter solar panels, communication antennas and
the deployment mechanisms resulted in a significant amount of structural coupling
with the TVC subsystem. The structural frequency of the appendages was between
2. and 3.5 Hz and was primarily the result of the deployment and hinge mechanism.
The rigid body control frequency was between ).4 and 0.6 Hz. Analysis also iridi-
cated that the structural coupling was a maximum with frequency separation between
the appendages of about 20'. The structural coupling was accentuated by the engine
sta^t up thrust exciting the appendage oscillations. Differential frequencies
between the appendages resulted in asymmetric (out of phase) oscillations which
were sensed by the gyro and fed into the thrust vector loop. Because of this
coupling, dual lead-lag compensation was employed to phase stabilize the struc-
tural frequencies. A high forward loop gain was re quired with the position actue--•
tors to reduce system droop and meet system pointing accuracy requirements. As
a result of dual lead-lag and high forward loop gain, significant noise problems
were encountered during the design. Subsequently, changes in this compensation
were made to reduce the actuator command signal noise to a tolerable level by
adding a double lag filter to attenuate high frequencies. A reduction in forward
loop gain caused a slight increase in pointing error but this was acceptable based
on system analyses. Noise filtering was als_ added to the actuator itself to
reduce the noise levels.

	

5.3.5	 ACTUATOR

The gimbaled engine configuration with thrust vector control required an electro-
mechanical actuator to be developed for a hard vacuum environment. (Refer to
section 8.5 for a design review summary of the actuator). A position actuator
rather than a rate actuator was chosen for the TVC design because: (1) simpler
compensation in the forward loop was possible with a position actuator, (2) pre-
cision position feedback was easier to implement in the actuator, (3) a position
actuator eased the initial conditions for engine start up transients, (4) perfor-
mance of the subsystem was easier to monitor and (5) a position actuator simplified
the interface between Boeing and the subcontractor.

Approximately one month after the decision to use a gimbaled engine, the actuator
procurement specification was released. During this time period the structural
model was undefined and structural frequencies of 1.5 and 1.65 Hz were assumed
for the solar panels. The actuator frequency- response limit was specified to be
greater than the expected structural frequency. The stroke limit was determined

by calculation of the maximum travel re quired by the actuator to align the thrust
with the center of mass and adding an additional 1.5 degrees of nozzle deflection

for control purposes. Th.e additional 1.5 degrees was determined on an analog
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computer to give adequate control acceleration for system response:. Rate limits
were set high to assure adequate dynamic stability Wargins with mi:;trim conditions
of two degrees and stroke limits of 2.5 degrees. Later these stroke limits were
increased to the final value of 2.8 degrees.

5.3.6	 TEST

Subsequent to the decision to gimbal the engine for thrust vector control, stu-
dies were initiated on a definition of a test and design verification program
needed to demonstrate compatibility of the thrust vector control system when
coupled to the spacecraft dynamic model. Consideration was given to various
levels of hardware sophistication from an actual 6 degrees of freedom tethered
spacecraft flight in a vacuum chamber, as had been done on the :Mariner spacecraft,
to a computer simulation which was believed to be e minimum possible level. Be-
cause of program timing, it was apparent that serious consideration could only
be given to doing the task at Boeing. A spacecraft level hot firing in a 19-foot
diameter vacuum chamber was proposed to Program Management. A summary of signi-
ficant considerations generated at that time is included in Figure 5.-5. A Mlan-
agement decision was made nct to conduct a closed loop test of this magnitude.
It was felt that the test could not be ,justified in view of added cost when con-
sidering the inaccuracy of results. Principal limitations of the simulation were
caused by gas flow disturbances in the chamber and effects of the suspension on
the dynamics of the controlled spacecraft. The JPL conclusion derived from
Mariner experience was that such a test served to corroborate analysis techniques.
This provided added confidence in the decision. Tile program that finally evolved
was accomplished by a series of separate tests. The first of these tests was a
demonstration of actuator performance when installed in the development propulsion
module to gimbal the engine during an actual engine firing in a vacuum test chamber.
Acceptable actuator and gimbal performance in space environment was deuionstrated
by a series of open loop tests conducted during a simulated mission engine firing
sequence. These tests included a frequency response of the actuator servo loop

to various amplitude input, commands.

Final subsystem evaluation and design verification of the thrust vector control
subsystem was demonstrated during the closed loop test program. For this test,
actual thrust vector control hardware as shown in Figure 5.-6 was coupled to
an analog simulation of the inertial reference unit and the spacecraft dynamics.
Acceptable performance was demonstrated for all expected flight conditions except
for the following:

1. Actuator oscillation was experienced due to coupling between
the actuator and control electronics. This development problem
was corrected by modification to actuator electronics and adding
filtering to the TVC compensation network.

2. Gain margin was only 3.6 db for conservatively assumed struc-
tural damping of .01. Actual damping was subsequently esta-
blished by test to be at least .03. Gain margin for this
condition exceede:i the required value of 6.0 db.
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Figure 5-6:	 CLOSED-LOOP TEST OF THRUST VECTOR CONTROL SYSTEM
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3. Command signal electrical noise caused actuator power to
exceed allowable values. In addition to the compensation
filtering, the actuator electronic switching deadband range
was increased to provide additional. safety margin.

Closed loop test results verified that analog simulation of the actuator dynamics
was very good, and close correlation between results with analog and test actua-

tors were obtained.

5.3.7	 MISSION PERFORMANCE

In the five Lunar Orbiter missions the velocity control subsystem was operated
a total of 29 times, 16 being in direct support of the primary photographic mis-
sion and the remaining; 13 being conducted during the exteneed mission. Although
the design operating life requirement for the Thrust Vector actuator was 18 days,
successful performance was demonstrated during engine firings as long as 338 days
after launch. Figure 5.-7 summarizes all velocity maneuvers. Figure 5.-8 sum-
mnrizes the operational experience.

Thrust vector control performance in terms of actuator position telemetry data
is shown in Figure 5.-9 for both actuators of typical flight spacecraft. These
data slow that equal propellant flow lid occur during all the engine burns and
there was no migration during the static periods between engine firings.

Flight verification via telemetry of thrust vector short period dynamic response
and stability margins could not be made. Telemetry sampling rate (1 sample every
23.04 seconds) was too slow to assess the transient behavior of the system. The
only indication from flight data of thrust vector dynamics and stability were the
residual spacecraft rates following engine shutdown. For all the velocity man-
euvers, the residual spacecraft rates were very low, indicating good stability
of the thrust vector system.

5.4	 CONCLUSIONS AND RECOMMENDATIONS

The mPjor conclusions resulting from the study of this thrust vector control
system are as follows:

1. The subsystem was more than adequate for the task and all.
flight results indicated excellent control and stability.

2. Dual lead lag compensation of a position signal leaves the
designer most susceptible to both electrical and mechanical

noise problems.

Structural appendages should have a frequency separation of
approximateiv 5 to 1 above the rigid body controlled frequency.
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730 .2 237.2 15
730 .2 2.44.2 15

752 .21 207.2 338
752 .21 208.2 338

8100 hrs.')

237
244

207
208

715	 .2
715	 .2

720	 .2
729	 .2

9.2 35
9.2 35

2.5.2_ 182
19.2 182

9
9

25
19
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v

FIGURE 5-8

OPERATING LIFE HISTORY - FL:1HT S/C

THRUST VECTOR CONTROL SYSTEM

OPERATING TIME	 VACUUM*
GROUND TEST	 FLIGHT	 TOTAL E)LPO SURE

ACCUMULATED HOURS SEC	 HOURS	 HOURS LIFE (DAYS)SPACECRAFT

L.O. I - S/C No. 4

Act. SIN 14
Act. SIN 15

L.O. II SIC No.	 5

SIN 16
SIN 18

L.O. III - S/C No. 6

SIN 21
SIN 22

L.O. IV - S/C No. 7

'/N 23
SIN 24

L.O, V - S/C No. 3

SIN 17
SIN 26

39
	

752	 .21
	

39.2	 246
45
	

752	 .21
	

39.2	 246

* Prior to final operation
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4. Structural frequency separation between appendage:, is a
critical parameter to the TVC subsystem. Design ..pecifi-
cations should keep separation either very small 	 10%)
or large ( > 50%) .

5. Use of an irreversible actuator to maintain the thrust vector
aligned with the c.m. during non-thrusting periodo will reduce
startup transients and improve stability margin with actuator
nonlinearities.

6. Subsystem closed loop stability tests can be adegtlntely demon-
strated by a hybrid simulation of spacecraft dynamics in a
computer and actual hardware.

Recommendations for "doing differently if one had it to do over" are:

1. Interfacing impedance and electrical noise requirements should
be specified to each component.

2. Requirements forc.m.offset should be critically scrutinized
and methods developed to support or invalidate claims such
as "propellant migration" between burns.

3. Other methods than requiring a completely irreversible actuator
should be considered for pre-aligning the engine to CM for
repeated burns.
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6.0	 VELOCITY CONTROL SUBSYSTEM

The Velocity Control Subsystem (VC,-)) is one of four subsystems that constitute
the spacecraft G & C system. The relationship of the VCS to the total G & C
system is illustrated in Figure 6-1.

6.1	 SUBSYSTEM DESCRIPTION

The VCS, illustrated in Figure 6-2, consisted of the following: (1) a pulse
integrating pendulous accelerometer (physically located in the inertial refer-
ence unit), (2) a velocity summer and magnitude comparator (part of the pro-
grammer,) and (3) switching assembly to operate the engine propellant valves.
The function performed by the VCS was control of the magnitude of the velocity
maneuver. The accelerometer measured the spacecraft longitudinal acceleration
and generated a series of pulses with each pulse equal to a velocity increment
of 0.1 ft/sec, which were summed by the flight programmer and compared to the
commanded velocity change. At the instant the "integrated” acceleration was
equal to the commanded velocity change the programmer issued a command to the
switching assembly which switched off the power to the engine solenoid valves
completing the velocity maneuver.

The 0.1 ft/sec per pulse scale factor was chosen to allow an accelerometer
^-	 saturation level of 0.6 g's with the 200 pulse per second repetition rate

which the accelerometer employed. The accelerometer had two lines with a
pulse repetition rate of 100 pulses per second on each line at zero accelera-
tion. The L.V was the difference in pulses between the two lines which required
an "up-down" counter in the flight programmer to feed the programmer counter with
plus velocity pulses only. T he programmer was designed to have the capacity
for a velocity maneuver of 3276.8 ft/sec (998.7 meters/sec) with the accelero-
meter scale factor of 0.1 ft/sec per pulse.

6.2	 DESIGN REQUIREMENTS

The guidance concept dictated that the velocity magnitude be controlled on
board the spacecraft in a closed loop manner based on measuring the velocity
change made good. A timed burn, for example, was not predicted to be accurate
enough. The two critical !' .,V maneuvers were (1) lunar orbit injection and
(2) orbit change to final photo orbit perilune to an accuracy of t 5.5 km

(out of 46 1cn nominal perilune altitude). The consequences of a gross error
in QV magnitude would have been a failure to achieve a useful orbit

or a crash of the spacecraft on the moon.

Several "state-of-the-art" integrating accelerometers used on missile programs
appeared to be easily able to meet the accuracy requirements. Since the ',hrust
to weight ratio of the Lunar  Orbiter ranged from 1/9 to 1/ 5 "g", (an uncommonly
low "g" level) the scale factor needed to be sized for this particular appli-

cation.
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The strong desire to use an existing off-the-shelf accele:- •ometer caused the
detail requirements for the VCS to be based on what could be obtained. The
approach was to perform an error analysis for the subsystem using the vendor
provided performance capabilities and to compare this with the mission require-
ments. Final error analysis values obtained were 0.062 mi=ters/second plus
0.0018 /.V for the 'Lunar orbit injection. Th(: primary contributors to the
error in decreasing order were: 1) accelerometer, 2) programmer, 3) engine
tail off.

The initial null bias specification for accelerometer error was set at 100
micro-"g" which was the "quoted" capability of an off-the-shelf unit. As the
program progressed it became evident that the original rec:uir-ement could not
be met within the scheduled time and E,llocated cost. The accelerometer error
specification was relaxed following an error analysis that showed that mission
requirements could be met with the larger accelerometer errors including a
null bias of 300 micro g's. This relaxed error specification was used in the
error analysis quoted above.

The programmer portion of the velocity control subsystem was designed to the
specific Lunar Orbiter requirements. The design specification of this unit
required a computation accuracy of t C.19 ft. per second for a 3000 ft. per
second velocity maneuver and a revolution of 0.1 ft. per second.

el 6.3	 DEVELOPMENT AND OPERATION

In addition to the component level tests, a subsystem compatibility test was
performed as part of each spacecraft test sequence. The test was accomplished
by orienting the spacecraft to a known attitude in the 3 axis test stand with
respect to the acceleration due to Earth's gravitational :'i.eld so as to be in
the operating range 1/9 to 1/5 g. This provided e precisely known vall-ae of
acceleration acting upon the accelerometer to simulate a velocity maneuver and
proved to be a very good end-to-end test.

A failure analysis showed that failure to shut-off the engine at the proper
time was the most critical failure. This could have caused the spacecraft to
crash on the Moon's surface or to deplete the fuel supply prematurely. The
second most critical failure was not to ignite the engine at the proper time-
for lunar orbit injection. To p: • eclude such gross errors from occurring,
operational procedures were ,revised and used on each engine burn.. The pro-
cedure was to assure engine ignition by monitoring the telemetry link. Peal
time commands via the D31F could. have been used if required. Also for each
engine bar°n a real time command was sent to terminate the burn at a time which
would be after the accelerometer had termir_ated it with normal operation, taking
into account all the tolerance and the delay between comm,- .d transmission and
execution. This procedure was used to insure an engine cut off if any failure
occurred in the accelerometer or programmer magnitude comparison circuitry.
With this technique it was also possible to perform a 44 1 bux• n if a failure

in the system was discovered. During the 29 velocity maneuvers in five flights
the velocity control system operated normally and the backup command was never
needed.
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`	 Although there was no direct way to measure the actual accuracy achieved for
each velocity change maneuver, all indications were that the accuracy require-
ments were met. As measured on-board the spacecraft and read back via telemetry
each delta velocity maneuver was within .1 ft/sec (one pulse) of the progre:..med
value. The minimum programmed G V was 5.4 meters/second (burn time of 3.0
seconds) on Mission I and was used to trim the photo orbit perilune altitude.
The maximum programmed /- V  was 829 meters/second, on Mission II (a burn time
of 611.6 seconds) for lunar orbit injection. In light of the total number of
maneuvers performed by the L.O. velocity control system, the accuracy require-
ments could probably have been relaxed by planning additional engine burns if this
had been necessary.

Two midcourse corrections were planned for each
obtained with the first correction in each case
requirement for a second correction. Addition
inferred from the data contained in sec-.ion 7.0
concept.

mission; however, the accuracy
was sufficient to preclude a
al information on accuracy car, be
which discusses the total guidance

6.4	 CONCLUSIONS AND RECOnZMDATIONS

The VCS successfully used available off-the-si;elf eq ,_ip-ment. Of significant
importance was the use of error analysis evaluation instead of holding rigidly
to early specifications for the accelerometer. This approach is recc,mmended
when it is necessary to impose the constraint of using off-the-shelf equipment.
Where possible it would be better to obtain mission error analysis results early
enough to develop specifications based on mission requirements rather than vendor
performance data. The capability to perform velocity maneuvers by ground command
was also a desirable asset. although the back up capability wes Never required,
the capability was available which improved the flexibility of the system and
improved overall probability of mission success.
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PRECEDIN G f' I C G(_H'^;^ ^.'OT F(LMEC-.

7.0	 GUIDANCE CONCEPT DESCRIPTION

Lunar Orbiter guidance was	 stied by (1) determining the sF-Vicecraft
state fro-: ground tracking and telemetry data, (2) calculating maneuvers to
control the trajectory and to o`tain pho+obraphic data, (3) transmitting to
the spacecraft the guidance commands required to execute these maneuvers, and
(4) determining the new state from gro;;.nd tracking and telemetry data to as-
certain that c ?.mands were properly executed.

7.1	 Guidance Requirements

Firm numbers for the guidance and co.rtrol system hardware were not available
during the formative design phase of the Lunar Orbiter program. The hardware
development evolved along the lines of "do :he best yo ,_; can" within the state
of the art for this equipment. The reason for this approach was that the end
result was photographic coverage of 1 meter ur better resolutior of the lunar
surface and with both forward and side o ,.-erlap of at least 5%. Resolution
was a function of many different variables. Given a no..inal mission, the
resolution degradatio?. effected by a change in one parameter at a time could
be determined. Altho ,.gh this gave a feel for the sensitivity 

of 
a change,

very few were truly Independent. At the time of submittal of the proposal,
such a set of state-of-the art hardware parameters were postulated to yield
a system giving satisfactory end results. In the time perio: between co^-tract
go ahead and preliminary design review, the hardware specifications were
written based on the proposal numbers generated earlier and further analyses
allocating errors to individual co.,jlporents where necessary.

Some tolerances were set in an arbitrary manner because they co:;ld be achieved
with little added cost.

Late in the pro--ram, just before ti:e first flight, a comprehensive error
analysis was made. Several components could not meet their srectifications,
for example the IRU drift rate or.. LO I was l o/hr. The requirement was waived
on the basis of this analysis because the impact. was extremely small and
co ,-ld be made up in altered operational procedures.

7.2	 Spacecraft State

A knowled ge of the spacecraft state is required prior to 'he calculation.. of
the guidance maneuvers. The spacecraft state is defined by position., velo-•ity
and attitude and is determined from gro- .:nd tracking and telemetry data.

The position and velocity of the spacecraft were determined by tracking the
spacecraft transponder radio t'requency signals using the deep space tracking
network. The doppler tracking data was processed and used by an orbit de-
termination computer program to generate a spacecraft. state vector. pasically,

the problem was to determine the trajectory which best fit the tracking data
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over a given data arc. The o,:tput of this program was the spacecraft state
vector; the three copo y.ents of position and the three cc-j:po:ients o -: velocity
at a given time. A more co-:.plete discussion of the orbit determinatior
problem is beyond the scope of this report.

The attitude of the spacecraft was defined relative to the Sun and Canopus.
Maneuvers away from the celestial references we-e in the gyro co:i •dinate system.
Each spacecraft was measured for alignment of the Sur. sensor, Canopus tracker,
inertial reference unit, camera optical axis, high gain antenna, and center
of mass. All of this data was used to generate the desired precise maneuver
commands. 'When gyro drift was a factor because o" the time off celestial
references, it was also iak en into account.
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7.3	 Calculation of Sp^wecraft Maneuver::

When the spacecraft state was known, the required maneuvers were .-a lculated
to provide for the accom plishment of the mission objectives. Thooe maneuvers
were velocity control maneuvers rt •.iuired to change the trajectory and photo-
graphic maneuvers required to obt:t i n the desired photographic covorage.
Attitude raneuvers were also required for subsystem: operation su.-h as for
thermal control and for star maps but are not discussed here bec, , :a ► ae they
were not guidancE maneuvers.

7.3.1	 Velocity Control Maneuvers

Velocity control maneuvers were required at midcourse, at orbit insertion,
and in orbit for orbit adjustments. These maneuvers were calculated using
Flight Operations Crbit Determination software at the Space Flight Operations
Facility and were also calculated independently at the Seattle Operations

Center using mission design software. The calculation of the maneuvers con-
sisted of the determination of the time of the maneuver and the magnitude
and direction of the corrective velocity vector. (Maneuver angles were then
calculated to rotate the thrust axis from the celestial reference to the
required orientation.) These velocity control maneuvers were calculated
in accordance with mission control criteria which were defined by pre-flight.
mission design. These criteria defined the desired enl conditions and allow-
able control tolerances on each parameter. A typical set of these desired end
conditions and tolerances is contained in Figure 7.-1.

The Flight Operations software was designed to provide for real time trajectory
design. That is, a maneuver was calculated to satisfy some Mission objective,
rather than to correct the trajectory back to some pre-r..issicn nominal. For
example.. in the calculation o f the first midcourse maneuver, neither the
lunar arrival conditions nor the initial. orbit conditions were specified.
Rather, the conditions over some photo site in the final omit were specified
and the post-=dcourse trajectory was designed to satisfy these conditions.
In forwarding the state vector from lunar arrival to the photo site, the
Flight Operations software used for designing the maneuver was limited to the
use of a relatively simple lunar gravitational model. As a result, some
inaccuracies were incurred in the calculation of the initial orbit conditions
which were used for design of the midcourse maneuver.

A measure of the overall guidance accuracy is given inn-9-7- 2. The tra.jector-
parameters actually achieved following a maneuver are compared with the desired
values of the parameters established prior to Launch. The differences between
the desired and the actual values arf. the errors in the overall guidance
concept. These errors are due to (1) errors in knowledge of state. (orbit deter-
mination errors and attitude errors), (2) errors in forwarding th(: state (due

primarily to the uncertainty in the 1 Dinar gravitational mcdel) , (;i) off nominal
conditions due to previous maneuver :rrors, (4) errors in calculating the
maneuver, and (5) maneuver execution error;. The signi ficance of this data
is that it shows how well the gu:dar ­ concept worked. 'There were 'Idditional
velocity maneuvers made as noted during each mission, bul, they were riot defined
prior to flight, therefore no compari:son can be made. These maneuv , !r• s were for
additional orbit trims, orbit phas iri f - maneuvers to reduce, the of fec l.: • of lunar
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eclipses, and maneuvers made to cr -ish the spacecraft.

The procedures used for the different velocity control maneuver;; will be iis-

cussed separately.

Midcourse Mlaneuv ers

!Midcourse maneuvers were required 1'or two reasons; first to correct trajectory

errors resulting from launch •.ehicLe cut-off errors and second to retarget
the trajectory to the required lunar arrival conditions for the specific
mission objectives. Generally, the launch vehicle , targeting commenced before
the photographic objectives, and hence the lunar arrival conditions, were
defined. Therefore, it was necessary to target the launch vehicle to a pre-
liminary aiming point. In the case of Lunar Orviter IV, the launch vehicle was
targeted for an orbit inclination of 21 degrees, while the final mission design
was for an orbit inclination of 85 degrees.

With the state vector known at some reference time and the desired end conditions

specified (in this case conditions at some time after insertion into lunar
orbit), there was one specific maneuver for a given maneuver time and lunar
arrival time. This is true because in forwarding the state vectors into lunar
orbit, the minimum Z;V orbit insertion maneuver (impulsive) was used. The
decision which had to be made then was when to make tr.e mareu: •er ar.d what
-rrival time to use. Generally, the maneuver was .made as late as possible

while staying within the	 C.,.' budget but not later than 70 hours before lunar
arrival to allow time for a possible second midcourse maneuver. The later the
maneuver was made, the lower the arrival dispersions but also the higher the
maneuver Q V. The /_^V budget was defined as follows:

AV budget = /';V available (nominal) - 	 V required for later
maneuvers (nomdral) -	 V tolerances

The	 /',V tolerances included allowances for engine performance (I ), fuel
loading, and trajectory errors.	

sp

The arrival time was selected to minimize	 V (midcourse plus orbit insertion)

while observing a constraint to provide for viewi n g by two tracking stations
at lunar arrival.

No second midcourse maneuver was necessary on any of the rd ssions as it was
always possible to obtain in orbit within the specified lirLits.

Lunar Omit Insertion

At the time the decision was made that there would not he a second midcours%
maneuver, it had been determined that, a satisfactory orbit could be obtained;
that is, one which was within the limits defined in the mission control criteria.
Normally, the nominal design orbit could not be obtained because the approach
trajectory was not exactly nominal. In the calculation of the orbit insertion
maneuver, the criteria was to obtain the "best" orbit. The control criteria
which were specified the nominal vnluv s and acceptable limits on each of the
orbit parameters, and also the order of priority of each of the p%rameters. The
problem, then was to compute a maneuver which would result in an orbit with the

highest priority parameters at their nominal value: while keeping- ,ill the para-

98



D2-114277-3

meters within their specified limit.:.

The procedure used by Flight Operations at the SFOF is described as follows.

A "desired" orbit was determined b y assuming an impulsive maneuver. This was
done by allowing one of the orbit plrar.eters to chan,-,e to satisfy the impulsive
maneuver's constraint of ellipse-hyperbola intersection. Generally, the para-
meter of lowest priority was allowcl to vary and a solution was obtained with
the other four parameters at their nominal v yl , ie. If' the value of the variable

was outside the allowable limits, ii.iditional solutions we-re searched for with
other parameters as the variable. This procedure was; continued until a satis-
factory solution was obtained. The 	 _', V was also required to be within the

Z\V budget, which was determine) in a manner similar to that for midcourse.

once tre "desired" orbit was defined, a finite burn orbit insertion maneuver
was calculated to obtain an orbit as close to the "desired" orbit as possi-cle.
1n this calculation the four maneuver parameters (ignition time, burn time, and
two attitude rotations) were used as variables to search on "desired" values for
four of the five parameters of the orbit. The fifth parareter never differed
significai.tly frc	 "desired" value, so there was no problem in satisfying
the control criteria.

There were two limitations of the Flight Operations software that became evident
during the Lunar Orbiter program. First, some of the orbit parameters whirr.
were used in the software were not• the same as those specified in the control
criteria document. (The software was designed long before any control criteria
were conceived). The target, conditions used in the program for calculating the
insertion maneuvers were given as perilune latitude and perilune longitude. The
control criteria specified values and tolerances for node longitude and argument
of perilune. The reason that these parameters were specified in the control
criteria is that node longitude was a very critical parameter in that it reflected
directly to illumination of the photo sites. On the other hand, argument of
perilune could have relatively loose tolerances as it had only a small effect or
photographic altitude. As a result, argument of perilune generally had a large
tolerance and was also of the lowest priority in the control criteria. But because
of the characteristics of the Flight Operations program,, this parameter could not
conveniently be treated as the free variable in the calculation of the orbit
insertion, maneuver.

The second limitation was that the Flight Operations software required an impulsive
solution before a finite burn solution could be obtained. This meant that in the
finite burn solution the target conditions were those of the "desired" orbit
which was constrained to intersect the approach hyperbola; therefore, it differed
from the nominal design orbit. Had the finite burn calculation been targeted to
the nominal design orbit, the resulting orbit would have been closer to nominal.

In the calculation of the orbit insertion maneuver for 1,irnar Orbiter II, the
initial Flight Operations solution r(-salted in a perilun- altitude whi::h was about
7C kin off nominal, while argument	 perilune was essent, i ally nominal. Althouvh

this was a satisfactory solution ir , +,hat all the parameters were within their
allowable limits, it. was highly desir , ihle to get perilun- altitude closer to
nominal while allowing argument of p, , r • i Lune to vary from nominal. (Argur:ent cf
perilune was f lower priority in thy• •ontrol criteria). The backup calculation

i	 ,.'
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By performing a finite burn search -end allowing arf7utrent of perilu ► rt , to be the

free variable, a solution was obtalued with perilunt • altitude near nominal
and a.g-ament of perilune within it.: allowable limit::. These resul t o were then
used by Flight Jperatiens in their Cinal calculatioi ► of the maneuver.

Orbit Adiustnent

Orbit adjustment maneuvers were gen
lower perilune altitude to that re,I
ments were also made to correct cer
had been specified and the maneuver
parameters at their nominal value a
budget. (Although this was usually
graphic mission, a J V capability
were no significant problems on any

solutions.

rally included in the mission design to
ired for photoi;rr;phy. At this time adjust-
ain orbit errori. Again control criteria
was calculated to get as many of the orbit
possible while remaining within a	 dIX,V

the last planned maneuver for the photo-
to crash the orbiter was retained.) There
of the missions in obtaining satisfactory

7.3.2 Photographic Maneuvers

Attitude maneuvers were calculated to provide for photographic coverage of the 	 A
designated areas. The problem consisted of two parts: 1) the determination of
time when the spacecraft would be at the correct position relative to the photo
site (this information was derived from the orbit determination results), and
2) the determination of the 2- or 3- axis maneuver which would orient the space-
craft for the required photographic frame coverage. A special flight operations
software computer program was available to generate the attitude commands necess-
ary. A complete riiscussicn of these maneuver calculations is beyond the scope
of thi3 report.

The overall accuracy of the photographic maneuver guidance is indicated in Fig.
7.-3, where the error in the camera axis intercept is shown. in terms of its
down-track and cross-track components for several of the photo sites from four
of the five missions. This error is due to (1) error in knowledge of state
(orbit determination error and attitude error), (2) error in Forwarding the

state (due primarily tc '.he uncertainty in the lunar gravitational rciodel),
(3) error in calculating the maneuver, and (4) maneuver execution error. Cnly
the down-track component is shown for Lunar Orbiters I and TI sinc ,. vertical
photography was designated on these missions. For the otter missions, both the
down-track and cross-track increments are shown as errors because i t . was intended

to aim the camera directly at the photo site on these missions.

The accuracy indicated in Fig. 7-3 should not be confu;:;(:d with th(: accuracy
in knowledge of photo site location (:ielenographic location of a sp , .cific lunar
feature). This subject is covered in Sect-on 7.5.
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FIGURE 7.-3
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7.4	 Guidance Cot:r..-:n'.'► J

When the maneuvers wear c :lculated and approved by the Space Fl i6ht Oper z '.-
tioi.s Director, the guidance cor..:.ands were transmittei to the spacecraft to
perfor:a ;,ht:se r: aneuvers. ^he ccr.-.: ,ends w•_r,. first coded and trans--it;,ed up
to the spacecraft, rte,-transmitted down from the spacecraft, verified, and.
then the comimand-exocute signal was transmitted to the spacecraft.

The aiscipline of the command system Which was developed at the Spaceflight
Operation. Facility was as essentizsl a pf .rt of the Lunar Orbiter on:idrince
and control system as the hardware. It was this ri„id system of pr•.,-mission
planning, control of software, fli;Lht path analysis and corn.-:_1 11 ccMputa-
tional routines, subsystem performance monitoring and analysis, corrmand
generation and tra:;smissicn routines for bot:i real L:.e ani v^o. _d p •oL. a:.: com
mands, and tight overall management by the Space FliCht Op2r., tions Dir,ictor's
staff that ensured minimun error. 7ne system alto-,:: !d fle: i..-.` real tir.-
modification to mission plans and provided extensive revi-e.; and cross
checking.

Planning and davel.opm!nt fir flight operations tool: about 2 years. The
operational software; i.., the computer programs to be used for orbit
determination, command generation, stored program formulation and trans-
mission, star identification, telcr;etry data handling, etc., were c'aeckad
out by formal testing and	 not allowed to be char.oed after certifica-
tion except for very grave ressons.

Specific procedures were worked out for preparation, approval, cor:..nmrnica-
tion, and verification: of both real tir;ie and stored program con_-,.r,d to the
spacecraft via the DSIF station. These procedures were verified during;
op-irAlAons tenni t.raini_lg which occurred over the six mo.,thz prior to the
first fliGht.

Prior to each mission the co -r-and program-rier anal;)'Sts assembled (fron„
several sources):

a) A simplified timeline sequence which included JSIF rise and set, sun
rise and set, photo site times, and stored pro.-ram transmission times.

b) A photography budget plan which included frame number asci,^nments for
photo sites, film processing time uLocation, and photcgrapa readout
time allocations.

c) A core crap plan based on items (a) and (b) which shored what would be
included in each store'" program transmitted to the Plight programmers.

During the mission a planned sequence of events was issued about once a day
by mission control (SFOD's staff). This vas a computer generatel 2 or 3
day schedule of activities whic:; incluA ephem: ris and photoeraphy events
noted above, preliminar:, and final coL-.mand conferences for reviewing pro-
posed stored programs, special events such as RAC canera adjust.-.-, !nts, atti-
tude control updating, Canopus trucker cycling, conarand nctivit; features
such as the titre FPAC must com lete and su`rnit for review their maneuver
data, and the transmission time for each stored program.
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The Flight Puth Analysis and Control (F'P:,C) Stroup rerfori...d on)it determi-
nation calcu-1ations wing seki:l;, dats, computed 2 axis Rtt1.t&i(% maneuver:,
finite: burn duration ) and i "-n{ t . ion tine for velocity 24Zeuver:^ computed
axis at titudc ma-neuv4r Tlc3^,.'litL'	 end cc.:.er f: actu :tion tie. ::, cc,i.;put•ad data
such as con:: and clock angles w.-Uch acre used v-r SPAC for , 2neratin- antenna
pointin;, cor.:..ands. T: 1 •_' Spa z: stet Pcrformince .ialysis L^:id Coro;;and (SPAC)
group provid ,.d atLituda control rcd•2 switching requirem:nits, update m ..neu•:er
requirerr,Ants, antenna pointing an l cox.-,.-: mention  subsystem switching require-
ments, etc. Tents_ were revie zi at Ft preliminary cor-.:r,:aid conf..rence
used by the cone:. nd proZra! .^ 2r analy.-;; to generate a specific core r: s; .

The CorL=nd G• neratio:. Pro,;r.icj (COCL) ',, rn.s use: to convert this core map
into a command assembly and. storz it in th? S:-Ur for autona tic transmission

f the o'to th-e spacCC2 •r:f`..	 TMCc'r;:: ".:.d w.isc::Ji.y, •,^rilic.: '.^.: s ^•	 ^.J Vi::" !^	 C ..-,-

mand word::7, for the core map in spacecraft coca_u'.•-!r lan^^a :,_,a, :was printed
out arid used to check the 	 ;; r Udot t of coy.... nt J	 ui:eui w rc, tre.n .
mitred. 'I'nese co:^:r::ends w:ra also pv ice ed on papc~ taps, and r-! ad it to an
engin•,,^ring test model or the : pac_cr:,ft cor.:pute. where th-=;; w, ,--r-- ind=pran-
dently checked. The enbinceri	 teat mo,'e.'. then ran at i^•'ul tint duplict:ti.r.g
the spacecraft function3 which h!lped to verify 	 apacecr3ft co.mput-cr. .
COGL also prii,ted out a time t : :*—ed s,:que :ce -;hick resul. tad frari sir;ulatin-
the stored program and an'-;, real tie t	 that were inc iudcd. The pro-
grz.n raco6'nized aild indicated in tiie p_; :stout err ors such as invalid com-
mand combinations and errors in cor;,man,ls.

Tae COAL printout was taken to the final command conference where it was
reviewed by SFOD staff, representatives from SPAC, FTAC, rnd NASA mission
ad%ri sors . Once approved, the com •,ands were transmitted. to th y? spacecraft.

The handling ant che2king o° real time co:MZ.-nls wa y. also very formalized.
Requirements for RTC's were usually generated by t: -ubsystens ar:al;!st for
hour ekeepino purposes such as antenna a.djustr,.ents or 'attitude updr.t^^
malleuv vcrs. Frequently they wer .2 used to make last minute 	 stored
progreti,	 riagzlitudes. Each RTC was writte:. ir. s fieacrafL computer
langniage by a command prograr . er analyst. It was checked by the SPAC
director and approved for transmission by the S,'OD. Aftt.r approval it was
read to the DSIF over voice link. After the cor;mn u.0 was set in,Jo the
transmission equipr:-!nt at the DSIF and before it w,,v executed, it was rend
back by voice for verification. After verification it was executed.

The sik~:ificarit thing about this elaborate system was that no real time or
stored progran comri lld was ever sent without e ctensivt- c:.e^kint,,. Before
an error could pass through, it would have to be ind;:pendently approved
several tines. During the five Lunar Orbiter flig}lts leJJ then 10 incorrect
con:r:~,ands w-are transmitted and executed. Examples of the kind of errors
which did occur were:

a) An incorrect m!,Lneuver ma6nitude was transmitted.

b) A mistake was made in one e:;*ar:ded mission program in w;,ich en RTC
rather than an SPC code was placed on a stored pro^,rnm sequence.
This resulted in the spacecraft t~.,-ing to obet approximately 15
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maneuver comrvsnds. This eventually caused lo:::: of power, tiui^li::g,
and temporary dropout of the 	 Fortiviatel;;, "rando::
recovery" o--cur.-,!d.

c)	 A core m-p waS transmi ttel	 failed to interface pre , . _rly with
the current cor: snap. The result w-,, s missioc- :i r.ancuver and improp•_-r
inc.rew• c:itirg of e maneuver 	 ;ioick thi-i,:i:. commiand pn,-
gran- er anal, st ^.z •.s able ^o gene: ata a sequence of R."C' w :iich re-
turled to the proper program sequence.

e:.tend,:.i mission, the spacecraft
attit:udc	 ;; i the spas craft
sun. This caused lo.>> of power

:,very" occurred but with a serioi;s

d)	 After a series of expzrimrents Burin ,
was erroneously left at ,-n "off-sun"
drifti:.g avu , rather thin toward the
and tu.^.:bling. flare aE;Un "random re
loss of nitrogen ga!;.

e) An em .!rgenc„• RTC was ;at into the "com,s:anci drawn_ •" ut the DSIF diiring
a maneuver for execution immediately after the planned manneuver. The
commn.and was executed too early and interrupt, -d the maneuver angle re-
sultin^L in too small a maneu ,r^-r angle.

7.5 Photo Site Accuracy Analy: is

A post flight data analysis has been conducted und--r Contract NAS 1-7954 to
determine the accuracy in the knowl.ed;;e of the location.: of the photographs
taken during; the five mi:.sions. It was doter:nin-.1 than the best accuracy
in knowledge oP site location was one kn:. The principal cause of these
location errors was due to orbit determination errors, ,:nd the secondary
cause was due to attitude control errors.

Orbit determination errors could have bean reduced .rith a better modeling
of the universe. This applies particularly to the lunar gravitational
potential modt.J.. A gravitationril series expcnsicn about the surface rather
than e':.out infini ty might prove helpfiLl.

Attitude control. errors could ?lave been reduced with a ti3hter operatio::::l
control. of attitude. Loi:g periods of operation c an Gyro references rather
thnn on celestial raforenc,^s resu7.ted in significant body axis drift.

A calibration proc^sdure which includ.3 z; direct measurement of the geometry
of the camer:.'s field of view bile inn.tal.led in the spacecraft would hsve
simplified the post fli&ht data analysis. Al.thou,n the camern o ptical aYJ.s
was weasured as inst n0 led on the spacecraft by a mirror attached to the
center of the camera lens, this did not define the &ctual ali,-;nment or loca-
tion of the photo frame mask. For e:uim le, the corder locations of the
photo frames could be obtained oil:,- by analysis of th-^ dratrin jLs and as,emably
dimensional tolerances.

7.b Conclusions and Recommendations

The conclusions from this study of the Lunar Orbiter guidance concept &re:
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8.0	 COrTOITE:rrS

A cor., onent lev;:l	 of the ,,uiclznce ;end control sys te.n was m3dz . In-
clud --3 were the r; ,n or ha. dare items as follows

1. Inertial reference unit

2. Sun sensors

3. Canopus star tracker

4. Flight electronics control ,;ssembly-proeyarrr.er , s •-itching, asscmbl;;,
and closed loop electronics

5. T'urust vector control actuatlor

a part of one or more  of the
nasizes the component aspects
divide the discussion of the
sections; one covering; the
assembly; and the other

Since each of these components functioned as
subsyst•im ,, the discussion which follows emp:
riot covered previously. It is convenient to
flight electronics control asscmbly into two
programer functions includinC the a..itching
covering t1je closed loop el,,-ctronics .

8.2.	 INEARTIAL R FERg2;C_E JNIT

The inertial reference unit (IRU) .`,is an integral past of the attitude con-
trol, thrust vector control, uid. the velocity control subsystems described
in Sections 3.0, 5.0, and 6.0 respcctivel.,j . It was mounted on the space-
craft equipment mounting deck and aligned to the spacecraft control axr!s.

8.1.1 IRU DZSCHIPTION

The Inertial Reference Unit (IRU) for the Lunar O:t,iter spacecraft was a
package containing three strapped-down tyros for attitude nensurement, an
accelerometer for thrust cutc:f, and their associated electronics (see
FiL-,ure 8-1). The gyros were single-degree-of-freedom.., floated, rate-inte-
grating units which provided angular rate or position error signals in
three pr ir:.• ar;,• ortho„onal body axis. Tne accNlcr oret-_-r .ras a pulsed inte-
grating pendulous unit which provided integrated acceleration info rakation
for the spacecraft along the roll aids. The IRU provided rave informALio%
for celestial reference acquisition, msneuver measurer=t, and celestial
reference limit cycle. 7ne L iU provided position error inforwz .ion during;
operation at maneuvered anC es; e.g., a photo sequen , 'e, velocity maneuver,
thermal relief or durin,; celestial reference occulta' ion:. During vclocit"
mxieuvzrs the IRU :.lso provided a si;nal propor'.ional to ;,he O.i-ieer acceler-s-
tion of the :.psc•-^craft to provide an accurate measure e: velocit, ! chr_ :ge
during, engine thrustinZ. ALran;; the desi n crit ,.. is for the unit, reliability
received top consideration.

Parts and con onerts were selected that hal be%:a proven in earlier space or
mi :sile application:;. Th•^ SYG-1000 gyro, used on an Air Force satellite
built by Genernl Rlectric, and t::o ,^ Se into~rati,:- pen:iult::­ .,cc ­ lerorAter
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Figure 8-1:	 INERTIAL REFERENCE UNIT

108



D2-114?77-3

Ur,PIP) are e x-.r.p1Fs. Th.:! 16 PIP was rated for n L-in•:d s aceflijLht by :NASA
for th•,! A;,ollo pro,.-Inm. The minority of Farts for •.,i'iich n(, e: perience
existed w-.re inlividivUly quaff fief sp-zeifically for t:ic IR' T . Material-
an.l processt:s, too, were indi •ridually scr,!an^:d for r lia`: ility in th-a de-
al 71. The! ne::t criterion wfss low weiSht and po-. 3er. This led to the ber;l-
lium frappe, ext,-emely compact electronics packaq;inc; ) and t:he design of a
numoer of low-power circuits.

8.1.2 DESIGN REQUIMM TS

The attitude, r caction, thrust vector, and velocity control. subsystems scat
the require,--?tits for the Punetional operating rrodes o. the I:VJ. These are
Rummariz._d as follow:,:

1) Rate :•Bode - p:•̂ _,vide an electrical sig:ial proportic :anl ti, the spacecraft
angular rate about the three orthogonal spacecraft axes.

2) Rate Integrate lade - provide an electrical siL71al proportional to the
spacecraft angular displacement about the three orthogonal spacecraft
axes.

3) Velocity trade - provide an electrical sisal proportional to the linear
acceleration of the spacecraft along the spacecraft roll axis.

The specific IRU performance requirements for these moles of operation are
listed in Fib.

8.1.3 DEVEIUP?w.N: & OPERATION

Floated rate integratinZ iZroscope and integrating accelerometers capable
of meeting the performance requirements for Lunar Orbiter were within the
state-of-the-art at the tim.! of the proposal. F'.owover, there was no "on-
the-shelf" package which contained the three gyros, acceleromma ter- and
electronics within the desired wei=;ht and power limitations. Tnitizll.y the
weig;it objective eras 9.1 lbs; the power was 22 watts. Both were approxi-
mately half of ghat was available from exdsting equipment. (The actual
weit:F, t turned out to be 13.4 lbs and the upper limit on power wns 30 watts
with heaters on.)

It was necessary to request proposals from inertial instrument vendors for
an IRU tailored to these rer^_ irerents. There were Five vendor replies to
the Inertial Reference unit request for proposal. Those respon ,ling were

Keerfott, t..i :nenpolis-hone;; .cell, Nortronics, Reeves, and Sperry. Each in-
put was evaluated on the basis of performance characteristics, predicted
rzlia.:,ility, electrical power, mechanical characteristics, quality assurance,
and cos;,. T'ze Sperry Gyroscope Compnny of ureat Neck, 21ew York, was selected
to build the IRU even though there was no Rcein .; anperierce -with the SYG-1000
gyro. Their proposal satisfied th-:! desi;;n objectives requested and their
cost was lower. Conservative, proven desi;, techniques were proposed to be
use •l. The difficulti-.!s ln-ter encountered with manufacturing yield in the
instruments were not anticipated. 3oeinC,'s research, development., labora-
tory, and test work on attitude control systems prior to the timo, of the

F,
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Lr • :7-r Orl)it,:r proposal provided strong e:n^;in•_erirg prefer-3nce for t!,.-
Keorfott Al:'..-, gyro. The Jt'L X.3riaar experience .ritn tae K'!arfott j..fros
had been satisfcactor;; . T:. -. confidence gained : rowi these e. perlences was
put. to good use late. in ttil., progr-^:.',.

4.1.3.1 Major D_si&i Events

^► preliminnr; d .asi — i review .^4s hele. in	 19"S4. Significant
°indings of the PDR c.-^etinga inclu-led the following itaras committed for
further action: (1) IRU parts list and qu.,ii_ica-'Uon stwus, (2) therr:.al
tolerance s t udy ., 3) IRU crounting iat.rf-ice t:i:r;zal an3 ali:ig:.._nt considera-
tions, (4) reliabili ty  %nslysis at the nodule lev.!l, (5) interpreta t ion of
solderin,3 require:ncn s, (o) pri~ iry poser Source i:n. - dance, (7) accelero-
meter and gyro trc c^_..'. ilit;,^ requirements, and (3) rr3iew of test plans.

A critical desif;n r•.view was nzld in D.c_crber of 196 1 ► . baring these
meotings it was brought out that design c:, ng:!s had been code to the SYC
1000 &:o and to the 16 PIP accelerometer. The chang ._s were as follow;,:

SYG 1000 Gvro

Intel-a ril Changes

o Fluid changed due to change in operating temperature

o Fluid change resul;,ed in a change in the internal balance
weights which increased the g sensitive ad,jus :::ent res;,lution
to + lo/liour.

o Change in limit strops added a pin

External Changes

o Larger flange diameter

o Changed heater winding.

o Changed nameplate

16 PIP Accelerometer

o Enlarged volume compensator

o Secondary seal	 A11 internal changes

o One temperature: probe rera: •: a7_

As n result of these changes, Sperry was directe,,, to supply a list of o11
dra:rings, engineerinC, bulletins, and test specifications, designating latest
revision letters and differences between the past and the Lunar Orbiter ver-
sion of g;.-ro and accelerometer. Also, because of the gyro fluid change, a
description of the controls for the acceptable contamination level of the
gyro fluid was required.
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Tne c t her r.1,ajor iterc: evolvinS f_om the critical llesizn R,nicv rvquired
S perr to Su -it a deviation rc:.u_s', fc. 	 of the t..o, aecel-
erom?ter and IRU electrc^nic. to t:-.e 20G-Y sp::cificatinn on zolderinG tec'..-
niqu^i.;.

Assenbl;; and test of tha first I:e2rtial Ref •: r,:nce Unit built to the f 676 111
.ard-,•'are dra ••rinos began at S; e:•r;; earl; in 1965- ."1e first serious out-o: -
specifica'4ion coalition occur red o:i the engineering, r^rotc'.:y^.e unit while it
wai undergoin MGi ht A:ceptance Tea; (FAT) at Sperry. The unit s11%owed
lar--e chances in its "Rate Integrat_ 1--le" scale factor. A s ,.ries of inves-
tigative tests were ^:rfor-.ed on the breall,)oard IRU at Boei'az ill order to
d:term"'ne an explani3ticn for the changes. The breadboard aro "AD-1." scale
factor was found to be sensitive to thermal environment even thou&h the
gyro temperature control circuit •..ds fu ctioninG as designed. This sensi-
tivit;; was attributed to citanGes in the internal gyro temperature distribu-
tion, in response to en•.-ironmental changes, which caused gimbal Gain changes.
It wL s predict«.d that & significant chant-e in RI1"•: scale factor would occur
durinS the thermal-vaeutur. portions of IR'J FAT.

By Au;,'ust 1965, a plittern had been established which indicated that a si„ni-
fican ; problem existed in the performance of the gyros ..lsed in the Inertial
Reference Unit. At that time, the IRU's had failed to r:eet- performance re-
quirements in g-insensitive drift rate, g-sensitive drift rate, noise, rate
moda scale factor, and rate integrate mode scale factor. The gyros had
exhibited bad pivots, excessive noise, hi&h mass unbalance, high g-insensi-
tive drift rates, heater loop oscillations, ani excessive contamination of
damping fluid. Null shifts and gain changes were also occurring within the
16 PIP accelerometer and its associated electronics.

A series of Boeing-Sperry meetings were held to resolve the performmce
problems. Vnile action was being taken to solve the problems of the "main-
strean" IRU program, Boeing also began to consider a "backup" IRU program
in which Sperry SYG 1000 gyros would be replaced by Kearfott Alpha 2564
g yros. Technical ,justification for considering this action was as follows:

I.	 The Sperry SYG-1_000 and Kearfott Alpha 2564 gyro both derived their
salient design characteristics from a G.E. specification relating to
an Air Forte	 -pacecraft program, for which Sperry had delivered
155 units, and Kearfott, at the time of backup. IRU gyro selection,
had delivered 105 units. The Kea_ fott gyro therefore was similar to
thy • SYG 1000, and could be incorporated 'n the L.O. IRU with only a
change in thermal insulatin-, crasher and a charge in envelope emissivity.

2. The Kearfott Alpha 2 5334 had fan outstanding record of 95 percent yield
on the above-m!ntioned G. E . program".

3. The Kearfott Alpha 2 - 64 ayro had 2.2 times the an L-ular zornentun com-
pared to competitive instruments in its weight, pow-2r and size class,
aid was therefore fundPrr^nt311y less sensitive to production imperfec-
tions Affecting major performance parameters (drift, stability).
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4.	 Use of the Alpha 2564 gyro would result in a total power shOu g pre-
dicted to be 4 112 watts in the backup IRU, due to a 	 s pir,
motor power consumption and higher floatation temperature.

Ln December 1965, Boeing recommend- d a ba::kup IR'J with substitut- gyroscopes
for the first flight spacecraft. The budgetary commitment was limited
pending vErification of compatibility of substitute gyros and/or eontinued
loss of confidence in the SYG 1000 gyros. in 1% rch 1966, NA:IA directed
Boeing to go ahead with the backup program. This program was implemented
by diverting three (31 Inertial Reference Units from the mainstreari-, SYG
1000 gyro program to the backup program. These units were to be rx.idified
by Sperry to incorporate the Kearfott gyro and replace the 16 PI1' accelero-
meter with the accelerometer designed by Sperry for the Polaris program.

During this same period of time (January 1966 - June 1966) solutions were
being found to many of the mainstream IRTJ problems. Test procedures were
being revised and test procedure tolerances widened as a result of specifi-
cation requirements being relaxed.

A summary of problems and solutions associated with the SYG 1000 gyro is
given in Figure 8-3, the 16 PIP accelerometer is Fi&nire 8-4, and the IRU
Electronics in Figure 8-5.

As the backup IRU program reached productio^^, unii 6 were found to suffer
from t}ie same heater loop oscillation at cri`.ical operation conditions as
the mainstream IRU's. However, the backup IF.U's showed a larger, and unac-
ceptable, coupling, to the gyro rate mode output signal ( pick-off excitation
was at 4.8 KH--). To eliminate these oscillations, the heater modulation
frequency was ch gnged from 2.4 KHz to 9.6 KHz.

Failure of a"Polaris" accelerometer in a backup IRU and one in component
test resulted in a recommendation from Sperry that this acc,lIerometer model
not be cooled. below 750F when inoperative. This limitation disqurAlified
the "Polaris" type PIP from the Lunar Orbiter program due to a conflicting
temperature constraint of the camera system which governed spacecraft tem-
perature during handling o perations prior to launch. T lae backup IRU pro-
gram therefore reverted to using a 16 PIP accelerometer.

8.1.3.2 Testink;

An extensive test program was initiated that encomr-assed all levels of test.
The foi-. :,l portion of the test program included: (1) Flight Acceptance
Tests, (2) a Qualification Test, (3) a Reliability Derrr.)nstration Test, and
(4) an Incoming Acceptance Test. In addition to this formal test prograr,,
there were gyro life tests, breadboard tests, air bearing simulator tests,
and special post- ,mission tests. These tests and some of the significant
results are presented in the following paragraphs.

A single axis breadboard 1RU was made available to Boeing for test in late
August 1964. It was evaluated in component and subsystem level engineering
tests. Because of the question of life, a gyro life test program and a
fl.oFt life demonstration test was started by Sperry prior to the CDR in
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December 1964. The float life demonstration tests continued throughout
the Lunar Orbiter pr ogram. Darin, this same time period, Sperry built a
three axis IRU breadboard for use as an engineering evaluation tool and
for 3 axis development tests. Sperry conducted tests on the 3 axis IRtT
breadboard during the 1> ,zriod 31 October throw,.'-. 19 Novemb-:n, 1964. Test
results and procedures were presented at the CDR in an effort to denon-
stratF s that the IRU design would meet the specification requirements for
rate mDde and rate Integrate mode. A 200 hour Boeing test _program on the
Single channel IRS.; breadboard indicated that the Unit would not meet all
of the perfornance requirements. Later tests of the 3 axis breadboarr' at
Boeing showed that the unit performed within specifications and large
improvements in the electronics over the single skis breadboard were ..oted.
IRU out put noise and g ,,^ro heater oscillations appeared to remain as prot.lem
areas.

The j axis breadboard IRU was next used on a 3 axis nir bearing platform
sirmLlation in conjunction .rich developmrcnt testing of the Lunar Orbiter
attitude control subs ystAn. T :e air bearing platfcrm sir:,ulator (shout: in
Figure 8-6) contained all of the ACS hardware, including sen level thrusters,
was mounted on & "friction.-free" platform which simulated the vehicle
inertiR; in pitch, yaw, and ro11. '"here tests are discussed in more detail.
in Section 3.0.

The average time required by Sperry to perform e flight acceptance test on
an IRU was originally 47 1 + hours. After Boeing and Sperry teams revised
these pruc.edures, this figure was reduced 30 percent to an average ti.-e of
329 h-urG tx r unit. Many of the tests, such as the RIM Bias Drift Test,
simulated the actual. use of the IRU, while others, such as the tumble tests
and inw speed rundown time tests, were not strictl;. performance tests bu'

provided confidence in thr life and quality of the IRU.

A swiarary of problems occurring during eonnonAnt. vibration =%lification
testing and actions taken to obtain an acceptable design are discussed in
the following. When the inertial reference unit was subjected to the quali-
fication vibration levels initially called out in the Environmental Criteria
Document for all spacecraft equipment, high internal resonances were ob-
served. Parts most a ffected were gyros, accelerometer, and electronic cards.
Electronic parts also broke. Redesign included stiffening the circuit; cards,
cementing parts in place, and providing flexible leads where necessary. The
beryllium frame could not be materially altered in the required time schedul?
to improve the accelerometer and gyro environment. .,etesting rept.atedly in-
dicated that the IRU design would have great difficulty in passing the re-
quired 15 g sine vibration levels. ''ecause of the evidence that these arbi-
trary vibration levels would not exist in the spacecraft environment, special
tests were conducted of a dynamic model of a spacecraft with an instrumented
IRLT mounted on the equipment mounting deck. Tht , vibration envelope input to
the spacecraft was tailored to what the modified IRU could safely pass.

These tests demonstrated that the actual magnification factors on vibration
environment for the IRU as mounted on the .spacecraft equipment mounting
deck were less than originally estimated and specified. Therefore, the
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Figure 8-6:	 ATTITUDL CONTROL SUBSYSTEM
Airbearing Simulator
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fin51 vibra"Aon 1,irt- is us ,.:i fo_• si.:.: u'a •ro- :.ad ra:idw: vib: _,tioa t ! st., . wer;
reduced a::;	 rid,ur - ., 3-'( a : i	 -3 r 's,..c ;: iv -1.,, . 	 In	 '.i^r: i	 s::oul.d

e	 '^	 flig^r . •.i p:t-^ r•^co'-.1.: --v:!:-,lo•azr 1. iv^1s of ^cr• ^I .r.tio::.,^a n^ c 3 L..£t

Qualification Tests	 co:idt:ct•-A Lo deter:.:ine t2ri .v	 dz•:i_;r, inl-
tio^.	 on IRU's •.per•. ^.d=:h:ave to all.nw for	 v;;riation in
in iividuil r.rLi t3 -_i lk enviror:^•,:n .c.,	 that th..s .e variation -D dil aot con-

promis:: the required p3i • formr nce. ;1ar', it o'^,jeeti:^•e:a per! to luc-t-2 poscib..
fFSilurc rrr^d . ^^,, an-1 d:-"-,ermine the !ff-ac..s of .: ,: i%!d stress -v,-13 and cor.:':i-
n.ations of	 on	 p.:rforna ,c.:.

Relia'Alit;; D. a,:on.;traAo:i T.•;ts wer= cD ►:duc t_d in orier to u,;,-Njnstrute two-
mis.-Ar,n	 b,• s;i joctir,g the system to the 	 th-:real
enviro:.:._::,^1 conlitions and cxcitatio:i vol-.:age flu:taAons .:xpcc;;ed duririg
a launch nad ruission ii, twD cyc] .s pith P-_rforiaan,c e tests	 cycles.
Tne period of !ach of t1nN two mission siar.il::tions was in excess of "0 days,
th.^ e rptcted Lima for the prirnar,; missio::.

	

c c	 * cr,	 r.• 	 ce tance Te t (IAIr on U11. maxnsti-t 	 "fl' h`Boeing onliicted I. mi^r Ac p	 s s	 .	 .^
qur_lity" IRU's prior t_, inst.a3l:tion on n	 Fli&'I. Acc_ptanc
Tests ) Ĉ u-:lification Teat., and Relin'Ality Demonstration Tests were con-
c3uct.ed oy Boei-q; on all "Lac::up" IdU's accorlins to the same r?quirenren`..s
and procedures used by Sperry rry for the mainstream IRU' except that the RD'P
time periods were reduced to r: su_l.t in two 15 day simult:ted missions.

Figure 3-9 shows the failure  rate (failura density, 0) in failures rer
hoU-0 as a fivictio n of test hours to failure oa t :e IRtJ. The failures con-
sidered includ, those attributed-: to design defici^.nci•.a,part f:Alur,.s
and manuf&cturing errors anti deficie:.ci^!s. x_imination of the curve suLJ;;ests
that appro:dmn:t,ely bU^r hours of test time (or burn-in) was requires to ensur,:
that the infant mortality rat,_ portion of the curve had teen passed.

8.1.3.3 Rission P•erfornrince

The primary p:icto mission of the Lunar Or')iter spacecraft required a 30 day.'
life which wns : afit2nted in the- IRLT .p'ecific ntions . In a.lditiov en ex^-en,l ed
mission life was realized .7 1-Acr	 exce-!dad the minirum require-
ment. Si)ac ,=, flight operatiaF, time re.nred from a mini;:tur, of 191+ : _ airs or.
L.O. I to • ni.:xiruini: of 3120 :ours on L.C. II. A o ur:..m. •ary of IRU c, -aration,il
li°r, giver in Figure 3-10 si-.3 s th•! indi-iiiu-s1 IRU oper atin,; hour, tote:
gyro spbce hours and t •!pe of g; • ro (Sperry or Kearfot -^) in each IRL? . Be-
cause of the m,,_, nufacturin^, an,l s- :edule problems with the Sperry; SYG 10CA"

gyro, the Kear.ott Alpha was us•eA as a 'oE;ckup and flown on two of the f i . •_
missions. There were no catnstroph is mission failures anI only, , one indica-
tion of :rformanc°e de;,rada'.ion w!lic . -was vith a Sp-erry Eyro. :luring the
mission of L.O. II the roll ref,^re nce attitude :: as lost by s slow drift
while in the rate integrate mode. It was a-alieved that this fEAlur as
due to an intermittent gim'L)al han&; ,. T is gyro had ::een recommended for
replacem-2nt following erratic behsvior in Bo i:. t; tum)le tests, but, because
of schedule pro')lems, it w s flown. M.-I ssion success "proved" this to have
been a good gamble.

i
There were two other flight anomalies which recurred on IRU's during flight
but had no discerni':l? ffect on ^.ertormance.
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(Crashed 10-2)-253)

o Ground T-2 s t
o S pace Flight
o Totl-1

LG II (S:d 109 K-Ain3tream)
(Crashed 10-U-67)

o Ground Test
o Space Flight
o Total

IA III (S' 113 Backup)
(Crashed 10-9-61)

• Ground Test
• Space Flight
• Total

LO I7 (SN 111 Backup)
(Lust Co=unicatior, 7-17-67)

• Ground Test
• Space Flight
• Total

LO V (0-:1	 11.0
(C:Ashed 1-j1-63)

o Ground Test
o Space Flight
o Tota'

Total Space :-lours

IRU - 22,027
GYRO - 6'  Otil

Fai.Luras

Catastr ophlc - 1)
Degradation - 1

(Gir.bal hysteresis durinC spacecraft
limit c-,rcles with rates in the range
of .001 deg/sec.)
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FIGURr. 8 -10

I RU OPz;:t„TiON ;L LI F::

OP::RATI.:G	 SXP
^iOLUS	 r=1113	 GYRO M00 L

LO I	 (SN 1r.-5 V.-instrasm	 Sperry SYG 1000

p

I

I

	

801 1	 349
1914

	

2773	 349

	

157 1+	 183
81?0

	

9694	 183

	

392 	114

5913

	

6305	 114

	

1037	 212

1703

	

2710	 212

	

1700	 375
4377

	

6077	 375

AveraSe Power used
vacuum test

22 watts S 350 
27 watts W 350F

1 watts '̂ 350F
2 watts 35oF

Sperr-.; SYG 1000

Kearfott Alpha II

Kearfott Alpha II

Scurry SYG 1000

iu_r-	 thermal

Sperry SYG 1000
G —os

Kearfott 2564
GNros
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C'e ,	 . ,	 . .Teleme try dates fror. L.O. II, I'+, cr.3 V indicated int^z~nitt_:, . heater loon
oscillatioas similtir to these oaser*-1e1 durinj; ground tests. Usually thes
were associ fated Witt ► traasien;: heHLin,- coaliticnf;, such as following an
ecli;)se. Th v! other ^no.::1;, ob:,erved on L.U. IV w^.s a yaw C. ro wt:eel cur-
rent oscillation an-1 an indicated t:^:::_ eruture oscillation. There was nc
evidence that this affectcd t':•^ px.rformance.

Lun.,jr Orbiter C yro drift rate history is shuwn in Figure 3-11. The g;-ro
drift rat:: dates tRbulated are the Rate Irite t;ratint; Mode (KID:) cr attitude
made g-insen3itive drift rate men ,ur.::,:.nts on the ;,round ( list tens:; vf:lue )
and in space (s pace. flight avaraZe v ;,:) . T:ze elr psed tirr : between thegat
last banc% value' col-.= and the scree Plig:it avcra"e value eolurr: is abOUL
two to four wrath::, 8nl the actual op_: ati:i- tire ;.brut 100 to -00 hours.
Tne d.gr,i of co: rel e.tion bet-een the ground and space data is excellent.
Zie one exception was the yaw a-ro for L.O. I. The fixed for'- se dr if', con-
tinued to increase gradually with time from :,l:e valu,a of .340^hour shoum tc
1.20 /hour by the end of Mission I. Fourteen out of fifteen gyros sho-.:e^i a
drift rats stability ra-ngin L. from 0.01 to o.160/hour.

T'ne total solar eclipse of Octo'.;er 1507 wa- predicted to h<a y..! a severe ef-
fect on zpac•-^cr of t subs;-sterns which •Jere s,:nsitive to low voltage of the
electrical power s.-stem or low temp;:r ature. Tian gyre's of the IRU were of
special conc_rn. Special laboratory tests were made on a LLLiar Orbiter
inertiLl rcierence unit is Octo: er 1;07. The tarts rave ral-ed that war.m. ,zU

times after heater turn on and sc;itc:ii::,; transients are problem areas when
re-activating IRU's that hnvF, been turn%_d off. The test:- were conducted
to simulate environmental conditions predicted for Lunar Orbiter Spacecraft
num^.,ers II, III, and V which •per all in orbit prior to the solar eclipse.

The effects of turning, the IRU off	 th-_ eclipse and then turning, it
on again after- the ecl ' pee were determined. Tht:: test results were long
gyre motor spin up time to synch, a shift in drift rate, and switchin6 tran-
sients. These transients can cause iuidesired spacecraft 	 changes
by co=anding the raaction jets on. A decision was made not to turn. In•.r-
tial Reference Units OP7 or On duriai; critical periods of operation. Also
to avoid the possibility of losing control of spacecraft II or TII it as
decided to crash these spacecraft3 before th•: eclipse. Hcwever, ttie IRU
on Spacec:aft III was turned off after the last propulsive maneuver (;zsiL;ned
to crash the Spacecraft on the moon) and than turnred on again.. T::e "off"
transient caused a spacecraft angular rate of approximately 110 de^reasj..._^,
which corresponds quite well with ex pectel s -^acecraft response to the IRU
transient data obtained durin4 the October ground tests. Un£ortunat ,^ly, the
telemetry link was occulted after turn oil and bef ure the "or." trnnsient data
could be obtainel. The results of these laboratory an-1 space flight tests
indicate that the switching transients of IiZ:)'s (gyros) are quite coc.7j)12x
and difficult to IxedicL without, e peri;ne_rtal dat.:. Spacecraft V survivad
the OctobQr ecli. se without as much difficult„- as expected and continu •:d to
function satisfactorily ever thcu^;h the equipment mounting deck temperatur•2
fell to 10 degrees F.

1
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FIGURE 8-11

GYii DiI. i RIS1'Gi:Y

G I&►° ".iSI: Zti": DitI:T, RA: , T; :::,itATE eK)D.:

LASS SPACE 2.AiC DEVIATIO::
B 7M C 1 VAL- C LIaH	 A --'-** : IMM, A ir ".^	 JCi

DEG; "R D:;G HP. D^;G u.R

ROLL	 IA I Iriu 10.5, -0.39 -0.50 o.36

LO II IRU 109 -0.03 +0.19 0.12

W III IRU 113 +0.075 +0.1i 0.03

Lo IV IRU 111 +.0143 +.06) 0.03

Lo » IRU 11 0.75

PITC::	 LO I Iiru 106 -0.16 -0.20 0.20

LO II IRU 3.09 -0.09 -0.13 0.48

LO III IRU 113 -G.l;;i4 -0.16 0.09

LO IV IR?J 111 +.14j +G.15 0.07

LO v I1t1J 110 --093 -.078 o.,4

:A41	 LO I IRU 106 -o.34 -1.20 0.50

Lo II IRU 109 -o.47 -0.32 o.36

L0 III IRU 113 +0.0';5 0 0.09

LO IV IRU ill- -0.01° -0.03 0.03

LO v IRU 110 -0.038 -0.0';1 0.05

*Nleasured at null, R.I.M. drift test

**Average value observed in + 	 de roes de,-,d-one
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8.1. ► ► CONCLUSIONS AND RECOt•1•;?.';DATIO:'S

I	 Tae major conclusions dra-..m fror.^ .his stuff; , of `..he D_nar Orbiter IR TJ are:

1)	 The IMI rcrformed adequately for this &-olica tion. Th_re were 22,0:'7
houro of space o peration without a failure. Th-a desi6n would be
applic'-Ible to other spacecraft now in de:,i-i.

2)	 No lire or wear ouL, limitations were evid•_:nce for missions up to one
year in le-Zth once the IRU's w_re co= ,,itted to launc::. Minor dei;ra-
dation in performa::c:^ occurred on on-.2 roll gyro which ex'.:ibited gimbal
stickins.

3)	 Ball besrinG gy_tiis of the quality class rerresented by the Sperry SYs
lOCO cr the Kearfott Al pha have demonstrated an bTSF of 14,650 hours
with a confidence factor of 95`of -

4)	 The non-g sAnsitive drift rata stability of 0.27 0/hour (3 Q) oa the
grou.:-i for 16 months was achieved without cali`iration. A 30 day sta-
bility of 0.10/ hour (3 Q) was achieved. .::e laboratory measurem'^nt
of 6 insensitive drift wns duplicated quit~,- closely in fliCht.

5)	 Consistent INU perfo! •r^a::c? (for both gyros a :d accelezrotreters) was
achieved as a result of mt tici:lous attention to a multitude of detail:
wi:ieh included:

a) Cleanliness- controls

b) Parts and proce , s•, control

c) Skilled workmanship

1)	 Careful and exact testing

e) Test equipment control

f) Expericnced personnel

6)	 A comprehensive and thorough IRU test plan is rkindatory for a success-
*ul program. 7.-,is is the maans by w:rich a design  reaches operational
maturity. Performance tests which simulate the acta gl_ use of the IRU
provide the only rational basis for comparison of per£oro^ince on the
ground and in space; e.g., measurement of drift rate in open loop mods_
on the g-roixnd. Other typas of tests, which may not be strictly per-
formance tests, are needed to provide confidence in tr.4 quality of the
IRU; e.e;., ttL^141e tests at the systems level.

7) A burn -in or minimum operating life of about 600 hours prior to launch
was re•Iaired to elirinate infant mortality failures in the IRU. An
elapsed time meter should sccom, any each unit so as to have a direct
measure of the operating hours.

F
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The recommendations fo.- " ghat one should do differentl,; is one had it to do
over" are:

1) An earlier ex,,minatiou of the real mission re:1uire. ,.•ants for accuracy
and environment could have saved both tiMe and rrxc)n-:!,.-. Requirem•_nts
were relaxed onl y after it became evident that the IRU desitn was
incapable of passing. 	

i

2) Gyro and accelerometer instrur.,ents for an IRU should be selected from
an in-being productioa line producinz; units of the T-,ality class re-
quire3. Machof the problem s.,soci .t?d withthe :'YG 1000 gyros end
the 16 PIP acctelerom,^Ilers could be attributed to restarting at near
zero on the manufacturing ani test experience .u*_-ve after a shutdowm
of production.

3) Any change from a previously approved article in an IRU instrur.;ent or
a manufacturing process should be treated with extrerre caution. Even
damping fluid change can cause major yield proble^;.s.

4) Fixed drifts could be corrected in flight by providing a rate integrate
mode trim capability.

126
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8.2	 S_md S:;:;SORS

The s ,.^n sen.,ors were one portion of the sttitud: control _ul,system described
in scctio : 3.0. The function of the sun senors was to provide a reference
attitude for the pitch and yaw axes.

8.2.1 STm Si:i1SOR DES"3RIPTION

The sun sensor:; used on Lunar Orbiter were procur` ri from the Ball Brothers
Research Com any and were derivatives of those previcusly used on thw Orbi-
ting Solar Observatory satellite (OSO). There were a total of five assem-
blies, on each as illustrated in Figure 8-12, amain sun sensor
located on t_;e equip-,-^nt r;ountin6 deck., and four re::,te s_--%sors locates', at
the Pour corners of t:,e heat shield. `tae gain sun sc::sor, shown in Fi-Ure
8-23, consisted of two ;,coups of eyes, one for control of the pitch rAA6 pnd
the second for yaw axis control. Each -roue in turn was composed of a set
of fine and coarse eyes, the field of view of t- he coarse bein;  about 5 tic. es
as wide as the fine. The remotes  ware each a single eye, -with two sssoci sted
with each axis to provide a 4 1 steradian field of view. The sensing ele-
ment was a silicon solar cell which may be compared to a current generator.
T'r:e output curreni is proportional. to the area of illwAnation and the angle
of incidence of the sunlight. A properly chosen trim resistor produced
a voltage across the resistor proportional to the exposure area and angle: of
incidence. The fine sensor utilized a changing illumination area to provid-
the linear high gain signal. The coarse eyes operatedstrictly as a cosine
function of the angle of incidence and, therefore, had a lower gain.

The weight and dimensions of the components are tabulated below:

Main sun sensor assembly 	 Wt = .6 lb dimensions 1" x 4.4" Din

Remote sun sensor	 each < . 03 lb App.-ox l pit 	 1/2" Dis
(C3 coarse eye)

T:ha sun sensors were prociir ed -Ath lon;; pig-tail leads at ;,ached, which per-
mitted direct connection to inter facinL; units when i :stalled on the sp°ce-
craft. This eliminssted the need for connecters for each sensor.

8.2.2 DESIG'+ REQUIRE"`77'JTS

Requirements on the individual ser.sor were derived from the arr angem,2nt on
the spacecraft and from the specific pzrform.ance for pcintin;; accuracy.
The 4 7T; steradian field of view wa3 required to ensure sun acquisitior.
from, any initial attitude after separation of the spacecraft from t-he Agenn.
The fine .sun sensor was re-aired to be untaffected by secondar;- lig=ht sources
(suc'h as the brie-- I t limb of the moon) outsid ,2 200 of the null.. Thera was
considerable overlay, provided by the array of sensors: e.g., coarse sensors
of Fitch axis and yeas axis are both illuminated for large a:nE;les off sun.
Even with solar panels or high gain antenna dish arranged to shadow one set
of eyes, the other set provided sufficient error si;;hnl to cause sun acqui-
sition. The detail requirements are listed as fillnws:

f	 I
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Figure 8-13:	 MAIN SUN SENSOR
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MAIN SUIN S:".^^R

Fi •:ld of View:

Fine eyes + 150 Linear for + 5°

Coarse eyes + 800 Linear for + 150

Null Error: Fine sensor + G.017o pitch or yaw

Sierial Output:

Fine eyes: within + 0.250 of null = 12 mVdej;ree
+ 0.6 mv/degree

within .25 0 to 2.50 = 12 mv/degree + .9 my

Coarse eye:: between + 12- 0 2 2 nv/degree + 4 my

between + 100 + 600 > 20 my

Rr''VOT T̂  Sr NSORS

Field of View: 2 Coarse eyes on spacecraft per a y-is + 900

A reference mirror was provided on the main sun se nsor to provide aligin.ent
to the spacecraft. A:Li =e:rt error of reference mirror to counting surface
was 16 are seconds.

8.2.3 DSVSLOYM21T & OHHATIOIN

Two candidate approaches to the basic sun sensitive cell were available at
the time of the Lunar Orbit•^r desi&n. The Mariner A an;;er spacecraft had
flown with cadmium,, sulphide photo resistive elements for suLl sensors. In
this method a sun shield casts a shadow, covering a portion of each cell.
As the incident ill.undnation changes angle, the area of each cell illuminated
changes along with resistance. The cells were connected in a brid6e circuit
such that a voltage proportional to the attitude error was obtained.

The oth"r method available was the silicon solar cell as used on OSO. The
decision to use the silicon cell approach was based on the following:

1. Laboratory experience and farail.iarity - a silicon cell sensor had been
used successfully on a Boeing air bearing attitude control simulator
for over two years.

2. Si -̀pal level and pow-2r requirements - the silicon cell sensor had an
output of about 10 millivolts per deigree and therefore required a-.pli-
fication of 100:1 or 1000:1., dependin- on the deadzore desired. An
amplifier wit!: low noise and high gain was available from Ling Temco
VouCiht requirir.6 about 0.2 watts power. This was perPer ble to the
cadrnitun sulphid, cell which was used in a brid ge circuit and required
about 1 watt to produce the signal level of 10 volts deg required for
0.20 deadzono .

130
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3. Ir,^ns7ic R^s^:zsc

Silicon C•211	 .001 Vecond
C',' ­ .iar., Sulphide	 .1 second

In L; .̂ :neral, far,", reslon ,e was desir,.d to preclude Reactio:i Control Jet
"on" dal,: y or "off" delay from causin" a wei-:it penalty . In the L.O.
application it was net a si;^nific%nt factor since the sun sensor was
us -2d only as a position reference.

4. Avcilat)ility - silicon cell sun sensors ware evailable from ?all. Bro-
thers Res?%rch Company and the Bendix Cc:poration on a part nunber
basis. Calmium sulphide ct!lls could be obtained from Nortronics Divi-
sion of t:orair (from R.inzer experience.) only on special order oasis.
There was no e.dstinC, manufactu. inp source for ".if-the'shelf" cadniur.,
sul phide cells.

5. Reliability - solid state devices were to be used throu;;hout both de-
siZns. From a pert count basis the silicon cell aprroach 3s less
reliable because of t'_:e adde1 amplifier. However, an open or short
circuit, or cell failure would have been passive and possibly allow a
de6r aded mode of operation. Tie calm..iun sulphide cell was simplest,
but an open or short circuit failure could have produced a h =erd over
si3artl to the attitude control.

6. Accuracy - the claimed null. accuracy for the silicon cell was .Glo,
later shown to be .017°. i'le degkinstrat ,̂ d accuracy of the cadr^A.	 sul-
p!:ide was 0.10 . In addition there was a physical problem of matching
cells and mechanical parts which made this hard to achieve.

8.2.3.1 DZVELOPK,NT PROBLEMS

The remote sensors were procured by psrt number as an off-the-shelf item
and no dev-•!lopment problems were encountered. The following discussion
pertains to the main sun sensor.

SUN S 1SOR TESTIi+G

Because of the difficulties of sinulatini- the true sun's illumination
(geometry, intensity, spectruxi, and particularly a stable centroid of
illumination) the Sari Sensor was tested for performance under sinulnted
space thermal vacuum environment as exposed Lo the real sun. This
of 	 sun" was as saen at Boulder, Colorado (or Tucson, Arizona) through
a qufirtz optical quality window in the thermal-vac chamber which was
muntea on a sidereal table to track the sun. Since the sun at Boulder
was appro.dmately 80 percent of the sun as vie-wed from space, correc-
tions were applied to the Sun Sensor out puts based upon the output of
a "standard" eye looking tiirouLh the same thermal vacuum char.;ber window.
This standard eye had been calibrated previously by Ball Brothers Re-
search Company aZainst the space sun on an Aerobee shot find subse .uentl,.-
recovered. Optical means were provided for viewing the sun directly
and at the sarne time measuring the error between the normal to the
rx^unting surface of the test fixture and the saw's line of si;ht. Both
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the output and input w_re recorded on an X-Y recorder; the latter from
a precision angle transducer mooU.nted oa the adjustable ttst fixtu.•=
gim: il. This test was rep-!ated for both the fine and coars-! cya pzirs.
The pea% output of the standard eye was recori23 at the start and fi-
nish of the test of each uxis; i.e., with the stand-:rd eye lookinc
exactly at the cun. Typical calibration curves for the fine and coarse:
eyes are given in figures 3-14 through 8-16.

The Fli^Y t Acceptance Test vibration test setup for the S-xi S .=,,-or wus
conventional except for the us ,-- of a lij^it source to s tirn:late the
eyes during vibration. TMs light source was a com: 3rcial r:hotogra-
pher's li;,'L;t, Sylvania "Sun Gun." T-Ais light wao used solely to sti-
rralal,e the Sur. Sensor outputs used in a "go-no-So" check for inter-
mittents during vibration. This source was al.-o used for incoming
acceptance and spacecraft level tests at Boeing.

The major problem areas in FAT testing of the Sun Sensor were test
equipment or procedure oriented.

I. "Unusual" weather for the Boulder, Colorado area reduce. the
available "good" sun time to such a low percentage that, late in
the fall of 1965 an addi;,ionlal test facility was set up near
Tucson, Arizona (a "Good" sun was defined as a sun with no clouds
within 20 degrees of the sun line of sipht).

2. It was found that great care had to be taken in cleaning and main-
taining the precision mounting surfaces of the test fixture.
Failure to keep these rigid requirements could lead to rejection
of good Sun Sensors because of apparent misalimnant between the
reference mirror and the mounting plane.

3. Because of the limited space in the back of the r:^:in Su.-i Sensor,
great care had to be taken in installin i; the trip, resistors to
make sure that they were fastened across the correct sensing eye.
A peak output test as used for IncominE Acceptance Test verified
this proper connection.

4. The white reflecting paint (JPL S-13) used on all surfaces to
Psce t'ne sun except the eye lens, was the sour=e of two problem-,:

(a) In the first feW VaCUUM sun Lests, this paint outgaszed and
clouded the vartz window with a projected ima. e of the Slin
Sensor (nn paint deposJ 4-ed on the surface opposite to the
eye lens which were not painted). A pre-performance test
Vacuum cycle to ou-. ;as the paint zolvel t::io problem.

(b) The paint used was found to be very sensitive to proper
application, p--r' handl.in,; acid the useful date life

of the paint. P:•° ••3 procedure ► were d.?veloped for proper care
of the sensor dt:rin,, its entire gro;uid test sequ•_nce to pre-
vent paint chipping. Even with these pr,,^edlLres, there was
a smnll amount of toac?i up necessary on the flight twits.
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3.2. 3.2 b71 SSI0111 P:'R 0?,''A`

1 i	 ,:sari sensor:, pro •ri3	 ^ .. a curt..,,, c 1 ^^i^l r .c.r^.	 few z: variety of
non-nomir.f:l situation:;. A; nro:dr.:-3te1 6b of t::: ti--.,! ao spent ^)ff thA
suslline C.r.1 th•_ capabi:it; , • of h% in.-, fine .,	 s:coar, or ,,,,th ou:. iensors ir,
the loop proved extr orne ,• useful.

Tne initial suu acquisition tcvk place autom.atical'_y on all. mis:.ions within
the m.-ixirnu: nllo wable tine of 20 	 from sep, ra +.io n.

Fi;;.:re 8-17 shows a coars•z pitch slin censor cali:,ration curve obtained
duriu;	 th•!rr. • .I pitch	 from the su.: of :•li.: ;ion II. Figure
3-18 is r. ya%r ccar sz suLn sensor c ,01r•r:3tion curve	 on yaw updates
during; thr: readout	 of Mission II.

The co,,.r.so ;:yc-s prov•=d 1.,) be ver;,• us eful durinZ photo readout on all missinna.
Nitroj,ni •ran	 since the sun did not have to be raac:iuired ev•^ry or-
bit. Pitiii attitude durin .; nos': of readout was estimated from the initial
pitch man•tiaver, knowled,;e of ;itch drift rate, and solar army current. Y
attitud•.:, hr,%:.rrer, was continuously monitored via 	 coarse oun sensor.
Attenuation of ti.e yaw ou .put dL.e to pitch was appro.Limatel;; the sr:me for
all misnions. At a pitch angle of ;;G°, yaw was obseinred to be do raded an
avert;Cc of O.B. The pr•.dic;:ad. attenuation for this cas•2 is cos 30^' or 0.3006
Also, on all missions, coc:ili,1i'• -.: •:s se,2r. to affect the course eye output
durinS certain, portions of an or: it., ^JUt with no bud effect on the mission.

8.? . 1, CONCLUSIONS AND k CO!•L'AZANDATI0IV`S

1. There were no flil-)A problem: with the sur. sensors.

2. The aches and pa:,ns of obtninin .- fli ;ht qualified units rtccordinS to
schedule were considcra:;le. A (-;ood calibrated artifi.ial sun source
would have saved calendar ti.,. ,e as w-• 11 as money. Suns titution of a
sun sinraL• I.-or for r: Bould 4er .. Colorado ) or r: Tueso ., Arizor.a, sun is
recor_amend.ed for future programs.

Taerr:,^l control coatin;;s uae3 on -4 h , sun sensor zaused trouble beCausa
of apprareitt misal.ir nr.:ent oet •a-en t`le reference mirror and th 3! mountin`,
plane. Great care had to be exercised to maintain	 roun.'An::
surfaces.

4. iY_, cause of the limited space in the back of the mwi n Sur, S•.nsor, treat
care had to be tricen in in_ tallinz the tri g., resistors to cake sure
that they were fastened _n cress t`.:e correct senzinC ey,:.

5. Thi_ t:sc of pig-t :il leads on eacli sensor, tr- provid_ direct connection
to irtarfacinC units, elir;ir_::ted 5 connec'.or s. `T:as ncthod of co:lnec-
tin;, the sun s^risors is reco:.u:.:^n3•.-d to reduce the total spacecraft
conn,.ctcr count.
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Recommendations for "doing differte ntly if one had it to do over" are:

1. The wide angle s p in sensor arras; should be calibrated over its fall range
Drior to flight. A linear wide angle telemetry output would have been
useful for the unantici pated "o`f-sun" r,-.ode of operation em ployed on
Lunar Orbiter.
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3.3	 CMIOPUS STAR TKACC- A

Tae Calloju., star ._	 k :• (CST) u.;,...3 ca t:,^^ Lu:.._ 0_ • .,i :r	 w1., do.
oj.ed 'w I'ii, Feder-i L-..	 Tae CST was	 ar of^ ! Attitude Co:.-
trol Su`_isys l ew d:-cri'^)ed in S c ,ion 3.0. L.'s pri	 ^ : wn -• tier:a were to

..	 1	 a°^ •3	 ,	 _pro ^id^, .	 (^) a : c,11 r	 _ n^	 ,i^-zc.l t<^ t,h. attii.u3^ ..o:; .: • ol :.u',s;, ^ ^ m,
(2) a star r:, j si^;na 	 propc,rticnal -,o, the li;;i-. t fl::.; enterin- tae
tracker for ide:7tif icatioa of Canopus via tal.enetr:, 7 on	 ground, and (3)
a Canopus reco•,ai Lion sib x.,1 to the pro-ram;::ar for r;od--^ switc:Ang of the
attitude control roll r,^fer.2nc:..-.

8.3.1 STAR TRAMR U&SCRIPTIO'.

The primary elemcut of the track-.2),^.: s:, an i ma y-e^ d: ssk:c 4	 pi.ototube. A
schac,atic is shown in FiE;ur.: 3-19. A star was ir,,r.- ed b;; ^.^^ lens upon th
image dissector photocathode and an electron b-aam image was form "ad ':,y fo-
cusing electrodes. Be::ind the photocathode was a narrow slot a^ertur':
which allowed only star image siCnals that passed throu^;', the aperture to
enter the photo r..atiplier 1,mod, chain to provide outputs. Deflection
coils placed around the tube al.low•ad electron bt.am ir;a,_,es from the photo-
cathod(:! to be scanned across the aperture if appropriate currents were
applied to the coils.	 ..

ThroaGh this means of electronicall scanning the electro:. 	 of a star,
phototube output was nx)dulated to provide error si"nals in.1icatin star
position. The narrow slot aperture ias alii ned with the v--hicle roll axis .
The tracker electronics generated a 14 biz trian--ular -:rave fr•rr., to sweep
the full field of view in "search" ;node. When sufficient output :Ids ob-
tained from the photo rnil_tipli`r to triu,;ar the "trac':" mode thr:shold,
the scan frequency was caan C;ed to 800 ^,z anI t?:e scan amr:lltude reduced to
+ 1.0

Star position infoniiation was obtained and used in an internal feedback
tracking loop to average the electron star image about the center of the
aperture. Tile actual magnitude of the DC deflection voltage required indi-
cated star position with respect, to the roll axis and this magUti_rde was
provided as tine output roll error volta-,e to the ACS.

Tale electron beat: which passed t:arougii the aperture was amplified in the
dynode chain. Tae resulting currant was propo: •tional to the brightness of
the star which was imaged. Tais video out put providad tae star map voltage.
A raco^ition signal was generated based on the stir map voltage above 1.2
volts and below 4.4 volts. These levels corresponded arpro.{ir.:atel;; to 113
times to 3 times Canopus.

3.3.2 DESIGN PEWIR :MATS

The star tracker p,:!rformance requirements were:

1)	 To ;.rack tha
tude control
was r-2quired
volt- ±,c + !

M979M" 

star Can.;pus and provide a roll reference signal for atti-
Vh-t roll error scale factor was 1 volt per debree and

to be linear to + 2.5 deg and •.:it:: an ou':•... ' cr.%, r 2. 5
10. Th. tol . rn nc2 &110-47^d	 + 5%.PON

MffW aOn
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2)	 To provide an analog star mal)	 to th-_ telemetry subs y stem which
I	 was linerjrl^ • proportional to th•:: light flue: from the star bein6

tracked. Op,trution sfler b hours in space and throuGhout the rest of
the mission was required.

To provide a Canopus reco`nition signal whenever a star of the proper
brightness fell within a specified ratio of Canopus. The purpose was
to automatically discriminate against other stars. The reco.;nition
gate levels were first specified to be .5 to 1.5 X Canopus. Later
this Was opened up to .3 to 3 X Canopus. It was also tailored to
assure a margin for	 star man voltage outside the reco Fnition levels.

4) To provide a roll field of view of + 4.1 degrees. The roll field of
view was to allow operation in a + 2 degree deadzone before, during,
and immediately after occultation without losing the star due to gyro
drift while in the rate inteGrate mode.

	

5)	 To provide a yaw field of view sufficient to accorcmodate Canopus, for
a 30-day photo mission plus the launch period associated with any given
month. The yaw fieli of at least + 8 was provided.

6) To provide a mechanical adjustment in the yaw plane (pre-launch) in 2
degree increm-ants to provide a total yaw field coverage of 33.5 degrees.

7) To provide a bright object sensor and shutter to protect the photo tube
from illumination greater than .03 foot candle. The shutter closure
time was less than .5 seconds.

l

	8)	 To provide dynamic response as follows;

a) acquisition of a star after entering field of view T -"-'-5 sec.

b) roll error signal tire constant T = .14 + .05 seconds.

	

9)	 Signal to noise ratio was required to be less than 24 to 1 at .1 de-
gree roll error. The noise output was required to be less than 15 arc
seconds at null. At maximum roll error the noise was required to be
less than 100 millivolts M.S .

10) Tracking of Canopus to within 30 degrees of the bright limb of the
moon was required.

	

11)	 The weight was to be less than 7.5 lb with a goal of 5.5 lb.

12) The power was to be less than 3.0 watts at 21 volts or 5.0 watts at
31 volts.

13) An alignment prism was required to permit measurement of the tracker
alignment to within .05 degrees.

14) A light shield to prevent light from the omni antenna from. impinging
on t;:e lens of the tracker was required.
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To tel. ,_r..eter the CST inforr.:ation to the ground for star map interpretation
and Canopus identification with a telem•=try frame repetition rate of 2;.y
sec(jnds imposed a require;:, ant that t:7? CST r.-.ap and roll error signal be
subcorr-aut ated at 8 tires the frf►--;: rate, or approximately one• data point
every 3 secon3s . Roll rate during; star map mc-neuvers was norr all;; 1/20
per second. This, com' , inst'_on assured at least 5 data points wail.: crossing
th•e + 4.10 required roll field of view.

8.3.3 DEV,;LMENT AIJD OPr.;itATIO:;

At the time th-2 design decizdons were being made concerning; the Lunar Orbiter
Canopus star tracker the	 was as follows:

a)	 No spacecraft h?d actuully used Canopus as an attitude r2ferenee.

b) Tae Drainer IV Canopus tracker was under develoicent at JPL. The
Barnes Engineering Company was involved in manufacturing the design.
Development problems included:

1) Non-uniformity of the cathode of the CBS image dissector tube.
Since discrimination of Canopus was based o. brightness this
affected the recognition gates.

2) Manufacturing yield of the fiber cotics used to adapt the star
image in the focal plane of the catadioptric lens to the spherical
photo cathode surface. Breaka6e or change occurred due to tempera-
ture or vibration exposure.

3) Tolerances on the analogy; electronics photo Lute and uncertainty
about the spectral. calibration of the ;. pest source as compared to
Canopus (as seen in space) caused lack of confidence in the design.

c) Tne Surveyor Canopus tracker was under development b.. S-inta Barbara
Research Company. It used a rotor-driven mechanism to scan the photo
tube. 7he mechanic -1 coripl,^-dty and low predicted reliability ruled
it out as a contender for the one year life mission desired for Lunar
Orbiter.

used successfull y cn Mariner
and the Nortronics Division
to provid, mechanicgl scs.ning.
wider field of view required
cXtensive modification would

d) The long range earth sansor that had bees
II mission to Venus was developed by JPL
of Norair Inc. It used a vibratin (7, reed
of a photo tu';e. Tlie sensitivity with a
in this application was not adequat and
have b--en required.

e) Narrow field of view mechanically gimballed star trackers ware availa-
ble from various missile proErarr.s. Typically they were used to align
inertial guidance platforms and wer-: not space qualified.

f) A narrow field of view star tracker was under developlment for the Orbi-
tin^; Astronomical Observatory prorrarr it the International Tele_hone
and Tele graph Federal Laboratory. A -ride yaw field of view was re-

4

	 quired for Lunar Orbiter to accommodate the ar.Eular excursion of the
c	 line of sitT,ht• to Canopus relative to the normal f.o the ecliptic lgna.

1.42
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In the followi%j1 discussioa.i t%^ 	 will be relr.ted ;,o discr !t_
tire,, ii,t • rv..rls ba twet:n the r-;; j ,jr pro,;: r,tc e •:­=n;;s .

8 .3 . 3 .1 Prt+osul Submittal to Pr,^limii:ar; , Dasi r-n Review

The Br: :ia:./JPL tracker wl-Z ­ 4 ` 11 1-  nropc: •̂d for use on Lunar Orbit,.r.
Rear'::- of	 problei:,s ind', cated that. de-bugging the tracker iris a
major task for JPL•

It wws desired to procure the star sacker fro g: an export, subcontractor,
to fire fixed price, en1 to ^,ave high confidence in th—_ operation of the
end pr.-.)duct. A fo. •roal cor:I,otitiv_ vendor selection 'ads :Wade based or, the
requirements 'Listed in 8.3.2.

The ITT h'e(:eral La`)(_)ra cories were selected to develop a new tracker. EAarly
constraints on the design were:

1) The ability to increase the opti::^:.l field of view w 32 degrees in yaw
and employ electro:iic gimbal-ling within this field for search and track
was required. This option was con3idered necessary to provide for
tracker operation for the one year e.ct-!nded mission. When it was est_-
blisned firmly with NASA LRC' that a Canopus refere :ced ori, nzation was
not necessary for the extended mission, this requirt2me:it was reduced
to that required for 30 days of operation at the worst time of year.

2) Use of the CBS electrostatic deflection image diasecto-r tube. Magn .=-
tic deflection coils were used in the other ITTFL desi Lĝ as. An earl;;
desire was to keep the spacecraft ma};netically clam:. Zt was thought
that the magnetic deflection technique could cause problems for a po-
tential magnetometer experimerit. This experiment requirement went
away. As a consequence, when ITTrL ran into delivery problems •aith
the CBS tubes becaus•a of inability to meet rigid cathode uniformity
tests, a switch was made to their o;rl tube.

8.3.3.2 Critical D-- siL;n Review to First Flilit

Many development problems with the Canopus Star Tracke. became evid^int
during the comprehensive test. proEram.

The formal portion of the test program included: (1) Ylight Acceptance
Tests, (2) a Qualification Test ., (?,) a Reliability Damonstrstion Test, and
(4) an Incoming Acceptance Test. T: ►ese tents and some of the si:Gnificant
re3ults are presented in tiZe follotirinS pars -raphs.

C;::iopus Star Tracker T-:stir--

Th .- Larametars of the CST which wcre checked before aad after each Flioht
Acceptance Test (.FAT) are --ivon below:

a) Rom error versus Roll an le over the entire Roll/Yaw fields of vier
(+ 4.1 degr-aes and + 3.20 degrees, respectively).

143
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u)	 Star 2^.^ Telec:-.try ou^put :r:rsu:, st:r iaLity (e.<r.ressed as ti^.es
cu:,(j,us^ o^'-r the entire• R^11/Yj^'•. --,0:'.

c)	 Ca:torus ReeoGni tiori cut put (- ttiLule cor.* _% )3 ar.d telemetry) versus
Styr In'.en_,ity ( x Canopus) .

1)	 doll. Error Sir,%%l to Noi: _ A it{ o. T'ne requirex•znt was t}, it this ratio
►rust be Erewter than: 2^»:.1; all units had ratios greater than 3G :1.

Roll Error No:.se at K:-x Defle,_- .,iou. I:i all eases, the noise level was,
leas tha:i the 100 2•N Rb13 m-quir =-=nt. Typically the: nois y was 1 !ss
than 70	 R.'•:S .

Sun Shutter &esroase. IL' tri : regtiirad to cloae •.rith 0.5 seconds of a
level of illumina:;ion .!qual to cr gr,:a •̂ er than one x Mcon (as seen by
the CST at the 46 E24 rcrilune). "Good" units typically had respons.
times less than .3 seconds. The pro',lems in settin^ tt<< proper 1?vcl
of illuninatioc to triC er the shutter-, and in fa )ric :tin- the shutter
mechanisms are di:;cusses below.

g)	 Roll Error Frequ acy Response. The requirem!nt was not ctrinGent.; the
time const,:nt was to be less than 0.16 seconds.

The FAT Vibration tests we= similar to those described for the IRU, Section
3.1. Problems with Sun Shutter operation and Roll 3rror null alignment re-
sulted in a reduction is the required sine w;ve vibration levels. These
reductions (to the same levels as for the IRU) were based. on the results of
a special test of a dynar:.ic model of the spacecraft, which demonstrated
that the actual vibration e.n ,rironm-_nt was less than ori-inally estimated
an y? specified. Th ,, random level requirements were not czanL;ed.

The	 ^ was subjected t:o periodic solar illur..ination to chick Sur. S,iuttcr
operation durinE thermal vacuum tests and to continuous s,,_r illumination
Otit 1 x Canopus) so that Roll Error, Star Map and Canopus RecoZ;nition out-
pu,s could be monitored for intermittents.

The Qualification tests were similar to FAT except that the vibration r,::-
preserted the predicted ? O mission values rather than th-z^ nor: „inal v lues.
No change «ras made in the random levels. Also clectroma, etic inturferenee
(Fba) and humidity tests were added.

The Reliability Demonstration test, originally sp-reified as two 30 day mis-
sion si.aulations perform•_d on a CST which had first passed FAT, was reduced
to one launch vibration si^:alatio.a, and one 30 day thermal vacuucc s i.mula-
tion with CST "everts” equi ,ralent to those in the ori-ia:il 60 days or ther-
mal racuum squeezed into the ;;0 days.

The performance tests ru.7 before and after the •.-ibraticn and before and
after therm-.l vacuum were t::e same as for FAT. The deviations in Roll Error
"G^in" (Roll E. ror vs Roll AnZ;l_ ), Roll Error Null (output at zero input ),
and Star bap Tolimatry versus lino were monitored.

1h4
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I%comini; Accept ,_nca t::sts
CST after FAT at IT: ana
tests, *.. 1 .e CST was illu::i-l^t
(SITS). Th y trcct:r	 :.
pnrer;cterz checked ir. !AT were
FAT.

rin at So _-i :,, to ch ,-!c:c the it tz,: i t;; of c rich
installe• „ion on the cr c :crzft. In these•
:sin,; an ITS-furnishea S'... T. • ck !r Test Set
set attached is show.. ir, f i, • ure 3-20. Tl:.
the sar: as th-: l,a_,ic rparrL.c i ers checked in

ComDon._nt Test Problem Aran,-

Hi vh Vol tar=e Arcin,, - Althout n the: fit st tracker passi- 43 its FAT test, -with
adequ •̂  -u mar6in, it:. cl.ec l;: onics
th-! hi-'i volta,;e po ae: :supply in
by error, at a pressur,. jo- 5 :gym.
was b,in- evacu::ted. 7nis dance
IA mission was delayed fo. six h
for error .allowed tht- warn inE;s i

Two othar trackers '.we re subs :c1.1'ntly damaC;ad by arcing even when procedures
to delay turn on until a pressure of lo- 5 mm. of Hg was reached. Slow
bleed off of uses frum '. ie potticl: , 	 around th:.. vil --, caused the
problem. The gas va^ trarp•!d in pockats fo:-L—ed by a myl.ar film which was
wrz,pped around the trackers for reflective insulation. ,Final solution to
the problem ties reached whe y, the CST ..,as vacuum cycled after po 4vtin,3, the
reflective film was loosel=y wrapped, the tracker cover	 1;, are increased
Pnd the soai: timo et lo - 5 ;m. o.° 1'f, in the thermal vacuum chamber was in-
creasel to thre(a hours before turn on.

S,- n S.autter Stic::ing - Ti:e o. era Lion of the swi shutter v- r r ­ 1d to be
erratic follo; 3in ,: FAT vibration of the Second tracker. 	 It would some-
times frail to open after illun.instion of the 3rigb.t 0")Jett S,.!nsor• (30S) had
closed it to protect the image dissector tube. Insufficient clearance be-
twF.en the shutter and i ;s housing, inadequate s',iffatess of the solenoid
shaft and of the shutter blade, and excessive amplification of tracker vi-
bration inputs at the shatter loca ion were the causes of this problem.
These veer ., not completely identified and solutions implemented un `,il t1,e
Qualificr:.tion Test tracker was modified. Solutions included structural
stiffenin6 of the shutter blade and of the •entire tracker frar^^ -with epoxied
stiffeners, addition of a butyl rubber	 pad b.tween tiie tracker struc-
turo and spacecraft structure ) and a chan cre in the ^Ur-M :ink co,^fficient of
th y: silicone rubber used to pot the ima;- dissector tope to the magnetic
shield which,in turn, :r.s r 4-tea to the tract{er struc are.

Tracker AliCnment S:iifts - Alcag with ,,he s ,:,n shutter sticking problem, it
was determined that- t`:e vibration (and th2rrmal c;;clinG) of the trsck•2r wiuy

causing t1:? Roll Error null plane to shift relative to the front face and
reference prism. The problem was identified as motion between the inage
dissector tu:,e an:1 the sun; o	 s t ruetur a caused ^.y exces^f % vibration
strait: aril thermal distortion. b:ag:etic fields induced in the trad=er
structure b;,, t.-.c l.arc;e DC field surrounding the vibration shaker also
caus;d null shifts.

were inadvertently d._stru.,.-- i by arcing in
a s:i.aequ,,at test when i'. was turned on,
f mercury as the IVh•_-rrral vacuu,:l c1:rmb r
had been r_co ni7-2e --A turn -n i n the

urs;,_ft-er launch -	 Opera-
the test procedure !:o be missed.

klsq
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Figure 8-20:	 CANOPUS STAR TRACKER WTiH TEST SET ATTACHED
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Sc.lu;, u n to ;:his Und the siLri shutt ,.r s :ickln , proul--:m wa y realized bJ the
same 4ctio::5 which inciud(!d	 cX vi;.ration amplification of the
trae'cer s'::llcture th_ouL;:: use of	 aril darnj)ers as d^;seri_ed 3:`ov•_'
and	 cf	 distortio.: and ir •n ;e diss , ^ctor tuta vibration
amplification relativ: to the stru_turc :;; chan,-iris the pettin.- cot potLid
from RTV-104 to RTV-11. Vi::raticr levels at, the tube were reduc-2d fro..
over ].00 ;;'s (in rest onse to a 15 G t: ^.rk 3r input) to less than 30 G's-
It is of	 and a tribute I:o the in':e,: i %, of the I'I"!' Lu`^e and
elccLronics that ;,her(! were no failure:, of these el•em_nts 0uririG the diag-
nostic: vibration te-ats :them,- '.h .- earer.,^	 :plificte.tiol, levels w.!re en-
::ountered. Thermal. distortions of the Roll error :1101 were raduc•ed from
over 0.3 de;; ret3s to leas thz:n G.l deCree by chan,;inG the pot Lind; cc pound
and by temperstura cycl.tn=- it }efore final .:liGrlme:it. 2•S3;,netically induced
shifts ware minimized by deg ,;ssin._^ the trac'{.!r p-eri;,cacaLl; and re;lacinG.
all "hard" r.s ;yi:̂ ti

	

"	 ! a Leri	 in .-.he tracker ,;^ruct-ure ,rich "soft" or non-.^ c nu __ ass	 .	 t
ma , netic ma!,-erials.

Star Map Gair. - In spite of increasing "'eurn-in" tine to 100 hours of expo-
sure for each ir.aGe :Ussector tube to illumination of intensity 5 timQS
Canopus, the tubes continued to siio,a degrada'.,ion of video out-put with time
whoa ex- scd to illumination as lo •-r as 1 x CF:nopus . This deG,rad,3Lic^n vas
as -Mch P.s 2.5:1 in the Mr unit during both 15 df3y c cl p -S •even though it
was r-trimr.ed after the first  cycl:. The degraded tunas al:.o showed a r--
covery, or h•ealin , tendency; :then not i.11iLminated and when -.urnad off.
Tne mach nism was and is no,, understood and no s0 1 11 4-ion was or has been
effected other than frequent recalibra-tion. The flight exp(:rie%ces •.rith
this phenomenon art: discussed later in the sec yion on flijht (Inta.

Simulated Star Source (SS-) Calibratioc ► - 'ne proceo: of cali -,n•atin,7 the
SSS to represent Canopus as seen by the S-11 image dissector tuba consisted
of:

a) MeasurinG the intensity and spectrum of the GL quarLzlino lamp as seen
throir-h the color filter.

b) Anal„,tically atplyinE; a corr•ctioa factor for th,. optics of th, SSS
and tracker and for the 3-1-1  p'iotoc<:thode in order to calcul-3ite the
.necessary siz..r of the apertuxr^.

c) A.nal^-ticr,lly app].; ink a very small correction factor to ratin:,r of the
neutral density filters to account for the measured deviations fron
the 20 nor:».nal logri-chric steps from 5 x Canopus to 0.1	 Canopus.

As th;: re3ult of _or"_earisors bet-:eea the output of a tracle in r•ssponse
to illtLnination by the two ITT-produced SSS's (ore at ITT and one at 3oein.,)
and to the JTPL SSS it was de:.ern^ined ";hat there were errors in the cc:librn-
tion calculations for the SSS's at ITl' and SoeinG which resultae3 in them
prodi.cin;- ar: outp;:t 30 percen , too "'i. Y' . These error_e discove r c	 'v r^ i^cove	 ar.^
the fli ;b t t. •ackers recalibrated bc.°ore the second L.O. fli L̂ tt . T're fact
that. Whe recalinrated results were right and the correlation of ground test
and fli`,h	 :-s+ Star 1 ^a p ` ^	 . r' output s  a ' a	 I the section of^	t 	 •,:.	 ^e_er" i	;r^ .i. u:, wed. i i t'n	 ` i
the L.O. mi szio:: results.
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Stir Tracker Test Set (SITS)	 - AlthouSh the oriCinal desi;. i r•:-
quir^r.,ants for the S'1S calf.-a fcr	 betwe•xn all track-2rs

c	 a	 . ^	 ^	 ,	 .,.,	 3ar.3 ,^1:'S' ^, it; •^...^ di:,co ^^r^_ ^
, ^Y:ai, the s.^ c ^r^.	 . F^ons^ ., •.r:re not Well

enc,u[;-i ^la l"ched nor stril,l:: cncuF)i to satisfy this re.iuir ":m-ant. Therefore,
it becare	 to "marry" Qa—' . SWS to a ':r +C^:r::• by enlit:ratir.c- eac'.
of the five : t:ar so aces of ttile S'?'iS ^.^.:i:ist th•^ SSS at IT^, u.^.in J the par-
ticular tracker aJ a transfer standard. Yee SWS 	 then deliverel to
?,DcinZ writh the trucker and Soeir.- used them ac a twitched set throu,^hou t
IAT and spacecraft	 It iraa found that the in-::ansi -y cf the SiI'S
illur.inati.on varied with %'Ame in a:i w.predictable manner :nu altl.ouL:h the
STfS Droved to be a reliabl ,, atirnulu.- for Roll A>i t-1e, it could not be uaed
as a relirble stinulus for star intensity even '.hou,;h the intensity control
was ci:librated a6airst the SSS filter.3. In the end, -t;h ,-- SiTS wns used in a
„ So-na-^o" test of star r, ,,,-ip ouzpu,, and the fli^'it trackers woxa returned
to ITS for star mar calibration just before 'he spacecraft wQrc placed on
the booster.
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8.3 . 3 . 3	 t:issio% Perfor:,:ance

11.i s s ion I

During the initial p-ases of Mission I the star tracker failed to operate
as expected tecause of excessive li ht flux into the optics. This ".3lint"
problen, occurred while atte 2ptinr to produce a star map that could be used
to deter..are a precise attitude baseline for a midcourse maneuver. The
initial star rea p is shown in Fi&n.Lre 8-21. Also shown in the same figure
is the co.-:pater predicted a priori map. After numerous co=aanded maneuver:,
in the atte-mpt to deter:4ine the source for the apparent interference, a
decision was made to use the Moon as a celestial reference. The high gain
antenna pattern "Wap" was used to confirm the roll orientation. The -it-
co:.-,e of the 37.8 meter per second midcourse was successful which pla-_d
the spa.ecraft on suca a precise trajectory that a second midcoi.Lrse was
no;. needed to achieve the injection point for transfer to the initial
ellipse three days later. Subsequent operation of the star tracker in
the shadow of the ;noon was considered normal except for the low map signal
voltage sensitivity. Earlier test and development work with the trac--er
had indicated that prolon ed exposure of th_^ tracker to bright light with
the tracker turned on caused degradation of star ;sap gain. Since the
tracker was on continuously for 60 hours during vhich time it was exposed
for 2 3/4 hours to the moon in addition to locking on stray light the
remaininG ti:ae, it vas felt that this was probably responsible for the
low sensitivity.

t	 A Space Glint Test (see FiglLre 8-212)2) showed clearly that the Omni antenna
was a :ma jor contributor to the stray light which impin;;ed upon the Canopus
tracker. An interestin g, facet of the glint problem was that the tracker
invariably locked onto li.,ht reflected from the baffles on one oz the
other side, resulting in either plus or :minus roll saturation. Negative
roll saturation was generally associated with a higher map signal output,
probably because the antenna reflected directly onto the baffles in the
negative side of the tracker while the baffles on the positive side were
lighted by indirect reflections.

A number of mound tests to investigate the sources of stray light inter-
ference with th- Canopus Star Tracker observed during Mission I were
initiated. nn- of these tests was eonluc;;ed using Spacecraft No. 1, shown
in Figure 8-23, showed that the 0 .mi a-tenne rave e stray light flux
sufficiently high for the tracker to switch from search to track :mode.
In addition, it was found that the stray light flux due to Multiple re-
flections _'rc.A the equi Y-ment :aountin- deck was hi;;h. The purpose of the
tests was to obtain quantitative data on the corrective measures proposed
to be incorporated on the second rli;;ht spacecra:t.

As a result of these tests, it wss recom:::ended to paint black the Omni
antenna, the edges of solar panel jt2 and y,4, and portions of the backside
of the solar panels. These fixes lowered the interference to 23) of the
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Figure 8-23:	 GROUND GLINT TEST IN PROGRESS
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F

dan-er 1 evEJ . ...e tests also indicated t:let fvr`.her rt duction co----'d b
echic •:ed by li^;.ht shields _cunted to :.'.e Equip-ler,t ::ouatin3 Dec:: or the
for of the Soler panels. A, sz-,:-5sry or the glint data is giv-n in
F.ivare 5-2'•i .

t'ission II

Spacecriift ch-.ns,, s incorporated prior to	 .tore: 1) (X.:ni antenna;
pai,nte3 ;loss bl.ac::, end 2) ed-es end	 of, solar panels  2 ant ':
Painted flat bl-,cl:.

On I-U3sion II the Canopus Tracer ;:ss first turned on aj) proxiraatAly 6 hours
into trz,rF,1*,:::u:- fl.	 Vhe Trac':cr acquired and trac l:ed Cano_-us i:.::ediatel;,
i nd icat,_n3 the s: acecra. t. vas oric ntcd toward Canopus at that tim e. 'Innis
'was verified by r-in%i:t- a 360 deYee star :::np and by a hi31i -gain antenna signal
strergth nap. one roll error fro:.. Canopus vas then used in a closed loop
mode until the ~:idcou: • se	 noneuver. The Canopus Star- Tracker appeared to be
vorkin:; properly :.r, full su :liE^,ht.

The first star ~:tap matched the rt-priori %iap fairly yell except; for the
epleara:nc-_ of P rroad (approxir.:ately 50 degree) object which 1:ad a pea:,
map signal serer-th o f about 4 volt:. At this tire, the earth had n clock
an-le (de f ine-'. a: the angle about the sun line fro:: Ca::orus) of 130 deg~ees
and a cone angle (defined as t::e angle a;lay fron the sun line) of 140 de^re^s.
It was dcter.iined that the carne, 1:-ic v--s 30 de:;ress out of the field of
vies: in cone angle, was t:ie source of the stray light. The -_rparcnt ls3 in
cone angle of the pea;: signal stren;Zth vas cons: scen t. vith thoP location c,f
the low gain antenn_:.

Just prior to Ladcou_rse, the prope?Iant. s:i tib valves were fireu. I:r•~iediately
there ftf-r; Can .,..ts trace: vas lost, and the tittituce cu ntrol syste.- tent into
inert cal hold in roll.. This resulted in a delay of the ::idc:,urse :r-nnuver
vhile a second star r::a_ van s •:,ade.

'The second star ::::p, s:nokn in Figure 8-25 natc'hed the a-prior; map fairly
vel.l but rsinor glint from the esrt : vas again evident. In this case, hov:ever,
the maxiraur.i signal due to Earth glint vcs dove to 1.1 alts due to the g*e;:ter
earth range. After the sQco -A --ate, the Cano pus -`r_c':er continued to tract:
Canopus but it vas not use'. :n P cl:^sed 1.?op rude to c '-.ntrol. attituue. Instead
the .roll axis v,-s contro?le ! by the Z;ro anc , ::aneuver caruriands sere tra:is-
mitted to the vehic 7c as required to n:atntair^ Cano pus in th^ field of viei
and to zero t:-Le ro .? error in prel; rati.on for taco-)urse, injection, and
trans^'er naneuvers.

T'he injection _ane^:ver occ':r:'ed d'lring suns-t. I:_nediwtely after s'tnrise,
C:.nopus vas lost due to reflecti •_)ns ^ ' moon light. A subsequent e::p:ari:,^:nt
estab! isiied that Canopus c Auld not be tracked reli abl;- r in lunar Orbit and
'hat cone:niied e.gosure to :noon light voulu de,-. wde the Cancrus Trac:-:er ;-an
sie,nal voltn-e. As v resi:lt, it g as conclude ' i that tae Tracker sh_uld be
operated v:tlti dur-_:n-, sunset.
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FIGURE 8-26	 STAR MAP - L. O. II
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^: ;.e^• transfer tc. the final orL:t, durin- photc,grar. by and readout, the
:.eth od of roll control Lciopted vas:

(a) Tlirn T-'2.ckcr on after stmset.

(1) Acquire C:cn%kis in closed 10,)p made to utdate roll attitude.

(c) Turn -rmcker oft' b pf:,re sunrise.

The method vorfed we+l i ith reasonable nitrogen conStLjpt 4 on ra g's and
minimal operLitional protlenx.

t:issio n I II

Results of th^ first star taap on i•lission III were uncertain because of data
lrs^ during the maneuver, ho-..,ever,, a secor.: 360 de_;geo roll, sh-)-wm in Figure
2,-26 was successful in esta'olisi:irg n roll refere:hce. ^*zP spacecraft eras
rolled +125 de3re2s to Canopus an' a tracker of - on cycle vas pert orned to
observe anti track the star.

Canopus v:s tracked throughout the tra:lslunar fli3ht but vithout the e:-ror
si,nal bein3 usad by the attitude control in a closed loop :.: -)de. The tracker
lost C^no-us st f tires durin3 this perinc?, once when tee squibs . •ere fired,
four times bath no apparent spacecrcf t distarbance, and once just prior to
in jectioDn ti; en the mo:jn albedo caused a pro:;aunced ^-,y int problem. Each
time track vas re3ained by c,)mra::ding the tracker off-on cycle.

Star :yap si-nal vas initially 3.7 volts, decayed to 2. r, volts throu n;h trans-
lunar and recovered to 3.25 volts by the e

n
d o: the ri;.ssioa. Folloxin3 in-

j ection the trac::er t" gas operated only in the

A..^rin,, 6 1xnset o: the fourth orbit, Canop.ts Sias acquired in the "closet loop"
*.iode. For the rer.:ainder oil the phot,-) mission the oper--tit 1 _>racedu re vas
to acquire Canopus Burin, sunset and operate the roll axis in the closed loom
mode. St gr naps vere perfort: ed three more	 during Mlission III. Results
of these .:taps aep eed Zell vita: the npriori ::aps.

1.S n P t nr 1' ►̀

The Canopus T_rac !'er vas first r'..rned on a-proxLia telj seven h bur r.+ into tranS-
lunar fligl t. It tics loci-ed oil positjive gl int of t:at ,̀ i::E and re-::wined tler(-
thr:?ll out the first star :":ap ::anew :'er. The S . r *tap voltaGc vas consistently
high, and averaged about ? volts. `11% •o hours later the trac-her was turned cn
in a ne;;ative glint c3nc?itlon and a second +360 degz • ce star map maneuver vas
perfor`ieF: with si •-ilar results. Tvo :,lips in the star nzz,,) voltage were noted
at 75 degz•ees indicating that the traci:er had viewed a celestial object. The
spacecraft vas roller'. +31 1 dc,,, ees to vie; this obj ect a..-,d a tracker off-on
cycle ::ns perforled ; nd tae star vas tracked successfully. The third star
mn- and the hiz;%. gain ante-ma st-4mil stren. th ::ap verified ti:at the trcck(%r
vas trackin;; Canopus.
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TELEMETRY DATA STAR MAP TABULATION

CLOCK ANGLE	 CANOPUS	 MAP VOLTAGE
T/M NO. SIDL NO., NAME APRIORI OBSERVED FLUX RATIO APRIORI ACTUAL

1 13, BE CRU, MIMOSA 311 310 0.16 0.7 1.22

2 8, AL CRU, ACRUX 316 314 0.38 1.4 1.30

3 74, TH CAR 326 326 0.04 1.02

161, 10 CAR 335 0.06
4	 1 28, BE CAR, 337 1.06

l MIAPLACIDUS 335 0.09

5 2; AL CAR, CANOPUS 0 REFERENCE 1.0 3.9 3.5

6 601, EARTH 96 40-120 3.1x107 1.38

* NO DATA

FIGURE 8-26 MISSION III TELEMETRY DATA STAR MAP
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Can:.i)us ::as tract •cd withcut	 for ;,ne :.our p- • icr to injection. For
the r•c:-.ainC.cr of the rhoto misslcn tl:A o;^_'atio:,a'_ procedure ::ec to turn the
tracker on witi:out ac;uisltion once or "."Vice an orbit to obtain a roll reference
a ­,d ucxeite roll attituce prior to a photo sequence. Oil ti:_se oc ccsions Vaer,
the tr£:ci.er vas loc:fed on 51'_nt, tract: was usun2 I:r 	 by perfor:.ling an
off-on cycle.

The orbit for Mission IV ti •ss neaMiy P)lar with a ::,eriod of ap proxir.:ately 12
hours. As a consequence the spacecraft of>orated in full	 for long
pert ods and 14rge ill l u,inrted arecs cf L:r moon reg~.zlar2 cause within view
of the tracker.

Tiie Bright Ob!ect Sensor g as closed for apnroxirnatel;; 59 hours during, the
latter part of the miss ion.

The star :Ja,^ si.4J .11 0  vSS initi.211Y 2.5 volts, decayed to 2.1 volts and re-
covered to approximately 2.4 volts by the end of the mission.

As a consequence of the Canopus Star TracFer ancra p-lies observed during
MUssion I'! aduitional tests were conducted (similar tc those conducted after
Mission I) to def'_ne possible. ;lint sot. • rces on the sracecraft. 'ir:ese tests
indicated that the power resist-CT dissipation panel on the Omni °Ilteru:n
was a bright point source of glint in the Star Tract.er I ffle f ield ,* f vies.
I., addition, the stray liCht flux reflected fro„ the eoui n-ent mounting deck
to the bae =:side of niziber 4 solar panel (_tainted flat black l was hi h.

It was therefore recocra:Iended that the resistor pnnel be shielded, that the
number I; solar panel be painted ,,!as blac'c, that thac solar panel stowing
lugs be painted flat black, and that all the ur_tainted screws, etc., on the
resistor pane: be painted black.

Mission V

`s-e Canopus tracker was f'_rst turned on approxiRtzly seven hours into
trnnslunar flight. Initially it was in the trace: mode indicetin3 a roll
error of milius 3.2 de3rec and a nzp sig:ial of 3.12 to 1.1 3 volts. This
star was later identified as Acrux ( a Crucis). The star was tracked for
approximat-1y two minutes at which time tiie roll error went to positive
saturation due to "lint". From this point oil the story was essentially
a repeat of Mission IV, but with different details.

The next unexpected event occurred approximately 9 hours prior to the end
of the primary photo scission of L.O. V. The deadzon^ was o_xned and dri:t
t ;ts in pitch, roll, and yav were sta.-Led. On three occasions thereafter,
the tracker was turned on and the aright object shutter was closed. This
data clearly shoved that tha tracker was extre:.iely sensitive to glint as a
function of yaw attitude. Each: time th- spacecraft was yawed toward the
su:I .75 deL,-rees the bright cb,ject shutter closed. This corres ponds to
the trac%er centerline movin3 frc;r, 3'4 degrees to the sunline to an angle
of 0 3.25 degz'ees.
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T'n° stL. r ^."P .	 pas inittully 2. 1 volts, decayed to 2.1 vo l ts and "heeled"
to apprvxli atoel, 2.9 volts by the end of the , i0zion.

The L'h :-git Ob; cct S^:1^or Lind Can-pus Pres, ► !ice Sig.col Gat^s vor^:ec .•s ex-. --ted
on cll mission,. A st =mry of "on" t_-.a in space Foal mj:ber of O.:-OF'F cycles
for each true:,cr is Sive'.: in Fi ;,ire 3-27• A su::i;.;a': ry of "gltnt" , • robleTx Is
Presented in F; rc :3-2F3.

3.3.4	 Co%clu s or._ end Rec_^ endati ­ ns

Proper oneratica of an orbiter spa cecraf t with a wide field of vier; optics
cn a star tracker rcquired cjasiderabl;f morc attention to details of tine desil::
and the cc^i-.firurati.cn t`.tat was ex vended on the D;.nar Orb ter Canopus trec;:er.
The fcllcr.ing p-,Ant:• are important and need be consider'-? r.~.ore seriously:

1) road sc.irceo of diffuse	 such as a iicurby planet, are
Potential glint problems that t.mst be arxl.y:.ed carcTully.

2) Location of sracecroft ele:.ients which 7::<ii r be il.lu^:in•ated a nd be
•within the field of vies; of the baffle, require careful analysis.

3) Sua s:lade desi g: must be such that edges do not appeer in the
ima ;ed fie ld of view.

4) A criteria to minlmize stra; f light ef4'ects :could be to ^.:reve:;t all
second bounce light fro:: e::tering t ;e trackcr lens

	
r::e I;mer

.	 uroimer caffie dcs-w-n txelu,led only first bounce lieht at best.

5) Electro:vie sveep o-f t: ,.e field of vi•^u should: be lit.iitec, to prevent
"seeinE" baffles or oti.er irnchaai.cal ed es.

6) t.cc::anice! a^ .ji^st:nc:lt c -10 t` acker bol-e^i ht requires careful scrutiny
to assure trmt t:z-,̂  sualight noes not en'.-er the sun: shade or that
illt: i_:heted surfaces are not brought into tihc ontical_ field of view#

7) Tiie Star Tracker lest S :t vss fotmd to be +.;-e  cause of ;::any of the
prole) ms ass:)cietei path testi.rg of the C-,:,opus Star Tracker.	 le
a ,iC.,lar error mleasurAr.ents Wer L'cciu-s t•_-, but tii ^ into:ait;^ lei:^ls
for colibration of t:.- stp,-- ;:.a, signal were so izccilsistCtlt that
it w-s very difficult tc use tihis 	 of the test !^,-t.

8) Star Trae lker image diss-etor tubes sr^_- subject to o,^ti^ut c'.ep,•adati.:h
(0nd heal-;l^;) in tiie 1G	 ter •i prt`sence (or absence) el' i.11urlinati0.1
at star intensities. Phl sical phenc:~enon and s^^.utio:l itre not clearly
understoon.

R=Cot c :rations for "doi:l,; differently if o'le hid it to do over" nre to develsp
the tec innolnZ which would allots a Letter mnnly-t , .cal. aad hardvarr rvaluatio::

F

i
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0

FIGURE 8-27

`I'RACICsR 0::-OFF FIS20RY

TOTAL :TOURS PREhl%U:oCi:

0:;-OFF 0:; TD.1, l-IF-CHANICAL

P'IIsollIO1 CYCLES IN SPACE SE`I"rIN"

I 133 68.o

I I:;2 162.5 98.2`

III 299 118.3 98.2°

IV -145 39.8
o

5

V 229 p̂0. 75 84.00

* SUiTLY':E TO TR1C` M CE::'2ETPLI:

I
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FIGUFE 8-?8

(. .
	 SU?-2'•r►Ri CF STAR TRA"Mi GLI::." & IMAGS DISSSCTOR T'LL ::" D :;.RADI,.ION

LO I, IV, & V - BOR23I ,.; [T TO.tiARD 5J::

c :STAR MAP '10LTn 1	 II:ITI^J LY :HIGH - Di-,'GRADED WHEN CST WAS ON - R3COVER: D

IN T11-2

o TURiO CST OFF/011 lk" ; LOCKI:'G AT CANOMS TO ACQUIR:;

U USED HIGH C.AIIi ^"^iT::: i^^, :,S AT`_"I`I'JD ; CHECIK AND BACKUP

o USED ^rO" FOR LTJ,.'t3 OR::I'.i INJECTIU:i ROLL REF2174 . . G:J L .O. I

o TUPLIED CST OFF DURII.(i MNLI T ORBIT F RIODS, GYRO IN RAT'S ITTT?33RATS

MODE

o UPDATED GYRO ROLL AT i ITTJD';, WITH CANOPUS TRACK DURITT", SM.' OCCULTATION

o P:'RFOX,:^,D c'.XPSRI? , 01T TO SHTADE 041,2+I ZTEMNA A:iD IDZ;:i'I'IFf GLINT SOURCE

OT+ L. 0. I

u SUNLIij-:T MO23-E D SRI ";T OWE= SENSOR ON L.O. V AT S1-,';:I.L ,^.ii,-1	 i'G"^1^,RD

SUIJ

LO II & III - DOR^.SIGHT A.Jn'^ FROM, SUi;

o GLINT REDUCED FROif L.O. I

o INITIAL STAR MAP WIT'IIH 1 ,a'j'j OF GROUTID TEST

c SL*1iLI';NT DEG.R.^DATIOTt `!'SSTSD BY TURI.I.JG LST 0ii OiZY I7C RI:iG SUit

OCCULTATION

o ROLL ^:Z^i^OcZ C .ECK"D WITHINTL ^ M;^ RY r.RRC.`^ FOR I)
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of the following:

1) Star simulation for calibration of the sensor.

2) "Brir^ht object" si:ralation of nearby planets.

j) Spacecraft level glint simulation.

4) Dsrk roo--. glint suppression.

5) Star Tracker component evaluation under realistic operating
conditions.

F
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8. 4	 FLIGHT ELECTRON ICS CONTROL. ASSINBLY

The Flight Electronics Control Assembly, shown in Figure 8-29, interfaced

with each spacecraft system to control all timing and sequencing; of spacecraft

events. All elements of the G&C system were- interlinked by this unit and

functionall\- it was a part of each of the four GSC subsystems discussed in

sections 3.0 through 6.0. The weight of thQ assembly was 13.13 lbs. The average
power used in sun (at 32 volts) was 42 watts; the power used at night (21 volts)

was 32 watts. This assembly consisted of two distinct sections, the Programmer

and the Closed Loop Electronics (CLE). The Programmer -..as a low-speed digital

data processor, with memory capacity large enough to provide 16 hours of control

from stored commands and a 29.1 hour clock. The Closed Loop Electronics, which

was basically all analog in operation, performed the task of attitude control.

It accepted error signals from the gyros and sensors to control the reaction

thrusters and thrust vector control actuator in response to mode commands from

the Programmer. These two sections, Programmer, and CLE, will be discussed

individually in the following paragraphs.

8. 4. 1 PWGRAAMER DESCRIPTION

The Programmer portion of t

data processor, operating a

a 21 bit, 128 word memory.

program commands. Commands

program updating ; revising.

progressed. The programmer

8-30

e Flight Electronics Control Assembly was a serial

a bit rate of 2.4 KHz. The programmer contained

The unit could execute either real time or stored

transmitted from the ground could provide for

or initiating the program routine as the mission

is shown in the functional block diagram of Figure

The programmer has a hard line input function "hick controlled two modes of the

:system for ground checkout. One mode prohibited execution of the stored pro-

gram, but allowed memory loading and verification. Discrete real-time-commands

could override this control. The second mode allowed normal execution of

stored commands. real-time-commands, memory loading and 11 spacecraft function-

al interrupts.

The Programmer is described b%- discussing the functions of the individual

blocks shown in Figure 8-30.

Signal C onditioner - provide input and output circuit isolation. proper
external voltage levels. noise suppression ; and minimized susceptibility to

radio frequency interference.

Command Register - This 20 bit register held stored program commands from
memory or real-time-commands from the command decoder and provided complemented

and uncomplemented, parallel outputs to the output matrix d,:coder. The register

also held time, velocity or attitude constants for comparison with integrated

values during event timing and maneuver sequences.
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IWER Su='.7A

Figure 8-29:	 FLIGHT ELECTRONICS CONTROL ASSEMBLY
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Mode Control Register - The mode control register accepted command information

and nine signal interrupts from spacecraft telecommunicati"lls, two occultation

signals from the attitude reference subsystem, and ene from the photographic

subsystems. It set up the flight programmer for:

1) Real time or stored-program operation;

2) Interrupt commands (stop stored program and execute new command word);

3) Information requests (telemetry and -;pacecraft time).

Input Paritv Checker - The input parity checker checked the-, command words

transmitted from the ground through the communications command decoder for

even parity.

Function Control Register - The function control register held the present

five-bit operation code and functional mode of , the programmer and combined

them with timing to direct the information flow. The function control register

also controlled changes in the programmer operating mode.

Adder - This unit was a half-adder and had logic circuitry which added 1 bit

at a time to a value stored in the memory. The adder was used to add time,

position and velocity increments, and to increment addresses.

Velocity Conversion Register - The velocity conversion register detected the

difference between two input frequencies. The sum of the two frequencies

was constant; the difference rate was variable and proportional to the acceler-

ation measured by the accelerometer. The difference frequency was scaled

into 0.1 foot-per-second increments for midcourse and orbit insertion velocity

changes.

blemory Address Register - Seven address bits, held in this register, con-

trolled the addressing of words read in or out of the memory. Addressing

of special-purpose memory words, as commanded by the function control register,

overrides, but did not destroy, the contents of the memory address register

flip-flops. This technique allowed all indexing and address-modification-

registers to be contained in they memory instead of external flip-flop-registers.

Memory - The memory consisted of a magnetic-core plane with associated dis-

crete part read-and-write circuitr y . The memory contained 1`28 word storage

which could be randomly selected. Read in..readout of the 21-bit word was

serial, controlled by an internal counter. The basic bit e-,ycle was read/

modify/write. The memory accepted data from the command register and adder.

E;ght specific word locations were employed as spacecraft time-accumulation-

register magnitude-integrating-register, next instruction-address-register,

store program word-address-register. Sun and Canopus occultation time recording

registers, interrupted instruction and addee:.:.-register, and telemetry word-

transfer. The use of these special word loc.A.ions reduced the number of

active circuit registers. This resulted in a reduction of power • consumption

and weight.
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Voltage-to-Fre quency Converter - The  voltag -to-fre quency converter accepted
an analoC rate volt s , ^^ rota the gyros in the inerti gl refert •nce unit, which
it -onverted to equi-iulent digital. pulses. The digital pulses were inte-
grated during a maneuver and compared to a constant value corresponding to
the desired maneuver. Equality terminated th,_ maneuver co.:.,vnd.

Parity Generation and Checki-:•- - This unit p rovided bu ffering between the
mer:c ry and the programmer logic. the parity generator provided an even
parity• bit in bit-position 21 for words transferred into memory. An even
parity check was performed on the words transferred out of mew. ry.

Comparator - The comparator provided serial comparisons between a constant
value from the co=,and register and an increm,^nted value from memory.
Twenty-bit time words, and 15-bit attitude and velocity ca finitude words
were compared. when comparison was reached, the comparator provided a logic
signal which caused the programmer to proceed to the next instruction.

System Clock - There were two crystal oscillators in the programmer (for
redundancy). Fr^ch oscillator drove a countdown register from which all pro-
gran-.mer frequencies and timing were derived. The crystal oscillator was
assembled with discrete parts and provided a basic 0614.4 kc output frequency.
The oscillator provided an extremely stable, jitter-free clock frequency with
an accuracy of 1 part in 106 . The countdown register generat-ed 0 to plus 4.5
v.d.c. square-wave trains of the following frequencies: 614.4 kc; 307.2 kc;
153.6 kc; 76.8 kc; 38.4 kc; 19.2 kc; 4.3 kc; 300 cps; 100 cps; 50 cps; and
10 cps.

Redundancy Control - The redundancy control provided switching, in event of
failure, between the two countdown registers. Control was exercised by a
real-time command from the com.-nand decoder.

Output Matrix Decoder - Decoding matrices and necessary logLc elements pro-
viaeunique comet— ands and signal formats to all required spacecraft subsys-
tems. Pulse commands, on-off commands, timing bursts, and gated sequences
were formed in this unit and were sent to the signal conditioning unit for
output.

High level signals and their drivers were electrically and physically iso-
lated from low-level signals and devices. High-level signal circuits were
enclosed in the Switching Assembly which is discussed briefly in paragraph
8.4.3.2.

Flight Control Switching - Commands from the output matrix decoder, and Sun
and Canopus presence signals were combined to provide e pode commands for the
attitude control subsystem in roll, pitch, and yaw a:-cis, as well as turning
the IRU on or off, swItching the eQrzvs between rate or rate integrate modes,
and turning the accelerometer "or" or "off" (actuall y this latter only closed
or opened the rebalance loop). Accelercmeter excitation and temperature con-
trol were always "On" wherever IRU power was on.

DC to DC Converter - Converted spacecraft voltage (+ 32 to + 21 vdc) into
plus .5 volts, plus 6 volts, plus 15 volts, and minus 15 volts for the
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integrated logic circuit:,, memory and signal conditioning. The converter
provided volt-ac--e to the switching asseMbly and + 15 and - 15 volt signal
reference voltage tr, the thrust vector actuator.

Command-Word For_-at - The grotmd-transmitted cor-irand word consisted of 22
infor::.atior.-bits. The order of transmitting the information word began with
the least significant bit. The grour►d-transmitted word format was received
by the command decoder, verified and transferred to the programmer on re-
ceipt of an execute tone. :^.ze 22nd bit was a parity bit which was checked
as the cowand was transferred into the prosra_. er. The first bit was used
to identify either a stored-program mode or real time mode of operation and was
separated out as the word was transferred from the com::,snd decoder and used
to set up the proper execution of the word. ',lord format is illustrated in
Figure 8-31.

Instruction Sets - Command word instructions were separated into two sets:
those instruction words that control internal functions of the prograrmuer;
and those instruction words that control other spacecraft subsystem func-
tions.

Internal Instructions - The internal operation performed was designated in
the coG:r~.and word by hits 2 through 6. The 9 internal codes were:

1) Telemeter Memory (MI). This command was used to verify specific stored
commands.

2) Wait Time (WAT). This instruction was used as a delay between stored
comnands .

3) Compare Tire (COT). Instruction was used to initiate an event at a
desired spacecraft time. The address was indexed each time the command
was executed.

4) Execute Magnitude Minu.; (EbWQ. A magnitude command with a minus si;M
to control the maneuver direction.

5) Execute Magnitude Plus (Ebb'). Sane as R.Y., except for sign.

6) Store Program Address (SPA). Command designated the address where the
next stored progre.-n *rord trawsmitted from ground was to be stored.
The address was indexed each time a stored program word was received.

7) Terminate (TER). A real tim ,:! command used primarily as a backup corm7and
to stop a comparison of tic.:G or nagnitude.

8) Ju^;. (.6'" ,T). The stored program under execution was interrupted and
the progreummer jumped to the address designated.

9) Jump Modified (JPM). Same as jump except the address was indexed and
'there was no limit to the niunber of repeated executions.

F
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External Prograr^:er Corxiiands - Seven operation codes provided magnitude
comr. gn'-s, and six operation codes provided discrete functions in indepen-
dent order. All. spacecraft co:.-:-,ands could be issued as real time or stored-
program cow-ands. Description of the external codes follows:

1) Velocity - Low Thrust (EL) - The fifteen bits of binary magnitude were
equivalent to the desired velocity change in 0.1 foot-per-second incre-
ments. The cocn..and caused thrust engine hurninr, and integration of the
resultant acceleration which was compared to the fifteen-bit constant.
'.then equality was achieved, the VEL core.^And was terminated and the pro-
gram advanced. In the stored program mode, the command was valid only
when addressed by an internal F..T command.

2) Pitch Plus (PIP) - The fifteen-bit binary magnitude was equivalent to
1/100th of a d-,gree of angular movement about the pitch axis. Integra-
tion-of-gyro rate was cumpnred to the constant and equality terminated
the comxiRnd. In the real-time r -,de, the cor=and was used directly and
caused a plus rotation. In the stored-program mode, the commend wss
valid only when address-^d by an internal EMT or EIS.: command.

3) Pitch Minus (PI14) •• Same as PIP except for sign.

k)	 Roll Plus (ROP) - Same as He except movement is about the roll axis.

5)	 Roll Minus (ROM) - Sarre as ROP except for sign.

o) Yaw Plus (YAP) - Same as PIP except movement was about yaw axis.

7) Yaw bIinus (YAM) - Same as YAP except for

8) Discrete Commands (COM:, CON, ACF, ACS, DHS ) DAE, Dom, CAP) - The eight
operation codes were combined with their respective fifteen-bit func-
tion codes to pro3uce up to 15 unique functionRl commends per op•ration
code. The function commands were fifty-millisecond pulses to the re-
quired spacecraft subsystem cr to flip-flops for control of on-off com-
mands. The total number of discrete commands provided was as follows:

Photographic Subsystez: 	 23 Commands
Corrnrknication Subsystem	 12 Commands
Structure and Mechanical Subsystems 	 9 Cc:urands
Attitude Control	 27 Commands

Pro cram. mina - Maximum efficiency of storage space was obtained by combining
individual discrete functions into subroutines that were addressed from a
master sequence and reusing ns many subroutines as possible. Discrete com-
mand words were formatted to provide a maximum number of independent sub-
system functions that could occur simultaneously. A program flow diagram
is shown in Figure 8-32. Each subroutine returned tine program to a compare
time which =-il..l contnDl the time when the next event was executed. The
mission profile com.7an3 decision block was a series of Jump commands which
directed the program to the various subroutines.
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The pmgrar_ner clock was implemented with a 20-1,it word that Was incremented
every 0.1 second, and provided u 29.1-hour recycle period. Tho compare time
(COT) command is only capable of equality comptirison for a specific time
within the recycle period.

8.4.2 PROGRA.','^ER R QUIR K_-- 'S

The pro grammer requirements evolved progressively with more detailed defini-
tion of mission and subsystem recuirements. As subs ystem chan-es occurred,
it was expected that the progrrir::^-r could accoii_ late them. In this sense,
there was no firm sp-:cificntion on the total requirements until after the
critical design review.-2 of all subsystems and of the total spacecraft. The
environm--^ntal recuirements were the same as for other equipment on the
equipment mounting deck. The reliability allocation :.-as .949•

The requirements for the programmer (as it was finally built) are listed
below:

	

1)	 Command Capability, Sequ(-ncing, and Priority

The programmer shall decode, time, properly sequence, and execute the
necessary stored program, real time co=Rnds, and siU.als to the
follo:ring spacecraft subsystems:

1. Attitud-e Control Subsystem.
2. Velocity Control Subsystem
3. Reaction Control Subsystem
4. Co=-,unicntions Subsystem
5. Photographic Subsystem
6. Switching Assembly
7. Power Subsystem

The programmer shall receive, condition, and utilize the necessary
commands, power, and signals to accomplish the foregoing. Corunand
execution sequence and reprogram.-ring shall be as specified in the
spacecraft mission event sequence and tire line analysis. Real time
commands shall :,ake priority over stored program commands.

In addition, the programmer shall provide sufficient storage to con-
trol the spacecraft for three (3) lunar orbits.

	

2)	 Interrupt Capability

The programmer shall provide the necessary circuity to permit inter-
rupting of the stored program under execution by a real time cormand,
the execution of the real tire couuand, and the restoratirin, if feasi-
ble, of the stored program that was interrupted.

	

3)	 Program Verification

V

I

The Programmer shall provide the capability to telemeter i ► iformation
from various progra,..mer points such that bariic program ex,-cution and
operation of attitude control system can be ruonitored.
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4) Time Reset Capability

The program -.e.- shall provide the capability to reset the :spacecraft
time to any value upon real time commend. In addition ) spacecraft
time shall be reset to zero by external herd line control.

5) Time of Command Execution

The programmer shall provide the ca pability of time dependent ex:cution
of commands to an accuracy of plus or minus (+) eight-tenths (0.8) of a
second over an eight (8) hour time interval. Tile accuracy shall be
based on the component's recording of time.

6) Time Generation and Recording

The programmer shall provide the ca pability of generating and recording
time for a twenty-four (24) hour period with a resolution of one-tenth
(0.1) of a se^ond and a stability of one-tenth (0.1) of a second over
an eight (8) iiour interval. This capability to be repetitive with no
loss in resolution or stability.

7) Execute Attitude Maneuvers

The programmer shalt provide the capability at designated times of exe-
cuting commanded three (3) axis attitude maneuvers and deriving space-
craft position frcra an t~ular rate information, either as a function of
stored program corn-ands or as a function of real time commands. In
addition, the programmer shall provide for removing the spacecraft
attitude control from control by spatial references and restoring the
spacecraft attitude control to control by spatial references.

8) Execute Velocity Maneuvers

The programer shall provide the capability at designated times of exe-
cuting commanded velocity maneuvers and deriving spacecraft velocity
from linear acceleration information either as a function of stored
program co=,ands or as a function of real time co=nds.

9) Spatial Reference Acquisition

The programmer shall provide the capability at designated times of exe-
cuting corunanded maneuvers and accepting pertinent information as to
acquisition of spatial references, to acquire spatial references either
as a unction of stored program commands or as a function of real time
c ou;r an(l s .

10) Computation

The programmer shall provide the capability to add and compare numeri-
cal (binary) magnitudes, to detect one (1) part out of eight hundred
and sixty-fcur thousand (864,000), to integrnte angular rate expressed
as d.c. voltage, and to integrate linear acceleration expressed as the
difference between two (2) pulse trains.

17;
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8.4. j PROGRA?• r.y,—LR DEVEL0F: ,-­:AN`T AND OPERATION

Desi.en c', 1 ictives were defines in the programmer functional requirecaents
specification. It rna anticirated that many hundreds of phnto^;raphic
sequences would have to be tranzmitted to the :;pacecraft and therefore it
would be desirable to minimize the nur:ber of c. lxnands re quired to perfcrw
those se quences. This resulted in the decision tc build a system which
would require transmission of only the sequence variables. It was also
recognized that all the functions required to be performed by the program-
mer could not be established firmly and therefore a flexible design rrust
rn developed which could hand—l e changes in producing co.%msnd and comr:and
sequencing. Additionnlly, the flight programmer must have sufficient flexi-
bility to be able to accomodate changes in the mission. Reliability was
to be given high priority in both de_i6n and coinpon nt selection.

8.4. j.1.	 Program:-Pr Trade Studies

Prior to actual hardware design, trade studies were pursued to establish
the best design approach. The most important trades are described in the
following paragraphs.

One of the initial studies traded capability of executing, only stored pro-
gram con—.;:.1nds in the prograru;:er versus the execution of both real time and
stored program comwands. The trade study considered incorporation of real
time decoding, matrix circuitry in the cor:.mand decoder subsystem, or incor-
poration of these same decoding functions in the programmer. Since the pro-
grammer had to provide essentially all of the same commands (in storage) to
control the spacecraft, the same decoding circuitry could be used for both
functions. This resulted in a reduction of total required hardware.

A second trade study was conducted to establish whether the programmer should
be made redundant or only single thread. The results of "he trade study
showed that the single thread system would meet the reliability require7,ents
established for the -,:ogrammer and that providing; a second redundant system
would be expensive in both weight and power.

Improper execution within the programmer was given serious consideration
since any malfunctions during critical operational periods would either be
relatively catastrophic to the mission or would execute photographic
sequences not previously planned. An even parity bit was included in the
words stored in memory to prevent a single bit error from causing improper
command execution.

Early in the design phase a trade study was made to select the type of
electro •iic circuitry to be used for the prograrLmer. The trade involved the
selection of integrated circuits versus discrete component circuits. In
1964 integrated circuits were just beginning to be mass produced and there
was a very definite question ns to their reliability for use in the program.
The trade study showed however, that the number of components, their size,
weight, and volume which would be required to build the system with discrete
components would be prohibitive. Therefore, the decision was made to use
integrated circuits. This approach affected other subsystems within the
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spacecraft. Since the programmer used integrated circuits the decision was
male to use the samo components for the command decoder And photographic
subsystem digital circuits.

Tiding for the spacecraft was required to b p controlled in 1/30  of a second
increments over a 16 hour period of operati-n. 	 his required a crystal.
oscillator fre quency stability of one part in 10^. Since the clock was
vital to spacecraft control and there was some question as to the relinhility
of the oscillator, the decision ns, made to use two of them, each with its
own countdown chain, with the provision to switch between them in case of
failure.

A trade study- was conducted in the initial design of the programmer to deter-
mine if infornaticn transferred within the prcgramnor shou l d be accomplished
in a serial nenner or in a parallel runner. Since power; weight and volume
Were critical parameters for the design of the spacecraft, it was evident
that a mininum number of integrated circuits should be utilized in the design
of the computer. Serial operation was selected because it did provide a
minimal number of circuits. The selection of serial o peration for the pro-
grammer required the magnetic core memory output information be transferred
serially to the rest of the programmer circuits.

The size of the magnetic core memory was dictated by the number of comQand
words required to be stored for 16 hours of mission operatics. From study
of the mission profile and the photographic sequences and maneuvers required,
it was immediately evident-that the development of a standard program where
all command words are stored independently for each of the maneuver sequences
would cause the number of words required by the programer to approach 512
words. Since a memory of this size exceeded the initial estimate, it was
apparent that some method must be incorporated in the programer design to
reduce the amount of magnetic core memory. The most obvious solution was
to make the programmer execute repetitive sequences wherever possible in
the mission pro gramming. It was estimated that approximately 30 command
words would be required to execute a single photographic sequence. Within
this sequence however, only 8 words were required to be modified to accom-
plish a second sequence. By developing special instructions it was possible
to program 7 photographic sequencies (16 hours of operation) using only 120
words of memory. From this information the magnetic core memory for the
flight program=er was determined to be 128 words.

The programmer was required to command and fire all spacecraft pyrotechnic
devices. A trade study was conducted to determine where to put the miring
circuits and what kind of circuit configuration should be used. Since the
pyrotechnic circuits were re quired to supply 5 amperes to the pyrotechnic
bridge wires, it was decided that these circuits should be separated from
the flight programmer in order to eliminate any RFI problems. These pyro-
technic circuits were then put in a se parate unit called the switching
assembly and physically displaced from the vicinity of the programmer
electronics.
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8.4.3.2 Switching Assembly

The block diagram of the switching assembly is sho •.rn in Figure 8-33. Low-
level signals from the program-per were coaverted in the switching assembly
to high-current (5-10 amperes) or voltaZe level (28 volt) signals. The
switching assembly weigred 6.3 lb and used 2.5 ' watts power continuously in
addition to th ,̂ ! short current pulses fcr the discretes. TZlA arming sw1tches
were closed by unnbilical co=rand and their actuation monitored prior to
launch. The inhibit switches provided further protection against inadvertent
firing of the squibs. The S quib drivers were directly connected to the squib
bridgewrires. This assembly provided isolation of large siCnal-transient and
electro-maEnetic fields from other equipment.

8.4 . 3 . 3 Proe;rarr_!n ,:!r Testing

Upon completion of fabrication, the programmer units were subjected, to a
seri^s of tests to demonstrate that the units complied with all specified
design requirerrp-nts. The three classifications of test at the unit level
were (1) the Flight Acceptance Tests, (2) a Qullification Test, and (3) a
Reliability Diearnnstration Test. The units were also required to pass similar
Spacecraft Level Test Requirements.

The System Design Verification tests provided important operation and perfor-
mance information about the programnier when combined into the operating sub-
systems. One of the most important of these tests was the Attitude Control.
Subsystem test un the Air Bearing Simulator. The inability to execute :toned
programs and the resulting changes are discussed in section 3.0.

One major problem area and two major potential. problem areas were discovered
during comporient testing. The first potential problem area was noted during
the vacuum thermal portion of the flight acceptance test on the first pro-
grammer unit. During this portion of the test, what w3s ^onsidered an exces-
sive number of failed components and solder connections were noted. As this
unit had passed the pre-functional test without detection of these defects,
temperature tests w.re initiated at the board and module level. to detect and
correct tht!se d!, fects before final unit assembly. The second potential pro-
blem area was discovered later in the testing program. It » ras found that
the static discharge from personnel wearing nylon sszzments when handling
mien logic components was sufficient to cause component failure. This pro-
blem was all.Ewiated by requiring all nylon garments to be replaced by cotton
garments, and that a-11 personnel "ground" themselves before handling any
components.

The one major problem that was detected during testing was a micrologic
module contamination problem. The probleru was associated with a certain
lot of modules. One hundred and thirty-four of 214 modules that were re-
ceived from that particular let indicated evidence of contamination. The
contamination appeared as a brown or black amorphous Material on the outside
of the micrologic case surrounding the external gold plated leads at the
case lead interface. The contaminant wns conductive and when spread from
lead to lead resulted in a short circuit. The contaminant. -.ras metallic
lead which resulted from a module sealing- procedure by the manufacturer.
The problem -vas corrected b; replacing all modules that were received from
that particular lot.

J-7C-
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of the failure reports mRde with respect to the programmer during testinG
ep proxim%tely 39l, of these repo r ts were attributed to desioi, fabrication
and workmanship d?ficiencies: 41.1 were attributed to test procedure, test
equipmAnt,and test personnel errors. The remaining IV was attributed to
part failures and causes listed es un.:no«m. The above figures do not in-
clude part fnilures detected at rr)dule and board level tests.

894.3e4 Programm•^!r Mission Performance

Performance of the prograiamer and switching assembly was satisfactory cn
all flights. For convenience, the pertinent data is sunnarized in Figure
8-34. There were no known hardware failures. There were instances of
anomalous spacecraft operation that occurred. The unexpected or unusual
events are discussed in the brief ii the fcllc.ring:

Mission I - Prir.A ry Mission Phase

Command activity, althou3h planned in minute detail before the start of the
mission had to be completely revised. This resulted in occasional frantic
counsnd activity due to late definition of modified mission parameters and
late parameter changes. However, all mission requireTcnt.s were met, with
only two u-rong commands being tra.^.smitted to the spacecraft.

Missicu I - Extended MJssion Phase

During the extended mission activities, performance of th y- programmer was
nominal, with the exception of a low voltage condition encou;itered on day
238 of 1966. This condition resulted from a series of improper maneuver
commands being transmitted to the programmer and was discussed in section
7.0. The battery voltage of the spacecraft was insufficient to maintain
the proper logic levels on the programmer. This resu.ted in improper opera-
tion. It should be pointed. out, however, that the pro;r5:-ner was operating
correctly with a spacecraft bvs volts-e of only 17 volts. The minir.um volt-
age design requirements was 21 volts. The progra=er was also subjected to
temperatures in excess of the design: or test requirements with no malfunc-
tions.
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Nussion II

This was the longest of the five missions yet loid the least amount of diffi-
culty with the progra=er. Although both temFt-rature and voltage limits
beyond the programmer design requirements occurred, there were no anomalies.

Mission III - Primary Mission Phase

During Kission III a prograrwaing error resulted in failure to generate a
photo activation time code for the photos of site III P-1. This errc,r re-
sulted from a deviation from the planned photo command sequence and misinter-
pretation of program.:..r operation by the command prograr.W:.er analyst. Tne
deviation from the planned coirzaand sequence was to accor3rodate a real time
command to change camera shutter speed.

Mission III - Extended Yfission Phase

During the extended mission phase, it appeared that the flight programrer
unit was malfunctioning. On several occasions memory stora -ge locations
were found to be altered and improper command sequences to have been exe-
cuted. It was determined that comzznds transmitted to other spacecraft
concurrently in Lurar Crbit were accepted as valid coma-hands by the Mission
III spacecraft receiver and were issued to the flight progra y;er either for
storace or execution. Although each spacecraft had a separate address cod?,
it was not adequate under conditions of weak signal strength, to exclude
extraneous bits being received. The problem was alleviated by controlling
transmission times •,ith respect to spacecraft orbit locations. Also the
radio frequency of the spacecraft being commanded was pulled away from the
other spacecraft receiver frequency by the DOSIF uplink while in lock with
the spacecraft receivers.

Mission IV - Primary Mission Phase

Subsystem anomalies during the missicn resulted in niunerous non-standard
commiand sequences being transmitted to the sp:icecraft. As a result of thi:
increased cotrzand activity, three programr,dng errors were made. The first
error was due to the failure	 update a modifiable command. This caused
initiation of a wrong command sequence. The second error was the premature
termination of a maneuver by the inadvertent execution of a real time com-
mand that was being held in the comr:and decoder. The third error resulted
in the late initiation of a command sequence and was caused by misinterpre-
tation cf a coruiand sequence by the programmers. None of these errors pro-
duced serious, irrevocable conditions.

Nil. ssion V

Consnand activity was considerably reduced and improved during mission V with
respect to earlier missions. This war, due in part to further improvements
in the information flow to the programmer analysts by the other mission per-
sonnel and the earlier acquisition o-.' required mission data that was neces-
sary for incorporation into the command sequences.

1&
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8.4.4 Prograrner Conclusions and Recommendati, ► is

Tne proErarmner pro vided satisfactory control aii-1 sequ^acing of spucecr3ft
events throw;;pout all missions. In addition to satisfying, all design re-
quirements, it provided the flexibility to acc. lrnLind3te both rassion anom-
alies and chances in mission objectives. Basel on the experience with the
Lunar Orbiter progra,=,er, the following conclu.4ons are m.3d?:

1) The selection of a sim ple, straightforward, single thread design with
limited rediuidaricy (redundant oscillators and countdown chain) rts::lted
in a unit that was reliable and easy to opo rate. The reliability demon-
strated by the units exceeded the reliability allocatio:s o.° the desiCr
requirement. Being straightforward and enjy to operate was of particu-
lar value to both the test program and to mission operations personnel.

2) The sel.ectinn of special instructions and the use of subroutines were
effective in minimizing the amount of memory , required to accomplish
any specific mission task.

3) Possible deleterious effects of EMI to the low level logic circuitry
was avoided by the decision to place all high current or voltage
switching circuits (such es squib and engine valve drivers) in a
physically separate unit (the switching assembly).

Reco:-- enlations for "doing differently if one had it to do over" are:

1) Verification of programxer storage :-as difficult. It required one
ground trans=itted command for each word telemetered. Provision should
have been made to allow block transfer of the entire magnetic core
memory to verify the inforwaticn stored there. This would have aided
test si t-nificantly. The decision on the program not to incorporate
this capability was made on the basis of minimizing parts count for
reliability purposes.

2) The program:aer was im plemented with a half adder. A full adder should
be implemented to allow for incrementing and decrementing of time and
magnitude values for greater flexibility in coem;nnd execu-:ion. Here
again the d-eision against such inclusion was based strictly on parts
count or reliability. Significant operational flexibility would have
been gained by such an adder. Work-around method-- on programming
would have been simplified thus reducing thy.: load on operations per-
sonnel.

3) The storage capacity of the program:Ler was -inly 128 words. As such
the unit had to be remapped periodically tf,roughout the missions
placing heavy reliance on the data link. A greater storage capacity
would have reduced the continuous mapping rtirid search for storage
locations during missions operations.

4) Programing of the systen would have been •,,:;ier if the "modified jump"
co=and hAd been limited to a s pecific numlw r of executions. This
would have allowed more flexibility in the Transfer between r,ubroutines
and also reducing the long on ground opera+.l ons personnel.
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5) Provide for a more general_ p :r- pose instiu, • t ion set to Permit greater
flexibility in recursive programming to mitiirize atora.,e space. It
would allow oaxirr= use of progrsr.ming te. • !;niques to miriwi7e pro-
grar-ming loads and coding errors.

6) ?:nneuver com:,rinds were executed throu3h a comparison of accumulated
r,agnitude and the eorrzanded u:RViitude. A timed backup should be pro-
vided in case of breakdown of th,: co©pari-non process.

7) The progra.-nmer was implew_nted at the time of development with state-
of-the-art hardware. However, with the advance in tech olog-y, consi-
deration should be given to newer low power devices which could reduce
power requirements by a factor of k.

8) Cordwood rndule interface circuits should be replaced -with integrated
circuits.
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8.4.	 CU', SFD LOOP ELECT ,- 	 DESC:i1Y1ZG:;

The Clo yed Loop Electronics (CIE) vas located in Vhe r'li .nt Electronics Control
Ass^::bly. Fu::ction..11y th .:! =.it ,ms a par-L of the AttittLe Control subsyste.:
discunred in Section 3.0. The CLE circuit scae::.atic is sho,r: in Fi,ure 3-35•
The unit was basically all a.aloZ in operation but provided ,U vital (0147-0"rr )
type control si^na.13 t j the reactio:: control bets.

Specif^.ct=11y the C T E Lxerfor:.:ed fu::ctions of s_ ^,li ^i:h^;, shapi,­ and diseri:lra-
tin- signals fror.: the im-!rtial reference u.it, cel.:;tiai1 s-:nsors, and the
fli Sht pro"rc.::.^er. It accente:l si -nals in all. ttu-ee a.w s fro::: the IFU rate or
rate inte,;ratc :::o_es.	 1e unit also eorsiected and discor.:.nc`sd celestial
refers:.cc s,.nsors upon co:.:wnd fro,i the pro;;ra_. er.

The clo yed loop electronics circuits :.ere desi gned arou:id tha power supplied
by the pro-rcrr.r_r, :Aiich uvn o + 15.0 ^rDC, +6.0 VDC and + 28.0 Vi)C. the unit
consisted of 72 sold state circuits of 23 confi„uration;.

8.4 . n C.17 REqUIF0, 2.1 S

The CIE was required to acco.:.plish two prirmxy tasks.

1) 2"ne CLE sha11 provide for the .antrol of t:.z •e(! axis attitude control
thrusters as a function of spatial reference	 spacecraft
dyns::ics, and inertial sensors. In addition, the CLE shr11 provide

t	 for the control of attit&-e control thrusters as a function of
attiturle eo:_ -slds, annular rate, and spacecraft dyna:ics.

2) The CLE shall provide analoS displace:.La nt error signals to the pitch
and yaw thrust vector control actuators as e f-xxt.ion of inertiol
reference position si,-na.ls and spacecraft dyna:.iics.

Thee-e tasks :,ere satisfied by performin`; the followin,^; fu::ct:o::s.

1) Close rate and attitude control loops with inputs fro:. inertial
reference: unit, sun sensors, an-”' star tracker.

2) Provide lead/la,; co::tYensction on inertial reference unit attitude
signals for reaction control and ti:rust vector control.

j) A.:plify anr: lind. sun se:lsor outputs.

4) Accept mode switch co_,=ands fro.: the pro,;ra:_.^r.

5) Provide valve _ rivars for plus and Ldnu., ti:_•:isters in three axes.

b) Provide "one-snot" to thrusters fog minirr.L-^ iripuls^e bit operation.
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8.4 .7 CLOSED LOOP ELE^TRO'IICS D::VELO ::-:,1 A:;D OPERATIO::

T:+.e	 circuit p^xt. peters of the Closer Loop Electronics were c,ietatc—d
by th^ f-a;ctto:i,-1 interface require.-ants of t o chosen Inerticl R-a ferenc':! U.-At
and the reaction co:itrol a; •ste:;. As such tier: alternatives awilable to the

e	 a	 e	 e	 u t	 .,	 be in,; 1in.^ ^r, : .,erede^i;,.h r ^.e.e red t.,,iv ly li jt_3	 The ci_ c i t_ci;..iq ^_^,	 _
strai,-:',1-for•+.•ar a:^:" ha;. a prover. histor., • of pv.st	 a^^us	 for this t,!P- of
applications. ne :.:ost critic,.1 proble:..s ..ire: 1) achievin, ihi,;h xmeliabili.y
circuits throjji worse-c,..s:: °si; z ::^ethods, 2) file selnctio:, ni co::poir_:its
that woul:: en huhr! oxrational inte,-city, and 30 the -drIi::dzr:tior1 of the
po:;e. dissipation of the unit.

A priri ry consideration ii: the de y iSn of tht: CLE ;Pas to beep the poker level
as lo ,.,r as possible. This, -' eant the circ •.:.it^ ;-ere to be desiZned ;tiZth
perfor::ance character is tics seco nd=j to po;r•r constraints. This objective
was Let with a final po,,,,er dis:Apation figure of 0.44 watts in nor:.-,al opera-
tin-, rode ana 25.5 w^tts with everythin- t,umed "on" includinZ four thrusters.
This was considerably less 1̀1ihc-L-i was possible to attain with ca::-A:rci2l.ly
available operational plifiers. This savirZ was acco..:plished by oats :izinS
each circuit to the task perfo_ cmd, and by judicially- 1-, ,3epim-LO  po,,r-r dxivinh;
sta`es of the circuits in the "off" state uurin„ quiescent co%ditions. The
perfor..zmce capability of tih,, sun sensor operational a:.plifier, z .41ic:1 is
typical of n:a:iy CLE circu ts, is shown in FiDure 8-36.

8.4.7.1 DESIO., EVOLUTIOi,

Thy evolution of the closed loop electronic unit fro::: a set of Sereral require-
ments to the final flijit article wP.s one of continuous de.i,-n iteration.
Startin- with a set of preli:..inaxy input rmd cutput interfr-ce c:hara.cteristics,
repreD,enta.tive circuits sere synthesized and breadboarded.. The prototype
breadboards vere then tested taer .;orst case conditions in voltrh3e var iations
and te:T.w--ratur2 evtrerms. As detail require:.nnts evolved and beca:L- Liore
definitive, the brePa?uoasds were TModified and retested to r::ore strin;,ant
desiSn para.^rters and tolerances. The c?evelDp-:znt of the CLE did not encounter
any r:vajor problems. the most si.,nificant -desi-n evenL"s are discussed in the
follosrin,:; para.;raphs .

TM unit oriSinally i-quireC zero crossir^ detection circuits that acted on
CZ ro position outputs cs2a celestial sent or outputs with the objective to reduce
the li:AI; cycle deaXoand contribution to :.„neuver error. These circuits were
deleted prior to the critical desiGn review alter ruhrd.ysis indicated tip Zain
derived die! not offset the penalties incur:zd in desiSn co:.mlexit;; . In th--
desiF,n of siSnlal switches, an i nvestiGat-ion was conducted on the advisal^ility
of solid State switches v'erSas relays. :el^Vs .--re re,;ected for relic cility
coasiderr-^tlions. lie choice was for solid-state switches -with "Field Eyfec,.
Traxsistor output staffs.

Thouji not a ayajor probler.i, difficulties •.---re encountered in how best to
dete=ine the "aliveness" of the closed loo-c electronic unit when mated to
the I W, colAstial sensors, and the 	 control system,. Test points
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were rclded, r lloi^; wdti: si,;.ial c_) nditioni:l,; circuits for tele:.etry i.:onitorin
fu^^^tions, to per:3t opc-ratioaat c ecks. The o^„ective w^ s to be a: le to iso-
late a failed unit to zhe black box replace:ent level. Ir this sense the check
points provided v- i%% a12q-acc to .

Protection of the reaction control thruster driver a, ,plifers required that
coil induction volta^ suppression by provided to li-Jt the volt,.^e spiky i-4aich
appeared across the output staje o. the a::plifier Vhen t`.: .? coil of tl.e solenoid
era.: turir_d off. Any voltaj-e	 placed across the coil increased the
drop out ti:.e of the valves and thereby increased the :,ini:.iu:.: pulse of the
jets. The original circuitry cesi,;:vd to li::.it the voltage spike perfor.-ed
th•_ function &2_-quataly; but was subs_-q•.w2 ntly siodif e,: wheii :_-ore realistic
inforrztion on the O.Oj lb. thruster solenoid ezial drop-out ti-, .)e require:.lents
beca-^e available. Tests to opti^:.i _ the valve off delay shorrrd that the
inductive kicll)ack suppression diode voltage :..ust be increased to about 22
volts (:wee Section 4.0 for details). The pow-_r ratin r- of the diodes was also
increosed to withstand higher power surges. The actual chanZe effected put
two of the diodes pn^viously selected in series because they were on the
approved part list and available frozz stock.

The spacecraft desi,,ii a:ki a,ai;^sis i^ro^resssc^ i:: prs; ].lea. This required that
soe provisions be r de to allow selection of electronic part values quite
late in the desi ,n cycle. The latest pla ied ehau;;e which occurred :ras the
thrust vector control co:._-^ensation r,^tworl:z. resistor and capacitor v:l.uc^s
were finally fir::ed up after the si::ulate4 clo--Qd loop thrust vector control
suosystem test conducted in th•^ fall of 1965. Alain, tide precise valties u,ea
were selected on the basis of approved avr.illable parto which differed o.,dy
slightly fro:-, those desired.

8.4.7.2 MLIALILI` T

Reliability of the closed loop electronics unit was ac.aieved throujh worst-
case design technigws, failure md.e effect and criticality analysis, ^n(!
throujz careful selection and screeninL of co:.raoiu::its. Each C1E circuit wZ:^
breadboarded an i suojecte_i to;u;ictiona l  operz^.tio:: checks ., including; eva-luation
at te:r)!rature extre:.e s. of -^0 C to + 10 C prior to final pacliving. blaiules
that failed un'er fu::ctional tests w=ere dissected and anal-,,zed to deter:dri _-
the failm-e nodes. The i .for:ztion was fed back to the production people to
prevent future proble..is.

Henvy e:.j>hasis was placed on co=uoneat selection and parts dera.tins. 86 per-
cent of the resistors .,ere stresoed at only ore percent of thc rated power and
only two resistors .,ere e-Tloyed at 20 percent of rated power. All transistors,
excopt for six, were used at less t'rari one percent of rated po:r.r. The six
were use! at 20 pence: t o rated power, and sub jecte^; to :,o instantaneous
voltages higher than 50 percent of rated volts ;e. All diodes .nre used at less
than one percent, except for 12 that were used at 15 percent of rated power.
Of the capacitor_, 12 sere used at less than 45 percent of rated volt a,;e, 15
were u:^ed at less than 35 percent, 20 sere used at less than 15 percent and the
rerairin'; 16 capacitors were used at less thrun three percent of rated voltage.
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T2u: finr.1 closed loop elec:.ro::ics confi,;ura 11."i3n had a predicted failure rata
of 2.745 x 10-6.

5.4.7. j :AC? Ar'sIi: r'i tL:ll

=:.e clo:,eu loop electronic circuits were discrete coz.-pcment trclsistor-
r+_si stor circui t.:;	 -ire pachr.Led in w--1-led eor::woo r-' ^sole co:ifi,;urr_'vioas.
T':1-^ in.lividu^1 ..:o?u].ns	 sollered to CLE :.:chicle :.:other.:.w.dr, w::iCh Fse plc°-
in t,,-1>_ n..•	 c	 _y re: _ace able a:.1 int rch 1;, ^.^1 	 Co. c ptu 1.r.y
this tr_, c::ni,vx, i:; rell:tiv_ly strai'it-ford=s- :.:1d per. its th- L-Xea+̂ _ct pachi:y;
d_n :A-Ly for an rllocate:l volu_m. 1:ovrv,.r, aec^.t1: of this r.2e' for hi Ch
density, electric^? and fabrication proble,:s v2re e:.countere:. Some circuit
1pvou,.s k•.:re found to be suswptiblee to cross;-talk interfere=nce between
input a:: output siCn^1 nr t'.io ru-tultiii; in circuit oscillations. T:1io proble:z
a-:s eli:.:ins ted by	 layout of senzitive co:.11?o: ats. Fahricz.tion
-iffierltie> were the re-,11t of i:..:;a.tu_rity of -:inmufacturi:,Z _roc ,!ssas. Thr2
rn.Jority of fame .-, :::a'_ulec resulted fro:.,, boor work- ixuisaip or crreleos han.'i inS
of p^.rts, i.e., poor or broken welds, uze of co::,-.;onents with er:o:.eous valm-s,
overstress co.;ro.i2nts, etc. 1:.-nufacturin- PI:-,o encountered r _ny urfores.2en
proble.:s in imple:aentin;; t.: eleetrc-depooii;ed solder process fo: cordwood
modules any trans finall-- rsquimd to o:ritch to the use of a c olive lit io:127. ITB-
r-,sist type of etc:r, car , ? co.^_.teci with electrolisis tin in order to :1L-et tip.:
scheditLe . A corol1cry to this proble:: t-ras the procurezant of parts ut.C:er
f inute2.- n sp--ci fication wit:; ti:L7e le^lid w11ich ware not conducive to L.O.
ranufacturin^-, processes. This- require- rewor:: of lends Urioi^ to itze.
Yodulcs OAch tested satisfactory prior to application of pottin,^; co.-.-,pounds,,
failed tests folloAna potting. T'^1e pottin ;_; procroseo and co::.,ow. _s e::,plo^^d
stressed the co::po,w its and' cnu:,_-d ­,co.-etric^rl chan;;es, throwin; the potted
:odules out of specified electricvj. tolerances. DtrmZe to n=odule healer
pin F; was al:-,o experienwd P.s a result of poor potting pm,.,;s s,r_cificctioris.
This :r;_s allevi,-.ted by usia; soft silicone ru,;'ver plu;;s aroun-1 the herder
pins enterin;; into tilt .-lets allowinS seepa,;e of L>utcrials and euoy re::iova.l of
pluus.

The Closed Loop Electronics perfor:^ i satisf,-ctorily e:i -_1 1 five ;dssicns.
.'here :-acre o:Jy two	 of off no:idnal or our of tol_rance vier:.tiorn.
Durins t 12 exte:ld&1 -.issioa phase of L.O. IV the plus pitch jet orw-shot
appenre to be -x2functionL.7,. i 1e 	 t-_-y im1ication fro . w=hich this was
dec,uced wa s £ coati :uo=, Ul-vcll jet "on" siZ—.i,-il with no £?cco. _ ^,.1iyinS ch:^x"e of

pitch rr_te or position fc,:- t:mow e.i;;'e of t.:e c'eadband. Since the valve driver
took its siSnal fro..: t:1 ,2 ors-U':?t OR the switcaing va.plifier there :a^.s no
app,--rent chv::iCe of op:ratio::.

T:12 second out of tolern:ice condition occurred Burin- the extended r:ission of
L.C. V. It arpe,•red that the r:i:lus pitch threshold detector ,ms tri,-,,:ri.i;
at -1.1 volt:; instead of -2.0 volts. This shifted the :,ea:,uard on one side.
ine effect wr.s ovid:nt in i.-- neuv.!r rate, especially in :,ride dee iband, and in
li.-dt, cycle operation.
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was -.26 deCr:!es/sscond instead of
this cause; : th:? u:• ,2 of a:: extra
The li .it cycle dc,--" -.n1:;Ls

appro.:i:.:ately ;0 percent in both
these ano::.1ie s Jeopardized t:.e
effect on the extended Tlssion

The wide dealband pitch rdnus 1. euver rate
-.C5 de C-0 /secon . It Nns esti ate that
.2 r, roan's of TO  G^.s o ,r_ r a 120 :.w p:! riod .
si: it sly reduce"' on the plus Fitch.. sic•e by
prid e s.-i3 n^.rro:,► dead—zone . Since neither of
pri: nry rission ob,jec^ive anl. had rN^;] i^ib1
there: w.s no failiwe investization made.

^.h+.^ CL03ETJ LOOP EL^:CT:tO:IICS CO:ICLUSIO:;S A:^ RECO?'^ETIDATIO::S

T'ne ::njor conclu.: ionS of this stu.:^y of the- Closed Loop Electronics -Lm:

1) 7ne t:,irizs AAch contributed rlost to the success of taw- CLE desibn
W:•r:':

(a) Use of worst case design mthods .

(b) Selection of perts to enhance reliability, e . ;., no pe..rt wM.s
used at muter than 50 percent of rated	 :.:ost .,--re
used at one percent of rated power.

(c) E:.ensive enSineerin develop.-mnt 	 of breaacoard circaits
and protctyj*e asser.:slies as the	 pro,;r•.ssed, including;
evaluation at /1e:-tre:.e-o of te^rrrctu_r^ of -30 de,-roes C and
-+- 70 dezrees C.

(d) Use of prove:• well understood circuit-S.

2) The ability to ::^ke ehan-es late in the deo- lGn cycle t'ra.s an i-mortant
asset of th-m deli-il,e.^., t.'1e flnc^̂^. ^r';?1Llf'S Of thl:'. T'JC CO:.^enSatlG:i
networks were depar> ent on totos. :3pacecraft dynrL.iics and not available
until late 196.1.

3) The use of welded cordwoo! :..oaides enhanced the circuit inter ity
once th>e process was co:.:pleted? satisfactorily.

4) 'Me ther:.k1 design kMs more than a•_le(runte for the power to be
dissirated.

j) mwi'uf cturinv processes intro..iuc,3a dif]'icult nroble`:Ls to solve, e..;.,
the potting of I~odules, the tinned lends o:i co;.raore lit s Were not
co: P t ible with taeldin; .
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RaCO:rx' :1- io s for ^o^	 tw, i_ ^..	 it to ::a o^• .• r use:

1) ^^r,,s procm-e c:it si,^ci.icr:tio:;s P.%d SelectiO,' si1JLLl i ce ci:^c:'
K iln: i lit,i be fore	 i	 'icn .fo co. _^^.ti: i^.it;; , r::' ..vw	 ^	 :oi• rey^...>ii;; ^.ct;.lr1 fc^i 	 . Ao::

orders

2) T"ne output	 of ti r. CIS s'::oul.' hive c.e:: t°stet ct t^l. co...o-

l,v:!l with t::^ e:c^cte., i :ne^.ce J. ti:° i:16	 co.	 • t,

e,**,, t1:: r'VC	 fi. '!t t_Sted 0:1 ti.°
spac^cr^ft.

of trle operc.tiol1,-1 a,plifie:s f:ic: u::•cr ^^:^10^ cir:l:its col:lc
now be replrc-:^d by irte,-rwte^i circuits if ini-.it r..~ld po-..--r

tio:ls de-.ended.
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PRECEDING PAGE BLANK NOT FILMED.

8.5 THEUST VECTOR ACCUATOR

Vn4 thrust vuc t or actuator was a nt:!w cc -onent u Jaica «ue develolcl to the
specific perfor... nce, environ. i3r:t, a:: '_ enveloiza require: antz cif ti. Lamar
Cr.iter. T'ne actuator was one	 of th,3 thrur-t vector contral sub-
syste:. c?escri:,ad in Section 5.0. the funetio:i cf tl.:! actuator Was to position
the gi: balm enZine in respoiis_ to error zi--nrls fro... the tyres and closed
loop electronicc..

8.5.1 ACi1J T10R DESCRIMO:;

The actuator w• as ah electro..achcnical position servo and is illu:;trated in
FiCure Fr37. It was sealei and pr-_osurized with nitro en -as to 7 Asia to
pmveat proble.:z with b-:arin l;s and rotor brush operatio:i in the space vacutrL
environ.-ent. The value of 7 Asia was chosen so that the pressure differential
effects would be c^pproxi:.ntely equal for sea level teotirl ­ as for vacuu:..
operation. The output shaft was an ac e threaded jrch ;crew which was sealed
by an accor3ian type :etal bellows. 7: e actuator position was .:.aintaine,l at
each ens: burn position by cwitchin^ off the 28 volt poinr to the actuator at
the co.:clusion of each velocity :.1 reuver.

8.5.2 DESI%G:; REaUIM Z!TS

Specific require.:ents i:soosed on the actuator are listed ir: Fi6aa-e 8-38.
These were deter-ine-d by the de: snus of the thrust vector control subsysten
of wiiieh the actuator is a pare.

A position actuator rather than a rate actimtor was specified because it
si-mlified other portions of the WC subsystem, and because precision position
feedback was easier to L-ple:.ent.

In ort1er tr) r:.aintain t:irust ali;n:ez.t with the c. .., a requirement for
irreversibility was set. Duxin_ t e ::-.tor o;errtiun, the actuator was in a
controlled ~late an-1 entire vibration did riot affect the actuator .-_:otion.
Betijeen bunts in a space e: virontint the load on the actuator was G-call and
the required friction tciqur for irreversaliliLy was s..all. The worst load
environ- ent was due to v_'cration durinh ; the boost p itse an this detenAnec'
the friction level fcr irreversability. Follo;ri:h^ final desi„n it was deter-
mined that the actuator would not be it reversible ur.:ler tae :: a:ci .^am Oa-) boost
vibration environ-ent ani the actuator w^.s cello:, p :1 to ::ove at a rate not to
exceed .05 inch per second. An operation procedure :.as developed -Aiich recentered the
aetuntor to its el-_ ctricrl null alter boost and prior to first ­.otor i ;nition
to circu-.ivent this proble:.:. As it turna `i out, tae actun.tor haver rove,. off
null durin-b000t on an of the five fli„ hts r^.', the recenterin: was not
necessrry. Du: to the i-ple:lentation of the thrust vector syste.. in w::ich a
position actuator «,.s e-._lo;;•ed, spacecraft ce:iter of :.ass offset is a si-nifi•-
cant error source. In order to reduce this error, it was :.ecessai- to pro•iiCle
for rec::a::icr1 len"-th adjuster:t o:i the ictaator to ali^ri the thrust vector
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Figure 8-37:	 THRUST VECTOR CONTROL ACTUATOR

1-94

.	 J



V

D2-114277-3

FIG1 rttE 8­ 39

THRUST VECTOR ACT IATOR DESIGN H	 -1111

RE^'JIRE: . :E►rT	 ExpixiATION

1. Post 4-. 1 _-,r Actuator	 1. Predictable initial position of null
and easy to check out and monitor.

2. Maintain engine prelaunch alignment
throuc,h C .M. during boost. Minimize
start tra%sientc by retainin- engine posi-
tion established durir.Z a prece^air.;; burn.

^. Permit prelaunch admust--ent to align
engine through spacecraft center of
mass	 with the actuator at electrical
null.

4. To provide required syste^1 performaliCe
with at least > db Cain mir6in from
startb,x-n to endburn conditions includ-
ing effect of:

a. Solar panel and antenna flexibility
b. Shortburn requirement with:

- Actuator hardover position
- Maxir un C .M. offset
- Reaction control recovery capability
without spacecraft attitude over-
shoot exceeding gyro gimbal limits

c. ; .sirntain thrusting vector direction
within ±0.4 0 (3-) of initial attitude.

The actuator performance as specified is
a very intimate interface between Mech-
inical and electronic design. Mininum
development tirie was a factor.

2. irreversible

3. Mechanica'_ IrnZth Ad j,,_stment
About nominal of 3.5 inches

4. Performance:
Stroke ± 2.8 degrees
Rate = 10 defy/sec
Resolution = ± 0.018"

(0.1° de",,roes)
*iatural Frequency = 2.5 CPS
Load = ± 3.0 lbs. incll;ding:
- Gir!bal T1eirin ,, Load
- Thrust Offset
- Engine Hose
- Heat Shield

Inertia Load = 0.05 S1uz ft2
(o inch arm)

5. Solid state servo electronics 	 5.
were included in actuator.
Nominal scale factor = 1 volt/
degree ± 5 percent.

6.	 The nominal thermil. environment An added then inl constr g int .^as required
was )OOF ± 25°. In addition a on the actuator due to heat soakback
thermal soak-back - 175°F at rod from the engine subsequent to engine
end for one hour after engine burr..
burn.

7.	 At least 18 day life. 7.	 Last planned errine burn was to obtain
photo orbit within 18 days of launch.

8 • 1 1ej ` 1 1t was 3.55 lb. Original	 8. Weight budge
objective wws 2.2 lb.

9. Power - 3.2 Xrips maximum, peak 	 Poser budget; also internal heating.
from 28 volt nominal source,
0.55 Apps nominal steady state.

10. Hermetically sealed with Or, ,-	 1.0. To withstand space environment, Helium
112 Fas with Helium trace,	 trace for leak detection purposes.
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1:	 M.s	 e	 :	 _throes. ti-_ z :^ as a+ :: c.... with ti. actuator E.,, is ,.1^. + .^. is si ,,cia1. . .ull

Y: C-.a nic, 1 u1 jus.-	 cal, •:iI.ity Of {"".25 t. -0.1--, 	(2.1^ de,,zLes to
-1.46 de-recs o_- nozzl,, ) .-:s prc)vi r,-'.. The stro:^_ li at was deter..ine ? by
cr_lc:letio.I o: the : "LA _ . tr,.vel rcgajred by 	 actuator to -Ii ,,n t:.^ thrust
with t:.— center o. Lss pl,s a, .i.:^, a;, a l iitio..al. 1.5 de;;raes of ;:ozzle
d.eflecti-,n for c:^.^tr^l purpose:3. T.: ad?ition xl 1.5 de,;:e-ez was deter...ii:el
on an wmloj co..^uter to give adequate control acc-^le.ation for s;•ste:.
re sponse .

The aetu-ttor fit_-q^L-_:;cy response li-It has speci.'i;___ to be Greater than the
expecte struc,,u_ral fr,^gwmcy. D-1112 to the nor.lin:ar response of the actuator
caus=ed i,y rate v.:: accelera-tion li, itir.Z, the freq::.::cy response was defined
for tiro a:;plitu•?es. The frequency r:,• spoase require:-ant is shown in
Fi^~urz 8-39. Ti:e hi^,h a plitude respo:se regain-:.ent has e lok^r frequency
roll off due to rate and acceleration saturation.

The rate require: n.nt (10 degree: /seco:ill) mss set hi,;h enouji to assure
e1equate dyna::ic stability :.ar,;ins with a:^ en i..e initial : .̂^isnli^n:.ent with
the C.U. of 3.8 dues unl stroke li::.its of «2.8 de-r-es. The rate require-
ment was based on rnalo- co.-Vuter si:.0 ation results.

8.5.3 DE;IELOFTI .:: -,1 A:4D OFE ZATI01

A s_4 jnificwA factor in theevelop.,ent of the actuator w•es the extre..ely
co:.rp2ess:;s ti- e scale available for develor: r_at and qualification. Procu.re-
wnt s, ^cificatio: s for the act •wtor were released earl;,- in Septe-ler, 1 01+,
following the decision to use the t;ir :baled engine. minis was !-, :or.; than five
nontti^s after cortract a.i^%ui. Curly 3'2 months van: allound to deliver the
first e;,;ineerin test, :.oriel. The first qualified flight u.-:it Wassch.^duled
for Jeliv3 y in e i&it r.:onths .

8.5.3.1 VENDOR S:-,'LvCTIO:?

There vane three vendor replie s to the actuator requtist for proposal. Two of
the:-. w_-re si.-Ala.r to the chos_n desiZn. The third was a stepper -rotor concept.
The step,- ,,2r r.:otor concept was liscar?e:'_ becau&-^ it was felt that a stepper
motor was unproven for t1lis application.

Betwee:i the other two vendors o:x: had ne Lllectei the effect of the h r:;-,tic
seU on the actuator load. The loa, on tl-- output due to press,.xization was
actually	 Chan caiy of the lo: is listek in t,-.e specification, The proposed
desi-m fro::a Fea rfott Inc. was select 2:.. T'ne actuator ven«or had ttn e-e r.oriths
frog Go a'r a3 to delivery of the first et^;ineerin develor: eat unit. Durin-
this ti: e a vea. or preli:.jnai-y deli-n review turd critical cde-i,;n review
were meld. Partly due to this extra:rely ti :it sche:'ule and partly due to poor
quality control on the actuator :::anufacture, several siL;uificant proble:::s were
uncovered durin- the test pro ra:-r.s at Boe ink.Ll
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FREQUENCY RESPONSE REQUIREMENT
Resolution .018 Inch

Cl—	 -//7/—,o77777/7/77777777/7/V
o-5 	--	 - —:	 - — -- —

Maximum Boundary
C; -10	 / _^	 f for all AmpI itudes

o -15-t-

-—
o 	 -20	 he S ec fi d Arn la^itudes

z
Q Q -30

UJI

- 35 —	 —	 -w	 Peak Command

-40 -	 —	 0 .28 Inc hes

-45

Q
Q -50
w
a

	

0,2	 0.5	 1.0	 2.0	 5.,0	 10.0
FREQUENCY - CPS

NOTES:
1, Under Design Load of 18 inch Lb
2, Frequency Response about

the Actuator Null
3. Linear Resolution - 0018 inch

FIGURE 8-39 THRUST VECTOR ACTWAJOR FREQUENCY RESPONSE REQUIREMENT

Peak Command
0.05 inches

20.0	 50.0	 100.0
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8.;.3.2 DE%TMOt2-M,T P.` '-PLE:,Z

A Eu.:.Rry of proble.:.s encounter, !d ^Iiirin„ the develoi>. ent£1 and early syste,.i
inte;;ratio% testing phe.2 an-1 the ie:,or2: or mdezi,.l required to cure the
proble.-_. is sho•.nn in FiTare 8-40. 11:-2 first i.:njor proole. wc4s the failur. of
the actuator to : i^ct ti,3 required rate li:.,it under rtl.l desi;,m con,7itions
wiich inclu. ed design loew.s, low input volta,;e, and external press •.ue. In
order to cure this proAe::::ore careful a:,se::A.y ru:l testin^; of t:..: ,jackscre=w
ass.. `•ly w-.s required. Lat -ar the .:: for size was i..creas-cd to achieve t4he
mini .z . nq-^A e ! torque nt- low voltn ;:. The electro.ics .F̂ -re c.ia^ i;ed,
inclulin; lrx-er ..rotor drive transistors, to -reduna volt,-„e drops to the
r.Ator in oiler to incr2aae the rotor voltuZe for hi_aer poker output. Olv:
si nnificr..7t rew It of the low rate prone:.: W.G an require.ent to "run in", i.e.,
ape rPte, the r,-.oto.r prior to actuator arse:.bly. The motor "rwi in" was
requirel to ae:sieve a predictable and dep`n(lable power output for a specific
power input. l'otor po«er output rind jackscr:w asseLibly torque sere i.ensumd
prior to asse,:bly to insure that required rates woull to ;et fol-lowin;
asse::2)ly

Erratic operation said hi;;h pow--r const"-ption clue to internally anJ exteriially
L;enerateJ noise ,^:eie a revere proble.,%- Several ,.odificatiosis were required to
solve C,.is proble::,. Filterin„ was done in the co..:pe:isatin,; or drivee electronics
to re•'.uc.r co:.z.:a.nd si;mal noise. FilterinZ. in the actuator was also done.

Lktr,-;er uotor drive transistors weir: used so that the hi;;her peal. power
tmr:sient levels could be tolerated in these transistors without failure;. A
deelband built into th.e actuator electronics before power was applied to the
motor was increased to lower the susceptibility to noise. Incr^asi^:,; of the
dea,dband"s reduced the resolution cap bility of the actuator. It was deter..ined
on the rui loz simulation that the wider resolution toleran_e was acceptable.

Durin" the first thrust vector subsyste., ,i level testin- on the spacecraft,
st ,^vere eouplin-, was discovered brtzP_en the closed loop electronics and th-e
actuator. The proble: was a result of a poor i-qr_:lance .-.-.atch betti*yen these two
co::ponents. In order to rectify the problem, a load resistor was added across
the output of the closed loop electronics.

Actuators were delivered to Boein,; unpainted so that the sold,er secled crzc
could be visually inspected. CAT-A-LAC black paint was applied prior to
spaLcecraft installation but after hassin;; inco..dnZ inspection. A heliu-i leak
detector was used to clieck for leakaz;e .

Follo.dn,; the above nodifications to the original design, there were no
failures Sari; the environ Lnt^1, n-liai ility^'e::o.istr.:tio_.

testis or quF,lification testir..^. There were no failiu ,es or perfor:.^nce
c.e -1-ad. t.ioa on the 1C fli-ht units. Te.:perature rise d —ir.^ ooera tion of the
actuator was not a problem becr:us-a the ther..al r.:ass was Z:-rat erouLh to with-
stand all the power that the rot-)r coull take.
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8.5.3.3	 t-M31I01 1 PERFORMLV'-CE

Per`or.:-ttwe of the actuators eras satisfactory during all missions. Operaticnal
life of the actuators is sho-,ni in Section 5.0. T;in oDarstional. .li`h t tLme
for ti:e actuators was short because the actL"itor was operated c ► t;1y duy"in^, t}-.e
velocity r -tneu-ers. Of sie-nif icant importance is the fact that two of the
thrust vector actuators on sp ,7cecraft L.O. II ol-erated witho'It detectable
per=orr-nnce de^:ral ,:A on after exposure to the spice vacuum ervironrient for 330
dRys. D•,ta is presented in Section 5.0 for each axis and inclr.les both Ground,
ani o_-)erittin.- tLne. It is of interest to note tent gro;:nd test. time of flight
corrnonentrs e:cceeded flir-ht operating ti^:e by three orders of m :-nitude for
the first i d second flight spacecraft. The significantly hi£;. car ground test
time on the first taro spacecraft is attribute! to special tests conducted
because of earlier component and subsystem develop:-Ient problems, learning how
by test personnel, and the refinement of test. procedures.

8.5 .4 	 COT:CLu-3ior 3 A'TD RFCONI ,TDATI011S

The conclusions reached from the study of the thrust vector actuator design are
as follows:

1) Tne her:ietically sealed electromechanical servo actuator design was
a,lecuate for this application..

2) The mechanical design of the actuator was far superior to the electronic
desiC,n.

?) The short t_r:e period for the deli-n, fabrication, an , deliver;, of
the first article contributed to the pronl.e:as which had to be solved
later.

Recorm:enrlations for "doing differently if one had it to do over" are:

1) Tne requirement for irreversibility durinr; the boost vibration was
urnecessar,,; . This design :roi.ild have been adequate with a smaller
motor if a more efficient Jackscrew had been •.ise 1. V,- most the real
requirement was to hold position from: one burn to the next to avoid
large start up transients.

2) Tl:e d-^ci.sion to use the gimbaled engine should have b r^ ,.n made four
months sooner. This Would have pr(-)t ► i ,ied time enough to work out
development problems.

3) T:ie initial tr%nsient conditions set the actuator rat , requirements.
Less severe conditions should have been specified for .his design.
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4) ne co:-po:^e:lts should have beer. tested , th the correct electrical
loa^iin,, i-ped, :ces before subs.-;,s-.e:. level tests' V,!re reaches.. A
portion of the s ,.fusy-ste:: electrical noise proble: s could have been
avoijeO,.

5) Electrical noise on the st-nal lines should have been specified to
the ectw, t-lor v::n?or. iris ^7ouln. have forced r. 	 thnrou^.,, anal sis
of the electronic desizn.
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9.C)	 RIPI:I03RAPFY

The references ", isted below were selected to provide the resea:che:* w1io

wants more {nfor;:.ation about the Lur,zr Orbiter with a convenient stgrtirg

»lac$- .

9.1	 Selected Published °aners

9.1 .1	 Lunar Orbiter I - A^. Ob-dient Robot; Hige, GAorg3? I. T . ('rne Boeing Co.)

and Boyer, William J. (IAngley Researc: Center); :'resented at the

XVII International Astronautical Con oress; Madrid, Spain: October 14,

1966-

9.1.2	 Lunar Orbiter Attitu:?e Control System;	 Fosth, Douglas C.	 and	 1."itchell,

Warren I. (The Boeing Co.); AIAA Paper No. 67-533, AIAA Guidance,

Control and Flight Dynamics Conference. Huntsville, Alabama; August

1.4-16, 1967.

	

9.1.3	 Lunar Orbiter Velocity Control System: Nye, H. H. and ioormn, D. W.

The Boeing Co.); JOURIrAL OF SPACECRAFT A A'D RO hE S; Vol . 5, No. 2;

February 1968.

	9.1.4	 D nar Orbiter Simulation Testing for Success; Rasco, Rick; Space Sim-

ulation Symposium; Philadelphia, Pa.: September 1967.

	

9.1..5	 The Lunar Orbiter - An Integrated Design; Helbera, Robert J. (The Poeing

Co.), and Nelson, Clifford H. (Ian,-,ley Research Center): Presented

at the XVIII International Astronautical Congress; Bel grade, Yugoslavia;

September 27, 1967.
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9.1.6	 Lunar Orbiter - A Reliability Case History; Vernon, W. B. (The

Boeing Co.); The Fifth Annual Reliability Engineering and Manage-

went Institute, Division of Continuing Education; The University

of Arizona, Tucson, Arizona; November 6-15, 1967.

9.1.7	 Comparison of Preflight and Postfli_yht Error A alyses of LUlnar Orbiter

Missions; Liebelt, Paul B. and Dyer, John P (The Boeing Co.):

AAS 68-108; AIAA Meeting, Jackson, Wyo.; September 3-5, 1968•

9.1.8	 The Lunar Orbiter Missions to the Moon; Levin, Ellis, Viele, Donald D.

and Eldrenkamp, Lowell B.; SCIENTIFIC AbERICAN, Vol. 218, No. 5,

May 1968.

9.1.9 The Moon; articles in NATIONAL G E-O:;RAPHIC, Vol. 135, No. 2, February

1969.

9.2	 NASA Contractor Reports (The Boeing Co.)

The most significant reference re ports for this design survey of the

Guidance and Controi System are:

9.2.1	 NASA CR-782; Lunar Orbiter I - Photographic Mission Summary; National

Aeronautics and Space Administration; Washington, D.C.; April 1967.

9.2.2	 NASA CR-847; Lunar Orbiter I - Photography; National Aeronautics and

Space Administration; Washington, D.C.; August 1967-

9.2.3	 NASA CR-870; Lunar Orbiter I - Extended-Mission Spacecraft Subsystem

Performance; National Aeronautics and S pace Administration;

Washington, D.C.; September 1967.

9.2.4	 NASA CR-883; Lunar Orbiter II - Photographic Mission Summary; National

Aeronautics and Space Administration; Washington, D.C.; October

t	 1967.
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9.2 . 5	 ?:ASA CR-931: Lunar Orb{ter I I - Photography; National Aeronautics and

S ,,-)ace Admlr'strat:on: U'ashington, D.C.. Novemi-er 1967.

9.?.6	 NASA CR-11 11 1; Lunar Orbiter II - r{tended- ►•: fi ssion Saacecraft Opere bons

ar.^! S iibsfsten. ?-?rfor::ance; National Aeronautics anJ Space Adm.inistra-

tion; Washington, D.C.; August loSB.

9.2.7	 NASA CR-1069; Lunar Orbiter III - Photonranhic Mission Summary;

National Aerora:itics and Space AdministratIon: Washington, D.C.:

May 1968. 

x. 2.8	 NASA CR-9341 ; L ,.:nP-r Orbiter III - Photo- rR ph 	 National Aeronautics and

Space Administration; Washington, D.C.: Febraary 1968.

).2.9	 NASA CR-1109; Lunar Orbiter ill - E^ctended-:',fission Spacecraft Oneratio ns

and Subs ystem Perfori.-once; "! tional AeronR>>tics and Space Administra-

tion; Washington, D.C.; July 1968.

9.2.10 NASA CR-1092; Lur.ar Orbiter IV - Rx+ended-Mission Spa^Pcraft Operations

and Subsystem Performance; National Aeronautics and Space Administra-

tion .: Washington, D.C.: June 1963.

9.2.11 NASA CR-1093: Lunar Orbiter- IV - Photography ; National Aeronautics- and

Space Administration; Wnshington, D.C.: July 1968).

9.2.12 NASA CR-109;: Lunar Orbiter V - ?hotovraphic Mission S•.:- - .:xrv; National

Aeronautics and S pace Administrntion: Washington, D.C.; July 1968.

9.2.13 NASA CR-lO^• : L.ung.- Orbiter IV - P'.: otogranhic Mission Summary:

Na.tionai Aerona^:tics and Space Administration: Washington, D.C.;

June 196°.

?.2.14 .NASA CR-109:; Lungr Orbiter V - Photo¢ranhv: National Aeronautics

and Space Adr.inistrntion; Washington, D.C.; June 1968
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9.2.15 MSA CR-1142; Lunar Orbiter V - :rxtended-Mission Spacecraft Onerations

and Subsystem Perforr.ance; National Aeronautics and Space Administra-

tion; Washington, D.C.; August 1968.

9.3	 Boeing Documents

Lunar Orbiter Program documents pertinent to this design, survey are

listed below:

9.3.1	 D2-114277-1; Technical Proposal Luna:~ Orbiter Design Criteria Survey.

9.3.2	 D2-22777-1; A^y?na Class Lui:ar Orbiter Pnotogranhic Project - Volume I

Technical Proposal.

9 . 3 . 3	 D2-100101-1,: Spacecraft Subsyster. D- it onriental Criteria Specification -

Lunar Orbiter.

9.3.4	 D2-100110; Spacecraft Design Criteria Snecification - Lunar Orbiter.

9.3.5 DP-10C282-1; Lunar Orbiter Attitude Control Develoor.:ent. Test Report.

9 . 3 .6 DC-100282 -3; Lunar Orbiter Thn,, st Vector Control Closed Loop Test,

Detailed Report.

	

9.3.7	 De-100330-1; Analysis of Lunar Orbiter Attitude Control System.

	

9.3.8	 D2-100330-2; Analysis of Lunar Orbiter Attitude Control System.

9 . 3 . 9 T2 - 100399-3; Test Report - Attitude Control System Design Verification.

Test (SDV-1)

9.3.10 D2-100480-4; Weight and Balance - Handbook Lunar Oribter Spacecraft

i-

No. 4. (The dash numbers of this series corres pond to the spacecraft

number.)

9 . 3 . 11 D2-100200-24-1; Documentation List - Lunar Orbiter
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