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FOREWORD

A This report describes the work performed under
NASA Contract NAS5-23598 entitled Design Study of an
Attitude Transfer Assembly for MAGSAT. The NASA Technical
Officer is : B
| Mr, H. Paul Scherer
Code 712 Room 116
Building 22

The contractor is Barnes Engineering Company,
Stamford, Connecticut.

This report is submitted October 15, 1976 and
covers the work performed from Jume 11, 1976 to September-
15, 1976.

This document is Item of Article XV of the subject
contract, |

Significant contributions have been made by the

following staff members in addition to the authors: .

Robert F. Grudee: Senior Mechanical Engineer
Mechanical Design &
. Analysis
Frank C. Demarest: Electronics Engineer
Electronic Design &
Analysis
Joseph A, Cianci: Reliability Engineer

Reliability Analysis
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SUMMARY

This report is the Final Report on the design study
for an Attitude Transfer Assembly (ATA) for use with the
MAGSAT magnetometer experiment. The Attitude Transfer
Assembly has the function of measuring in essentially real
time the variation in attitude of the magnetdmeter assembly,‘
which is specified to be mounted at the outboard end of the
SAS spacecraft, '

Uncertainity in attitude of the magnetometer may
result from two principal modes of departure from the nominal
attitude. One results from the process of erection of the
boom after reaching orbital altitude. The second is the
cyclical bending of the boom due to unbalanced solar radi-
ation which varies continuously through the orbital.path}

A machined surface on the spacecraft approximately
30 x 12 inches will be used for mounting the inboard com-
ponents of the ATA., This surface will serve as a reference
surface for definition of the three orthogonal measuring
axes; it also serves as a heat-sink controlled to +2°C.

The complement of equipment used for méasuring
angular deflections of the outer end of the boom includes
one dual-axis autocollimator assembly aligned parallel to
the: nominal boom axis and responding to reflection of its
projected beam from a 2.5-inch square mirror at the outer
end of the boom. This sub-system measures angular deflections
normél to the boom axis. Me:¢surement accuracy and range are
enhanced by the use of a servo-driven optical wedge assembly
which keeps the projected beam normal to the mirror; the
deviation of the wedges provides a coarse but accurate
measure of boom deflection, and is supplemented by an open-

loop error signal which serves as a fine-scale addendum.
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The wedge position is derived from incremental
encoders and the open-loop signal is digitized by the space-
craft system.

A second autocollimator is stationed 12 inches to
the side of the first and is used to measure a 1/10th com-
ponent of twist around the boom axis. Its beam is projécted'
to a Porro reflector assembly at the end of the boom which,
with a second Porro mounted at the spacecraft end, provides
the sensitivity to twist. A separate electronics package
houses power supplies and all circuitry except for the
preamplifiers which are in the opto-mechanical housings.

This measuring system is firmly based on prev1ously

'designed and built instrumentation for similar application.

The basic angular deviation detection means has been used
for fifteen years in other autocollimator systems, subject
to periodic design improvements in the areas of LFD sources,
silicon detector arrays, and low-noise electronic amplifiers.
Although previous wedge-deviation assemblies used resolvers
to read out the wedge rotation, this design uses incremental
encoders attached to each wedge for the same purpcse.

The basic system design is fully documented by
this report, but mechanical detail drawings remain to be
prepared. Electronic .design is complete, except that some
individual component values in amplifier schematics do not
reflect the final computations of required gain. The scope
of this study did not permit generation of worst case analysis,

System power is an average of 12,3 watts. Weight
is 21.8 1bs., including both autocollimators, reflectors, and
the separate electronics package. MIBF is in excess of
102,800 hours, , _

Tradeoff studies include consideration of a

gimballed boom, whefeby the wedge assemblies would be



eliminated and the boom itself realigned in all but the twist
axlis by means of a two-axis gimbal at its base.

All performance goals have been met, as far as it
is possible to determine pending completion of worst case
analysis. The RSS value of 511 identifiable sources of error
is 0.295 arc-seconds for the orthogonal deviation axes 5nd
2,787 arc-seconds for twist, 12°, A larger spread between
the two autocollimators at the base of the boom would permit
higher accuracy in the twist measurement if greater accuracy
is desired.



1.0 INTRODUCTION
This document is the final report in the design study
for an Attitude Transfer Assembly (ATA) for the MAGSAT space-

craft., The ATA is to monitor the orientation of a boomrmouhted

vector Magnetometer Experiment Package relative to the main
spacecraft body. The attitude of the Experiment Package is
measured in orthogonal Y and Z axes of lateral boom deviation
and in a twist axis around the boom center line, These measure-
ments are made in a non-contact optical approach employing a '
three axis autocollimator mounted on the main body of the space-
craft, with only passive optical components (reflectors)

located at the boom end. The design concept presented here is
not a novel or new one, but a complete revision of earlier work
that resulted in the successful demonstration model. The
approach incorporates the advances in electronics and data
presentation and processing that have been made and implemented
in other programs since the completion of the earlier work.

: The objective of this effort is to carry out firm
design éctivity within the constraints and perfdrmance require-
ments of the MAGSAT Spacecraft program, (these requirements
are given in Appendix.A,) leading to documentation defining
all the basic characteristics of the three axis ATA. This
report constitutes the work output of the study program and
includes the following documentation:

Opto mechanical layout drawings

Optical scpecifications and schematic
Preliminary mechanical packaging drawings
Electronic schematic diagram

Preliminary mechanical packaging drawings
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The report begins with a description of the technical
problem, description of autocollimator operation and the design
approach taken to measure the orthogonal angular deviations
and the twist about the boom in Section2). This section |
provides an introductory overall view of the ATA and its
operation and leads into a detailed discussion of the various
design concepts. 4 ,

Section 3 provides the detailed description of the
optical system, with all pertinent calculations performed -
within the text or, if too lengthy, in the Appendices. The
mechanical system as well as electronic circuit descriptions
are given in this Section. , ' '

It is felt that the tradeoffs to the design approach
are important enough to be called out in a separate section.

This is done in Section 4, where the impact of eliminating

3

[ -

system redundancies is discussed. Another topic of discussion -

in this section is the constraint on the gimballed boom mount
when used with the ATA,

The remaining sections deal with such things as pre-
liminary reliability analysis, a discussion of system error,
cross coupling and system alignment. | '

Especially noteworthy for consideration is Appendix
B in which the various optical, electrical and mechanical
parameters are tabulated for reference and system overview.

Weight and power summary are included in Section 3.4
This document is intended to be complete in itself

and constitutes the Item of Article XV, '"Type III Final Projec:
Report" of the study program, 'Design Study of an Attitude
Transfer Assembly for MAGSAT', contract NAS 5-23598.
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2.0 THEORY OF OPERATION
2.1 STATEMENT OF TECHNICAL PROBLEM
The MAGSAT experiment package includes a vector mag-

netometer capable of mapping three orthogonal components of tte
mégnetic field traversed by the orbiting spacecraft. In order
to relate these directional components to terrestrial éoordi-
nates it is necessary to be able to calculate the angular
orientation of the magnetometer relative to reference surfaces
on the spacecraft. This calculation must be derived in real
time because the 20-foot boom which supports the magnetometer
at its outboard end is subject to flexure, due particularly to
orbital changes in solar heating. o

In addition to the temporal changes in magnetometer
orientation is the initial angular offset caused by uncertainty
in attitude of the boom as a result of post-launch erection
from its stowed position.

It has been determined that angular deflections of
~the end of the boom may have a magnitude up to %15 arc-minutes
normal to the boom axis, and +5 arc-minutes around this axis.
Since these deflections may occur simultaneously and in
independently variable magnitudes around the three principal
axes, it is essential that measurement of each rotation com-
ponent be made without contamination by cross-coupling from
other axes, Alternatively, if complete elimination of such
cross-coupling 1s not possible or feasible, it must either be
of an acceptably small magnitude or be removable by calibration
and correction of data, .

Not only must each angular measurement be independent

of appreciable error due to coupling from other angular
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deviations, but the translation of the end of the boom
assoclated with these deflections must not frustrate, or
compromise the accuracy of the angular measurements. It will
be shown, for example, that the end of the boom may be ' s
expected to translate up to #0.5 inch in orthogonal directions
due to solar heating and the resultant circular bending.

This must be not only tolerated, but its implications for

system error evaluated, )

In addition to the implicit requirements of thev
measuring system stated above is the requirement that there be
no magnetic field-generating equipment mounted close to the
magnetometer. This clearly points toward an optical measuring
system with only passive elements such as reflectors mounted
at the end of the boom. |
2.1.1 System Design Approach

For reference purposes a right-hand rectangular
coordinate system will be defined as follows:

A mounting plane will be required on the spacecraft,
and this plane will contain the X and Y axes. The central
axis of the erected boom will be defined as the X axis and
may also be referred to as the twist axis. The Y and Z axes
normal to the boom length may also be referred to as the
orthogonal axes.

Figure 2.1 shows the arrangement of measuring equip-
ment relative to these axes. One autocollimator system is
aligned parallel to X and cooperates with a plane mirror at
the end of the boom for measuring angular deflections of the

end of the boom about the Y and Z axes.

I
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A second autocoliimatcr system is mounted with its
beam projected essentially in the X-Y plane but inclined at
an angle © from the X axis. . Its beam impacts on the upper
of a pair of two reflectors comprising a Porro reflector
assembly at the end of the boom, and is then reflected to
and from the lower reflector of thlS pair to a second Porro
reflector assembly mounted on the spacecraft -and on the
opposite side of the X-axis. From here it retraces its path
to the remote pair of reflectors and back to the second auto-
collimator. This complement of equipment measures rotation
about the X axis, or twist. . o

Rotation about the X, Y and Z axes respectively,
will be referred to in this report as x-, y-, and z- rotation.
It will be appreciated that a rotation of the remote plane

mirror about the Y axis will produce a deviation of ‘the . N

reflected beam out of the X-Y plane, resulting in a prOJected
| component in the Z direction. The reader should be sens1t1ve,;
therefore, to the distinction between an axis of rotation and
the progected displacement in the focal plane of the auto-
collimator, which is in a direction orthogonal to the rotatlon
axis. A unit vector parallel to the illuminating beam will

- have components, after reflection, parallel to X, Y, and Z
axes and proportional to the direction cosines between the
reflected ray and these axes. ' N

2.2 MEASURING MODES

2.2.1 Y-Z Measuring System

, The Y-Z measuring system consists of a dual-axis =
autollimator and a beam-deflection unit, with the remote plane
reflector; The autocollimator projects a collimated beam of

pulsed energy from a gallium arseﬁide LED toward the remote
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reflector. When the latter is normal to the beam the reflected
energy is refocused by the autocollimator into the plane of two
separate pairs of silicon detectors. This is the null condition
and is shown in Figure 2.2A. .

As the reflector is rotated from the normal about one
axis, the reticle image is translated onto a detector. In
Figure 2.2B the image is shown translated by an amount § onto
detector B. The signal generated by this reflector rotation
is proportional to the area of the image on the detector i.e.
the area hé§ . Continued reflector rotation generates continued
image translation, resulting in a linearly increasing signal
up to the condition of Figure 2.2C that is, the end of the
linear range. If there is further reflector rotation in the
same direction, the image continues to translate until the end
(or beginning) of ﬁhe acquisition range is reached. This is ‘
shown in Figure 2.2d. | f

As mentioned above, the width of the image translated
on the detector is §. 1Image translation is related to the

mirror rotation, y, by the equation

.5
Y = 2f . (2 11

where f = focal length of the objective. The factor of 2 is due
to the law of incidence and reflection i.e. for a mirror
rotation of angle y, the beam is deviated by an angle 2y.

The detectors are connected with their polarities
opposite. Movement of the image is one direction as in Figure
2.2B generates a signal essentially in phase with the light
pulses; movement in the other direction generates a signal 180°
out of phase. The detector pair supplies to the preamplifier
an A-C sighal whose phase is determined by mirror rotation and
whose amplitude is determined by the magnitude of rotation.

Electronic processing of the A-C signal is described in section
3.3.
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The design for the ATA combines the advantages of
an edge tracker, which is least susceptible ‘to drift in the
presence of temperature excursions, and that of a centroid
tracker which provides a push-pull effect doubling the signal -
level in' the presence of image motion. This is accomplished
by making the gap-between the detectors 1ess than the nominal
dimension of the source reticle. At null the overlap allows
some energy to fall on each detector (see Figure 2,3A). Since
the detectors are connected with the polarities opp031te the
image portions on the two separate elements produce 81gna1
currents (proportional to image areas on detectors) of equal
 and Opp031te sign, resulting in zero output. As the image is
translated onto detector B by an amount § the image area on this
detector increases by an amount $h and decreases by an amount
& h on detector A. The net signal is thus proportional to 28h,
which means that in the region of overlap of the image on the
detectors the slope of the transfer function is twice the value
of the slope in the region where there is no overlap, thereby
providing the push-pull effect. The transfer function is
illustrated in Figure 2.3B. '

It has a scale factor of 100 mv per arc-secoﬁd; is

" linear over a range of +20 arc-seconds, and is followed by a ~

lesser slope over an additional %90 arc-seconds. The scale
factor is held constant by means of Automatic Gain Control
which compensates for changes in system transmittance, LED
conversion efficiency, or detector responsivity. -
The open-loop error signal from the detector is

supplemented, however, by the action of the beam-deflection

unit, Although conceptually a part of the autocollimator, it

is housed separately'for better thermal and structural stability.
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It contains two independently operated pairs of contra-
rotating glass wedges in optical series, through which the

collimated beam is transmitted.

RCES
L

It is an obvious requirement that in order for the
autocollimator to measure rotation of the remote reflector the
projected-beam must fall on the mirror, and that even with
maximum angular deviation and translation, the reflected beam
must reenter the autocollimator. To assure this result with |
an open-loop sensor would require an autocollimator of approxi-
mately 10-inch aperture diameter - an unacceptable requirement
from the standpoint of weight and volume, as well as for other
reasons. |

. " The "tracking" effect of the wedge unit keeps the
collimated beam incident on the mirror and also normal to it,
so that the reflected beam returns along the same path, through
the wedges and into the autocollimator. By measuring the
deviation of the beam necessary to keep it normal to the
reflector, the angular rotation of the mirror is inferred.
| Furthermore, an average optical reduction of 180:1 is achieved,
which means that to measure the full £0.25° angular excursion,
the optical wedges rotate 45°. For a 1 arc-sécond deviation
the wedge rotation avérages 3 arc-minutes - easier to measure
by more than two orders of m:gnitude.

The wedges are driven by a stepper motor. For
deviations of less than 15 arc-seconds the wedges are not
actuated, and the output is only the controlled transfer
function from the detector amplifiers. When the signal
exceeds the threshold corresponding to 15 arc-seconds (1.5

volts) a string of 16 motor pulses at a step rate of 60 Hz is
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supplied to the wedges to cause them to rotate through 0.7°
in é direction to reduce the error signal to null. Encoder
discs mounted to the wedges provide a digital count of this
rotation, and the measurement of boom deflection 1is then
provided by the quantized sum of the encodef output and the
residual open-loop or 'raw" error signal. |

The wedges have inherently high accuracy over a /
large measuring range as well as virtually perfect stability.
The small residual errors which result principally from gear |
errors and encoder eccentricity are discussed in a later
section. (This represents an advance over previous designs in
which the wedge rotation was measured in analog fashion by
means of resolvers.) _ ‘

- The angular deviation imparted by the wedges is
actually a sine function of rotation, which must be rectified
by a sine conversion of the encoder outputs. This is a j
trivial requirement at the current state of computer
technology.

2,2,2 X-axis Measuring System --

The X-axis system uses an autocolliﬁator and devia-
tion-wedge unit similar to the Y-Z system but with differences
that will become apparent.

By way of introduction, consider a fictional,
perfectly rigid boom mounted alongside the magnetometer boom,
on the end of which is an autocollimator directed toward the

magnetometer. If a plane mirror were mounted on the side of

. the latter facing the autocollimator, twist of the magnetometer

boom would deviate the reflected autocollimator beam in an
"elevation" direction relative to the autocollimator, and the

twist would be directly measured,
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At the opposite extreme, a Beam projected along the
boom axis toward a plane mirror would sense no component of
twist about that axis. For intermediate "look angles" whereby
the autocollimated beam makes an angle of © relative to the )
boom axis, the measured deviation is proportional to sin @,

The two examples given-represent sin @ = 1, and 0, respect-
ively, and illustrates the previous statement without proving
it. Proof of the principal and coupling terms is provided in
Section 7.0. |

We may then set up an autocollimator at an inclined
angle 6 as large as convenient, and sense a twist component.
If the measured component is then divided by the constant sin
0, the true twist angle is derived.

‘ If the reflector is a plane mirror, a serious inter-
ference arises in the presence of Y axis rotation (pitch in
common terminology). The latter rotation would be reduced by
cos O, but for an offset angle © of around 3° the measured
pitch component would be about 20 times the twist for equal
deviation angles. Even if the pitch component could be sub-
tracted out by applying a correction from the Y measuring axis,
the accuracy of twist would be seriously degraded by the over-
whelming effect of the pitch component.

This potential problem is avoided by the use of a
Porro reflector at the end of the boom. The Porro mirror
‘assembly will have its voof edge parallel to the Y axis. Such
a reflector has the property of rotating a reflected beam by
twice the rotation angle, and it is this property which produces
the component of X rotation which will be sensed and measured

by the autocollimator and wedge unit,
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The beam is reflected from the first (remote) Porro
reflector to a second Porro on the opposite side of the X axis.
This reflector has its roof edge parallel to the Z axis, and it
returns the beam to the first reflector and then to the auto- o
collimator. The 'vertical" deviation (i.e., in the Z direction)
imparted to the beam by its first encounter with the remote
reflector in the presence of X rotation is doubled upon the'
return trip. , ,
. The final result is that the beam is deviated 6ﬁt of:
the X-Y plane by an angle 4 x sin 6 where x is the angular
rotation about X. Since the beam reflected from any mirror is
deviated by twice the mirror rotation, the difference between
this term and normal mirror action is the factor 2 sin 6.

Based on a moderate spread of the equipment, a value
0.05 has been selected for sin 6. This provides a center-to-
center displacement between autocollimator and second Porro of .
24 inches on the mounting surface. Therefore the system
measures a one-tenth component of the true twist angle. As
will be shown, this permits the measurement of X rotation with
less accuracy than Y and Z, although not all sources of error
are increased proportionately. 1In all discussion of errors
which follow, the contributions are quantized in terms of true
error in measuring x.

The design of the X autocollimator differs from the
Y-Z instrument in another important respect. Whereas the Y-Z
system requires a square source apertﬁre in order to generate
similar response functions in both axes, the X-axis system has
no such limitation. Furthermore, the Z-axis rotation of the
remote Porro reflector can cause the reflected beam to miss the
base-line Porro, preventing measurement of the X-rotation.

This is illustrated in Figure 2.4(a).
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If the divergence of the beam in the XY plane is
increased by use of a source aperture which is elongated in
the Y direction, both the remote and base-line Porros are over-
filled with the autocollimator beam, as shown in Figure 2.4(b).
Then if the remote Porro rotates about Z and is also displaéed
in either stiff or curved boom modes, some portion of the beam
will always be incident on the base-line Porro and be reflected
via the remote Porro to the autocollimator. -

The image formed between the detectors will be
vignetted to a length determined by df/D where d is the auto-
collimator lens aperture diameter, f the focal length and D the
distance to the base-line Porro:

1.142 x 4 / 480 = 0.0095 inches .

The image will then have an appearance relative to
the detectors as shown in Figure 2.5. The source aperture
will have dimensions 0.005 x 0.040 inches, so that with an un-
vignetted system the image length would be matched to the
detectors as in 2.5(a). As calculated above the actual image
length does not exceed 0.0095 inches, and the intensity falls

off from the center outward as suggested by the non-uniformly

spaced isorad circles in the image shown in 2.5(b).

When the remote Porro has rotated through the angle
Z = 0.25° it is not the center but the end of the potential
image which actually finds its way back to the autocollimator

detector plane, as shown in 2,5(c). The end of the image in
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the latter case is slightly clipped, but this small dropoff
(about 15%) will be compensated by the AGC circuit. Of mdré' .
concern, however, is the necessity to maintain the detector |
edges straight, parallel, and aligned parallel to the Y axis,
so that the image motion due to Z“rotaﬁion does not generate
an X coupling error. Tﬁey will be aligned to an optimum
position as determined by calibration, and the residual _
coupling error after optimization will be suppled to the prime
contqactof upon délivery. Depending on magnitude of the
residual errors, the calibration mayAbe ignored or used for
data correction. '
2.3 SEARCH MODE B .

The possibility exists that when the Attitude Transfer
Assembly (ATA) is turned on for the first time after launch or

after subsequent shutdown, the reflected beam will not reenter
the Y-Z autocollimator aperture. In this cése a search mode
will be instituted by means of the wedges to "find" the image.
A preprogrammed search mode described in the next section is
provided for this purpose, and the image will always be found
in less than 70 seconds time. |

In addition to the search mode to find the image it
is also necessary to return to the encoder zeroes to start a
measurement after power shutdown. A plan has been devised
whereby the encoders will be "parked" close to their zero
position before launch and whenever the ATA system is turned
off. Thus when startup is instituted, the encoder zero. is
quickly found and the counting of encoder steps necessary to
null the image position proceeds. This search for the encoder

zero will\normally take only 0.133 seconds time per axis, with
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a maximum of 51 seconds. Thus tﬁe time required before accurate
_data is received from all three axes will be 17.5 seconds (10°) -
after powér turn-on, with an absolute (very improbable)‘mékimum"
of 231 seconds. o i L
'Only one wedge motor will be'actuated at any one time

in order to limit peak power, and while the wedges are rotating,
a clamp will be imposed on the odtput datz. Normally, the
system may be interrogated at the repetition rate of 8 per
second providing ''coarse' encoder output and "fine' open-loop
output from each axis in essentially real time. B

| In order for a measurement of boom deflection to take
pface.three conditions must be achieved: (1) the autocollimatér
beam must be incident on enough of the remote reflector for
information on the orientation of the reflector to be imposed
on the reflected beam,(2)' the reflected beam must reenter the
aﬁtocollimator aperture, and (3) the refocused image of the
source reticle must fall on the detector arrays.

_ The two principal deviation modes (erection bias and
circular bending) have been explored in order to determine the
characteristics of a search mode adequate to acquire the image
and iﬁstitute the measurement function. Figure 2.6 illustrates
a side view of the elements of tﬁe Y-Z system with the longi-
tudinal distance compressed by a factor of 16 relative to the
lateral dimensions. This compression also has the effect of
scaling up angles by a factor of 16. (See the scale in lower
right corner.) . , J |

In (a) the perfect alignment situation is illustrated.

The slightly divergent beam from the autoéollimator aperture
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(1.142 inch diameter) illuminates the 2.5-inch square mirror
240 inches distant. It is reflected back in the same direction
because the mirror is normal to the beam.

The divergence causes further increase in beam c;oés-'
section on the return path. At the autocollimator apefture the
effect of the square source reticle and circular lené aperture
result in an essentially square reflected beam with rounded
corners. This beam has a width of 1.742 inches at the auto-
collimator and only the central 1.142 diameter enters the auto-
collimator. The relative sizes and position are illustrated at
the left edge of the figure, ' .

In (b) the effect of a bias in the boom erection
direction is shown. The boom center line is shown as straight,‘
but rotated 0.25° from the nominal 90° direction relative to the
spacecraft. Most of the autocollimator beam falls on the remote
mirror, but is then reflected‘so that none of it reenters the
autocollimator. The bottom of the béam is clipped by the mirror,
so that the reflected pattern is not a complete square.

If the search mode drives the wedges so as to deviate
the beam toward the mirror normal, the reflected beam will
ultimately start to reenter the aperture. Figﬁre 2.6c shows the
beam after it has been deviated 0.135° (512 motor steps, 2048
encoder counts). Enough of the beam is now captured in the
autocollimator aperture that a focused image of the source
reticle falls on one detector and the system will switch from
search to control mode.

The control mode will continue to drive the wedges
until the autocollimator beam is within 15 arc-seconds of the

mirror normal. The encoders will then provide an output
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corresponding to approximately 885 arc-seconds and the open-
loop residual error signal will provide the addendum cor-
responding to 900 arc-seconds. (Although the exact value of
each output is not completely predictable, their sum will have
all of the accuracy indicated by the error analysis.) L

Figure 2.7 shows the case of circular bending of
the boom, which produces a maximum rotation of 0.25° at the
end of the boom, accompanied by a "droop' of 0.524 inches.
Although the beam is still fully incident on the mirror, the -
reflected beam misses the autocollimator aperture as before.
Again, a search mode of 0.135° in the correct direction is
enough to acquire part of the reflected beam and switch to
control mode. o

In both Figures 2.6 and 2.7, deflection in a single
axis is illustrated. )

Figure 2,8 shows the worst-case combination of
maximum Y and Z axis deviations, combined with the worst-case
search pattern that might be required before recapture of the
beam., The autocollimator aperture is shown with reflected
beam displacement a maximum in both directions.

. The first search action deviates the reflected beam
from 0 to 1. It required 768 wedge motor steps or an encoder
count of 3072 and a time of 8.53 seconds. The beam is still
not acquired however, so an orthogonal excursion of the same
magnitude is instituted. This happens to be in the wrong
direction for the particular combination of deviation directious
illustrated, so the beam is further from capture.

In step 3 the square search pattern is expanded by
a factor of two, but not until step 5 does the beam find the

autocollimator aperture. The total time required would not
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exceed 60 seconds. Clearly, if the original deviations were
smaller or in any of the other three '"cormers" relative to.
the autocollimator aperture, capture would 6ccuf-sooner} 

As previously stated, the reflected beam must not
only reenter the instrument aperture, but must be focused
within the sensitive area of the detectors. Figure 2,9 shows
the two.sets of detectors superimposed on thé same plane with
the source reticle. In actuality they are, of course, sepa- .
rated by beamsplitters but effectively ‘are coplanar. .

Figure 2.9 shows the outline of both pairs of érfor
detectors énd-also the broken line square domain representing
maximum displacement of the image from the center of the
detectors. The small cross shows the intersection of the
mirror normal with the detector plane. The image displacement
is twice as great due to the law of reflection. It should be
realized, however, that this image is only a potential image,
since Figure 2.8 indicates that none of the reflected beam is
captured by'the lens aperture.' | ,

Similarly, although step #1 of the search mode shows
the image on the detector, it is still dark, as shown in Figure
2.8. Not until step 5 of the search mode has been nearly
completed are both conditions fulfilled: recapture of the beam
and incidence on the detector. o

No search mode is requiréd of the X autocollimator,
since the combination of Porro reflectors always returns the
center of the reflected beam to the center of the aperture.
2.4 AUTOMATIC GAIN CONTROL ‘

In order to maintain accuracy in the open-loop-

transfer function it is necessary to have automatic gain

control to compensate for changes in external transmittance
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and/or reflectance, degradation of LED output efficiency with
time and/or temperature, and changes in detector responsivity
with time and/or temperature.

In order to accomplish this, a second detector
(Acquisition or ACQ) receives a small portion of the béam .
which has been transmitted through the optical system to the.
external reflectors and back. The implicit assumption'is made
that changes with time and temperature will affect the ACQ and
the error detectors equally, or at least that relative changes
will be small compared with absolute changes. |

The output from the ACQ detector is compared with a
well-regulated reference voltage and the difference used to
adjust the LED current and restore the ACQ detector outpuﬁ to
the standard value, This automatically regulates the output
of the error detectors and preserves the scale factor.

One additional detactor further preserves the
stability of the null by guacding against the effects of
internal stray radiation. Although anti-reflection coatings,
absorbing paints and other techniques are used to minimize
scattered 'light", there is always a possibility that some of
the energy from the LED will irradiate the error and ACQ
detectors. Furthermore, it way irradiate the two error
detectors of a channel unequally, generating an offset signal
which would require an angular offset of the remote mirror to
achieve null.

As a precautionary measure, therefore, a compensation
detector will also be provided to sample energy from the LED
which has not traversed the cecxternal path, The output of this

I
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detector will be attenuated and used to buck out any offset
signal from the error detectors. This adjustment will be
made with the external path blocked, and will be applied to
the output of both the error detectors and of the ACQ

detector.
2.5 - SYSTEM OUTPUTS
2.5.1 Analog Output

Analog outputé from each channel willlbe bipolar dc;
with scale factors of 100 mv/arc sec in Y and Z axes, and ’
200 mv/arc sec in X. All channels will have nominal dynamic
ranges of +15 arc-seconds since the threshold for servo system
actuation is set at that level.

2.5.2 Digital Output ‘
Digital outputs will consist essentially of two

numbers from each channel of the YZ sub-system, and one number
from the X channel. These numbers are derived from the
encoders, and their coding is described in the Electronics
section of this report. '

Because the deviation components of the wedges are
trigonometric functions of their rotation angles, the raw
encoder outputs must be converted to sines and cosines to
provide (a) the primary output and (b) the cross-coupling
correction from the orthogonal wedge pair.

A, Y-Z System

The 45° steps of the motors are reduced by factor

of 1024 at the wedge/encoder assembly, or 158.2 arc-sec.

Each step of the motor generates a count change of 4 in the
encoder output, so that each count of the encoder represents a
wedge rotation of 45°/4096 = 39,5508 arc-seconds. Beam
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deviation B corresponding to rotation through N counts in the
Y channel

= B1 = DY1 sin (39.5508 N)

where DY1 = wedge constant = 636.4 arc-sec
For N = 4096

B, = 636.4 sin (4096 x 39.5508)
= 636.4 sin 45°

= 450 arc-sec

1

A second component B2 is obtained from the second
wedge, and if DY2 = 636.4 arc sec

B1 + B2 = 1272.8 sin 45°
= 900 arc-sec, which is the full
required measuring range. |

Each count of the encoder represents a deviation of:

D = 2D,; sin (39.5508 arc-sec) cos ¢
where ¢ is the displacément from the zero position,'assuming
6=0,-9,
When - @ is in the vicinity of 0°,

D =1272.8 x 0.000192
= (0,244 arc-sec
When ¢ = 45° |
D = 1272.8 x 0.000192 x 0.70711
= 0.1725 arc-sec. , _
The string of 64 motor steps which is generated when
the error signal exceeds 15-arc seconds equivalent thus

produces a correction of 15.6 to 11.04 arc-seconds,

!
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The difference in rotation angle between the two
Z-measuring wedges produces an unmeasured deviation in the Y
axis which must be added as a correction unless small enough
to be ignored.

The correction

Cy = D, {Eos (39.5508 N..) - cos (39.5508 szi]

Zl)

= 4, for example and D, = 636.4

= 0 and N 7

z1 z2 .
Cy = 636.4 (1 - 0.9999998)

Thus 1f N

= 1,3 x 10-4 arc-sec

But if N_,1 = 4092 and N,, = 4096 (near the upper
A Z2 :
. limit)

C, = 636.4 (0.707649 - 0.707107)

= 0.345 arc-sec.
A parallel situation governs the output from the Z
channel, whereby the total output should be:

BZ =D [éin (RN21) + sin (RNZZ) - cos (RN 1)+cos (RN .]

where R is the rotation angle corresponding to each count,
or 39.5508 arc-sec.

) In addition to the correction for disparity between
the rotation angles of the two wedges in each pair, an
additional correction must be made for rotation misalignment
‘between the encoder zero and the wedge zero, although this
will be reduced to a minimum during assembly.

If we call the zero correction associated with a

the new outputs become

sin R N - OYl)] +stn [R 0y, - Gy ]

~COoS I:R 71 " OZI)J+ cos [R (NZz 022]:]

certain wedge COi
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B, =D |sin [R(NZ1 - 0021):] + sin I:R W,, - Cozz)]

- cos B(NYI - COYl)]+ cos [R(Nxé - Cde)]J

_ B. X-rotation Autocollimator °

" The deviation in the X-axis as sensed by the’auté:
collimator is less than that in the Y and Z channels for two
reasons:

1. - The autocollimator senses only a2 sin © component
of the true rotation. Since @ has been set at 0.05, this means
that the autocollimator '"sees" only 1/10th the true rotation.

2. The angular deviation range in the X channel has
been set at 5 minutes compared with 15 minutes for the Y and
Z channels, |

Because of the reduced deviation range, and because the
X-rotatioh4autocollimator is a single-axis sensing instrdment,
we can eliminate one wedge and use a single wedge of

 636.4/15 = 42.43 arc-sec deviation.

The output equation from the encoder mounted to the

twist-measuring wedge is therefore:

| Bx = 10 x 42.43 sin (RNX)
For NX = 4096 and R = 39,5508 arc-sec
By = 300 arc-sec, which represents maximum

.anticipated X-rotation.
-C. Search Mode in Y-Z Autocollimator

) . The wedges will automatically return to a position
slightly off encoder zero when a shutdown command is given,
Thus a "stow" position is achieved, from which encoder zero may

be acquired within a few steps, thus saving time when starting

up.
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Assuming that the stow position is at -8, for
example, the sequence of commands after startup would be as

‘shown in the table below. (Only one motor will be driven at

a time.)
Procedure Wedge Channel Command Time Required
1 Y Step in + direction Normally
' until both Y encoder 0.133 sec.
zeroes have been Ma 51.2 se
acquired, and reset - ' ¢
counters Y1 and Y2 at
their respective zeroes.
(1f zeroes have not
been acquired in 1024
steps, step in -
direction until this
is achieved.
2 z Repeat above Normally
0.133 sec.
Max. 51.2 sec,
3 X - Repeat above Normally
0.133 sec,
4 If signal has been achieved in either Y or Z

channel, switch all channels to control mode.
If there is no signal in any channel then,

5 Y Step to -3072 encoder Up to 8.53 sec.
counts in ~Y direction
until signal is
acquired in either
axis, then switch to
control mode, If
signal is not
acquired proceed to
step 6.
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Procedure ‘Wedge Channel Command . Time Required

6 L. Z: Step to 3072 in +Z 8.53 sec.
: - direction. If signal S
is acquired proceed to
step 5, if not proceed
to step 7, etc. o

L)

7 Y Step to 3072 in +Y 17.06 sec.
direction. _ .

8 z Step to 3072 in -Z 17.06 sec.
direction. c

9 Y Step in -Y direction. 17.06 sec.

Signal should be
acquired before
reaching count -3072.

No search mode is required for the X axis.

It will be seen that finding the encoder zero will
normally be accomplished in all axes in one second of time
because of the stowing procedure, and the search mode can be
completed in not more than 77 seconds.

Each count represents 0,081 arc-sec of X-rotation
at ¢ = 0° and 0.0575 arc-sec at 45°, .

The above-stated values of wedge constant (636.4 and
42,43 arc-seconds) are the nominal values designed to achieve
the specified measuring range with exactly 45° rotation. A
tolerance of 2 percent is specified for the YZ wedges, however,
and 5 percent for the X wedge in order to avoid unnecessarily
difficult fabrication. The deviation per step or per count
will be proportionally increased or decreased, therefore, and
the required range of wedge rotation decreased or increased,
respectively. The exacé calibration will be supplied with

?

each instrument.
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;;”;;“"*'"No‘stops are provided in the wedge drive, and the
maximum measuring range of each channel is greater than that
_specified by abouty 2 ! , the maximum being achieved by wedge

rotation angles of £90°, . ...

- . - -~

s~ -
- -
e - -
cix
-
P
-
= o
~ =
‘v
—
- . :
- s — -
< b
e
.- =
“u -
[ = . -
> -
PR
o~ . ’
(‘_c\ -



3.1 - OPTICAL SYSTEM

The optical system design for the ATA is not a new

or novel one, but has been used and proven in various adapt-

ations in many previous autocollimator systems. The opticai
syétem shown schematically in Figure 3.1A-and 3.1B is con-
venienfly divided into three major subassemblies: the optical
head, the beam deviation wedges and the remote reflectors.

A tabulation of system parameters is inciﬁded in Appendix B.
3.1.1 Optical Head | o

The optical head, or autocollimator prober, is

shown schematically in Figure 3.2 and specifications are
given in Table 3.1. Figure 3.2 shows the Y-Z autocollimator.
The twist sensing autocollimator or X-channel is the same, but
has only one error detector pair, i.e. error detector pair
number 1. The specifications are grouped into surfaces and
distances to the next surface. The surface numbers appearing
in Table 3.1 correspond to the numbering scheme in Figure 3.2.
Each surface is specified by a radius of curvature and
tolerance (oo indicates that it is flat), whether concave (cc)
or convex (cx) and the clear aperture at that surface.
Distances between surfaces are given as a thickness and
tolerance and the material composing the space between sur-
faces (i.e. whether air or glass). Specifications are also
given on the allowable scratches and digs, i.e. surface code,
on permissible departure from a spherical shape, i.e. surface
irregularities, and optical coating type to be used on the
surface.

A narrow bandpass filter is placed in front of
each detector (used in single pass) and is selected for trans-

mission only in the wavelength band of the source and provides
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OPTICAL SYSTEM DATA SHEET

OBJECTIVE LENS TO SOURCE

SYSTEM DESCRIPTION: ATA FOR MAGSAT:
| PROJECT NO._2081

COATING
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*The Space between surface 3 and 4A contains lmm thlck beam sp11tter

" tilted @ 45° about y and 1.0 thick micrometer plate tilted @ 20° about y axis.

Both are Glass Type 517 642 (BK-7) fine annealed with surface flatness A\/4
and HEAR*¥® antireflection coating on all surfaces except beam splitting sur-

7l’*HEAR high efficiency anti-reflection coating.
EFL = 101.6mm = 4 inches

face.

BFL = 13.8mm BK-7 + 85.45 AIR

Clear Aperture = 29mm f/3.5

SHEET 1 of 2



| " TABLE 3.1
OPTICAL SYSTERM DATA SHEET :

(Continued) .
SYSTEM DESCRIPTION: _ATA FO SAT;
PROJECT NO._2081 DETECTOR
' mm, mm. mm. COATING
SURE| RADIUS & TOL oF CLEAR APER | THKBTOL | MATERIAL SonE |iree
In. cX | ~ T TYRE | THK At

' W////// 2//////////// DA/
S NN I AR 7 /////////4 vo-20['/s [
///// LU T VA
710mm mw/fo-zo Ma cfEMENrT |
// ///////{ 0 Do Sk o ascs VL0000
co /10mm 7////47///4,40-20 “a | HEA
// [ e s
i | 777 - -1 |
// U, W7/ %% %
w4 7) W 77/74 7%
N7/
W% 72/ R R /4%

N?’
@.

NE
N

O
p )

NN

.@‘

N
N

N

N
A\

N

REMARKS:

Beam Splitter Coatings:

Cube 1 - Gold Metallic T = 80% *+5% @ 0.94 micron
' Cube 2 - D1e1ectr1c R + T 0.95 MIN @ 0.9 micron

R - = 0.10 MIN @ 0.9 micron :
Beam Splitter: Same as Cube 2, specified at 45° angle of 1nc1dence
Cubes are optical glass, fine annealed
Cement is EPO-TEK 301

*Dielectric Multllayer Transmission = 0.5 @ .940 micron
: Bandwidth = 100 A°

SHEET 2 of 2
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an additional protection against stray sunlight which might -
enter the instrument. The optical coating will be a '
dielectric multilayer with a bandwidth of 100 Angstrom. 'The
primary means of differentiation between' sunlight and the ' .
autocollimated image is the pulsed mode of operation; - '
4followed‘by synchronous demodulation of the output signal, ~
The narrow acceptance angle of 10 x 21 milliradians also
helps prbvide protection against the intfustion'of'SGnlight.
_ 'The beam splitting cubes form two major sub- -

aséémblieé of the opticallhead, see Figure 3.2. Each cube
. 1s fabricated By cementing two right angle prisms (10 mm per
side) together. One prism in each cube has a beam splitter
coating as specified in Table 3.1. All faces have HEAR '
(high—effiéiéncy anti-reflection) coatings. Associated with
‘cube 1 are the AGC (acquisition) detector, the source reticle,
the condenser lens and an additional detector to compensate
for background radiation, which is due to light scattering -
and spurious reflections. With the addition of the compensating
detector, the background signal level may be nulled out.

The source reticle is a slide glass with an opaque
coating. The central area is a transparent square ,127 mm
(0.005 in.) on each side for the Y-Z channel. In the X channel
the reticle is a rectangle .127 mm high by "1.02 mm (.040 in)
long. The need for a rectangular reticle in the X channel is
discussed in Section 2. This opaque surface lies in the
focal plane of the system. The detectors and especially the
. error detectors are made to be coplanar with this surface.
The source reticle may be considered to be the system source

from which light emanates.
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Cemented to the source reticle is the condenser lens
which is used to image the LED surface onto the entrance pupil
of the system (i.e. the aperture of the lens) so that the
brightness of the projected reticle is maximized., It also
provides uniform illumination of the source reticle. ‘
3.1.1.1 Light Source |

The light source, Texas Instrument LEDTIL 33, is
located directly behind the condenser 1en§.4 This is a P-N

Gallium Arsenide device operating at 0.94 microns, with an
emitting surface 0.015 inch square. The data sheet is included
in the Appendix, supplemented by additional information.
received from the manufacturer.
3.1.1.1.1 Calculation of Radiance

’ Using TI's data for this calculation of radiance,

the maximum forward current at 25°C is 200 mA and derating
this at 1.6 mA/°C*to 30°C gives 192 mA maximum continuous
forward current. TI's data shows that the forward conduction
characteristics (i.e. current versus voltage) follow a linear

relationship which is written as

I=0.385 (V- 1.3) + 0.050 amps (3-1)
and in terms of voltage
V=2,6 (I1+ .450) ' (3-2)

Then for I = 192 mA,
V = 1,669 volts . _
and P =1V =320 mW (dissipated power) : - (3-3)

Derating this power by 657 as per NASA practice
P =0.35x 320 = 112 oW (3-4)

Since the LED is to be driven with a 507 duty cycle, peak
power is - :
P = 224 mW

*This derating value differs from the presently-published TI data
sheet, and was supplied as updated information by TI's Engineering
Dept.

T e e s - . ——
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To find the current at this power, _
P=1V (3-5)

P=1(2.51+ 1.17) | (3-6)
.224 Watts = 2.6 12 + 1,171 2 (3=7)

Solving equation (3-7) gives the peak current value, I = 145 mA.
The operéting level will however be 100 mA to allow a margin
for AGC to elevate current without exceeding the 145 mA maximum.

The radiant power, Po at 100 mA is given by TI as

Po = 5 mW . , _ _
The emitting surface of the TIL 33 is assumed to be a _
' Lambertian surface such that Po is radiated into the hemisphere
surrounding the LED. The power radiated per unit area per unit
solid angle, i.e. the radiance,is given by

N = Po/Aw | (3-8)

where A is the emitting surface area of the TIL33

A=1.45x 10°3 cm?

. -3 4
N = 5.0x 10 " W —— (3-9)
() x 1,45 x 10 ~ cm
N = 1.098 W/cmz/ster (peak to peak) (3-10)

This radiance will be used in the next section to calcﬁlate the
signal level on the detectors.
3.1.1.2 Detectors

The primary signal detectors are associated with
beam splitting cube number 2 (Figure 3.2) in the second
major subassembly of the optical head and consist of two’
silicon planar photodetector elements for each axis with a
responsivity matching to better than 57%. The separation of

the error detector elements is defined by a detector reticle
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.which is made opaque by means of evaported aluminum or nickel
except for the active areas; this separation being 0.089 mm,
(0.0035 in.,) to provide the push-pull effect in the open loop
operation described in Section 2. The active areas are 1 im

:squares. Each pair of detectors will be encased in a TO-5-
case and fitted with an AR coated window. The error detector

_configuration is shown inFigure 3.3. An SCD defining the

~device as required for another program is included in Appendix
D, with the few modifications required.for this system
indicated;

- The configuratibn of the AGC detector is the same

“éxcept for the photodetector element. In the AGC and com-
‘pensatioﬁ detectors there will be only one element 1.0 mm x 2.0
‘mm in size,
3,1.1.2.1 Signal Amplitude

The necessary calculations to determine the signal

current amplitudes generated by the acquisition(AGC) detectors
and error detectors are described below. There are four
amplitudes that must be calculated; the acquisition detector

and error detector amplitudes in the YZ channel and the
acquisition detector and error detector amplitudes in the X
bhannel. This is made necessary because of the difference in
transmittance of the four different optical paths but
béfticularly because the error detectors sense only a small
portion of the image while the AGC detectors respond to its
entire area. The signal current amplitudes for each path are
listed in Table 3.2 with all other parameters used in the
calculations. The optical paths are designated (see Figure 3.1A
and 3.1B) as follows: | |
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in the YZ Channel:
1. LED to AGC detector path = AGC

NI
Ve
AT

2, LED to Error detector path ERRORYz

in the X Channel: e
3. LED to AGC detector path AGCX

4., LED to Error detector path ERRORX

The parameters associated with all paths are listed in '
the System column. The signal current.amplitude.is determined
from the itradahce (watts/cmz) in the image plane, the character-
1istics (i.e. responsivity) of the detectors, and the image area
contributing to signal.

_The'irradiance at the center of the image is given by

. © H = NTw ‘ . (3-11)
where . H = irradlance in image plane (watts/cm ) |
- N = radlance of source (watts/cm /ster) as calculated

in Section 3. 1 1.1.1 .

T = transmittance of the system for each of the four
optical paths , ;

W = solid angle subtended by the‘pupilﬂas seen in
.the 1mage‘p1ane equal to the area of the
pupil / (focal 1ength)

For the ERROR ¥z and ERRORX paths it is important

to determine the incremental signal current amplltude generated
by an incremental change in equivalent mirror rotation. . The
mirror rotations are defined as follows:
dx = incremental mirror rotation about X
axis (twist)
dy = incremental mirror rotation about Y axis.

T d incremental mirror rotatlon about Z axis
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In discussing ERRORYZ, dy is considered equivalent to dz.
The image area dAYZ transferred onto the detector

resultiﬁg‘from an equivalent mirror rotation dy is -
dA,, = h § N | (3-12),
where 6YZ = incremental width

The incremental width 5YZ may be expressed in terms of

incremental angle dy and the focal length, f _

Substituting for S , the incremental area dAYZ is written

as .
dAy, =2 h £ dy (en®) o '(43-14)_

- The value of dAYZ for an equivalent mirror rotation of

dy = 1 arc sec (4.848 x 10-6’rad) is

dA, = 1.25 x 1070 cm?

~ In the twist sensing X chamnel, a twist dx of the
Porro feflector will result in an incremental beam deviation
dD x (the angle between the optical axis and return beam)
given by .
L dog = 4 dx sin @ : | } (3-15)
where @ is the offset angle = 2,866 degrees

sin ¢ = 0.0500

The incremental image translation onto the detector, as above,
is related to beam deviation by

‘Sx = £ D, A ' 7(3-16)‘
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It should be noted that the factor of 2 is not needed in the
above equation since it is already expressed in terms of

beam deviation not mirror rotatlon angle as is the expre551on
for 8

Thé.incremental area of the image dAx transferred
onto the detector is given as above :

dA, =h' 8§« : ‘ . (3-17)
7. : where h' is the width of the ‘image in the X channel
autocollimatér. The width of the image is not the same as
the width of the reticle in the X channel (0.0127 cm x 0.102 cm)

due to vignetting. The value of h' is determined from a
/7

consideration of the distance from the optical axis (%) in the
image plane at which the intensity has decreased to zero.
This value is '
h' = 0.024 cm = 0.0095 inch
The final expression for the incremental area dAX is thus
dAX = 4'h' £ dx sin 6 _ (3-18)

The value of dAX for a twist angle dx = 1 arc sec =

4.848 x 1079 rad

o any - 2.377 x 1077 cm’

.The 1ncremental inc1dent flux, dp is given by (for both Y-Z
channel and X channel) _
dp = HeVdA (watts) 7 A (3-19)

Where V is a vignetting factor (less than one) introduced
to account for decreased intensity of the edge of the image

due to vignetting. Vignetting and its effects are discussed

~4
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in Section 3.1.1.4. The effective irradiance in the image
plane may thus be defined as

He = HV

.
S

The incremental signal current generated by the incident

flux, dP is given by ' :
dl = 2R dP (amps) , (3-20)

The factor of 2 appears because the image overlaps the detectors

at null (see Section 2).

where R = responsivity of the detectors = 0.4 amps/watt.
The value for the incremental current in ERRORYZ and ERRORX

is listed in Table 3.2.

For the AGCYZ and AGCx paths the full image area

'is8 incident on the detector whenever the remote mirror
deviations are within the acquisition range. Thus the full

image area is
AYZ = 1,613 x 10-4 cm2 image area for YZ channel
AX = 3.073 x 10-4 cm2 image area for X channel

The image dimensions are given in Table 3.2. The radiant power,
P, incident on the detector is given by
P = HeA (3-21)

The signal current generated by the incident flux (power)
is,

I =P R (amps) (3-22)
All values are listed in Table 3.2. '
3.1.1.3 Objective Lens"

The objective lens is a cemented doublet 3.2 cm in
diameter with a clear aperture of 2.9 cm and focal length of

10.16 cm (4 inches). The lens was designed as part of the
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complete system, that is, in use the light passes through

the beam splitter, micrometer plate and lens twice. Although
the lens is corrected for coma, spherical aberration, '
astigmatism and color a certain amount of astigmatism is
introduced by the tilted parallel plates.(micrometer plate

and beam splitter)-which cannot be corrected. Ray tracing

was done for the lens alone and for the entire system (double

pass). Spot diagrams were made for the doublepass config-
uration with all plates perpendicular to the optical axis and
with the plates tilted as they will be in actuality. The
former indicates the state of correction of the system, and
is shown in Figure 3.4, whereas the latter indicates the
astigmatism introduced by the tilted plates. The performance
of any lens is limited by diffraction.. In systems where high
resolution is desired diffraction limited performance may be
important. For a system, such as the ATA, designed to detect
the motion of an image and not to resolve two closely spaced
object points, diffraction limited performance is of academic
interest. The spot diagrams shown in Figure 3.4 represents
a spot size approximately 2.4 times the diffraction limit
(for this lens the diffraction limit spot size is 0.008 mm).
In Figure 3.5 the spot size has increased to 5.4 times the
diffraction limit due to the astigmatism introduced by the
tilted plates, but still constitutes a well corrected system.
To determine the best focal plane under the actual
astigmatic conditions, energy distributions, i.e. knife-edge
plots were made in both the tangential plane (plane of
Figure 3.2) and sagittal plane (perpendicular to the
plane of Figure 3.2). By shifting the plane in which the
"knife" moves, the slope of the knife edge plots shown in

& .
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Figures 3.6 and 3.7 may be made approximately the same. The

plane in which this approximate equality of slope occurs will

be the nominal 'best focus" plane, The spot diagram shown in

Figure 3.5 is in the plane of best focus. ‘ )
The lens surfaces are coated with a high efficiency

anti-reflection coating peaked for 0.94 microﬁs. Specifications

for the lens are given in Table 3.1.

3.1.1.3.1 Open Loop Linear Range

In general, the linear range of an autocollimator
with a fixed pointing direction and where the reticle size
and detector gap have the same nominal dimensions is a function
of the source reticle size and focal length and is given by the
relationship
(0 8

h/2f (3-23)

h = source reticle size
f = focal length

o = mirror rotation
The factor of 2 is due to the angular beam deviation being
twice the mirror rotation (Law of Reflection).

In the ATA, the above case is modified due to the
difference in size of the detector gap and reticle size. As
explained in section 2 the overlap of the image on the detector
allows the sensitivity to be doubled in the range of overlap.
This is of importance mainly in the twist channel where the
intensity of the image is decreased by more severe vignetting
than the YZ channel due to the doubled optical path (four:
times the boom length).

, The overlap on each detector, b, (see Figure 2.3A)
is given by .
b =28 (3-24)
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where the magnitude of h is 0.005 in. (0 0127 cm) and g, the
detector gap is 0.0035 in. (0.0089 cm).
The open loop linear range may thus be limited to

‘that range in which the transfer function increases at twice_
the rate as it does in equation (3-23) (see Figure 2.3B) and
is given by (for the YZ channel) | o .

| g, = b/ 2f= (h-g)/4f | (3-25)
and substituting the above values (f =4 'in.or 10.16 cm) -
gives a magnitude for the open loop linear range of

Yy = 19,34 arc sec

For practical reasons the open loop linear range has been set

at 15 arc sec.

- 3.1.1.4 Vignetting
"Light" (actually near.infrared energy) from each

point in the source reticle aperture fills the objective lens
aperture or pupil and then is projected in a cylindrical bundle
toward the reflector. (The effects of aberration and dif-
fraction will be treated separately.) That bundle which
originates at the center of the source reticle emerges parallel
to the optical axis; all other bundles are inclined to the

axis by an angle given by a/f, where a is the distance of any
point in the reticle from the center, and £ is the auto-
collimator focal length.

The full beam has a divergence, therefore, determined
by reticle size and focal length. Immediately in front of the
bbjective lens the beam has a circular cross-section as |
determined by the objecsive lens; at greater distances its
shape is square with rounded corners, and increases in size

. with projection distance.
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This beam is incident on the remote mirror and

reflected back to the aperture of the autocollimator. It

continues to increase in size, so that when it re-enters the -

autocollimator the outer part of the beam is "vignetted" or

lost by the trimming effect of the lens aperture. Therefore,

the outer portions of the refocused image have lower intensity,

since the vignetting effect afflicts the outer edges more

severely; the center is not affected. It does no good to

increase the size of the remote reflector, beyond that of the

lens since the vignetting depends only on the lens aperture

. size, focal length, source reticle size, and distance to the

reflector and back.

By means of similar triangles, it may be shown that

the maximum image dimension that may be formed is given by:

h
where d
D
f

max

=d £/D , (3-26)

pupil diameter or width
distance to reflector

focal length

Restating the same relationship differently, the

maximum distance at which a given point in the source reticle

can be reimaged by reflection is given by

D

max

=24d f/a (3-27)

The intensity for a given point in the image 1is

proportional to the area of the effective pupil for that

point. This is the common area of the actual autocollimator

aperture and the displaced circular bundle returning to the

autocollimator. The area of overlap is given by the

expression:

A

2 [rz arc sin(/rT: szl/ r) - s\;"l r2 - szt':l (3-28)
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where r = radius of circular aperture

s = (displacement of reflected bundle)/2

a D/f (when reflected image is not displaced
_ by reflector rotation) .
This function is normalized and plotted as a function
of D/Dméx in Figure 3.8. As indicated by equation (3-27) there

is a value of Dmax associated with every point in the image.

By dividing the actual working distance to the reflector by

the value of Dmax for any point, the relative intensity at

that point in the image may be found from Figure 3.8,

The relative intensity for points along the edge of
the detector may be calculated by summation or integration, and
the amount of energy in an incremental strip calculated. From
this, the signal generated by a small angular deviation of the
reflector may be calculated.

Following this procedure for the imege in the YZ
autocollimator, we find that an average factor to represent
vignetting of the edges of the image is 0.65. This factor is
used to modify the calculation of irradiance H at the center
of the image as shown in Table 3.2, and to provide an effective

irradiance He'

Similar procedure for the X axis error channel
yields a vignetting factor of 0.25. The factors for the AGC
channels are somewhat larger, since the effective value may
be averaged over the entire image.

When the angular deviation is larger, the signal may
be calculated by a double integration over the entire image
area on one detector vs that on the other detector. Although

for a rectangular pupil the resultant expression is not unduly
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complicated, it becomes very much so for a circular aperture.
The transfer function can be approximated, however, by finite
summation. For the limited angular range required by the
open loop output of the ATA, this is not difficult. B
For larger deviations recognition must be made of
the fact that the point of maximum intensity in the image is
neither on the optiéal axis nor at the center of the image,
but at a point halfway between, and distance (a) for use in
the above equations is taken from this point in calculating
intensity in various parts of the image. 4 '
Because the large-angle output information will be
derived from the wedge-coupled encoders, further analysis
of the transfer function is not relevant to the subject of
this study. | '

3.1.1.5 Micrometer Plate

The necessary pre-launch alignment requires precise
positioning of the instrument on its base plate with respect
to the remote mirror. To expect precise positioning on a one-
to-one basis is unrealistic, It is however, possible to make
the final precise alignment optically, that is adjusting the
angular deviation from the optical axis of the collimated beam
so that it is normally incident on the mirror. It may be
shown that the beam deviation, (C , generated by a tilted plate

(the micrometer plate shown in Figure 3:2) is given by the

expression .
| & = (t (n-1) / fn) tanp T (3-29
where T = micrometer plate thickness = .1 cm

n = index of refraction = 1.508378 (BK-7 @ 0.94

microns) ’
f = focal length = 10.16 cm
f3 = tilt of plate



T et e e - e e
N

3 - 16

The plate is initially tilted 20° about the Y axis
,(see Figure 3.2) so that spurious reflections do not enter any
getector The initial beam deviation dll introduced by the 20°
tilt is compensated in alignment by an offset in the optical
components such that the outgoing beam 1s parallel to the _
optical axis. The angular range<P of t11t plate is ilO degrees
i,e. the range is
;"' 10°< B < 30°
The effective beam deviation.CI 1s generated by tilting the
micrometer plate throughits entlre range and is obtained from
equation (3 29)
(x =0 - di = (t(n-1) / fn) (tanP - tan 20°) (3-30)

Substituting the various values into equation (3-30) gives

the effective beam deviation and therefore the allowable
misalignment between the autocollimator and the remote
reflector.

-128 arc sec < O[ < 162 arc sec ’
From the above discussion, the reduction factor introduced
by- the tilt plate is 222 to 1, i.e. an adjustment of 222 arc
seconds of the tilt plate is required for a 1l arc second
deviation of the light beam. It is thus possibie to use
adjusting compdnents of ordinary precision in the adjusting
mechanism. Adjustment of the plate will be accomplished
through push-push screws for each axis. Once'the adjust-
ments are made, the plate adjusting mechanism is locked in
place to assure stability through the launch environment.

3.1.2 Beam Deviation Wedges

The open loop linear range of the ATA with fixed
pointing direction was calculated in section 3.1.1.3.1 to be
19,34 arc-sec. This is much less than the MAGSAT system

.o o e e n
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requirement of 0.25 degrees (900 arc sec). When mirror rotation
exceeds 109.6 arc sec the reticle image will be entirely on one

detector as shown in Figure 2.2C, For mirror rotation exceeding

490.6 arc sec, the return beammisses the aperture entirely. .fz

This is illustrated schematically below with a single ray.

. 2y

It is possible to change ATA parameters to meet the linear
requirements i.e. enlarge aperture, change focal length and
source reticle, but this is not compatible with MAGSAT
spacecraft installation, volume and weight constraints,
For instance for a static sensor with linear range of 0.25
degrees the aperture would have to be enlarged to 10 or 12
inches.

The approach taken to meet the range requirement for
MAGSAT in this study is to deviate from its fixed pointing
direction i.e. to track the mirror such that the beam is
always normally incident on the mirror. The angular beam

deviation is therefore equal to mirror rotation as seen in

the illustration below.
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In the YZ channel the collimated beam is deflected
by meané of two optical wedges (thin prisms) for each measur-
ing axis. The two wedges rot.ite about the optical axis in
opposite directions by equal éngular amounts, driven by a
servo system responding to error detector signals. The wedge
funétion is illustrated in Figure 3.9, the beam deviation of
each wedgé being represented as a vector. The ﬁector 1ength
is the full deviation produced by each wedge, and the direction
of the vector is the direction of the deviationm.

At the zero position, the two wedges are set so that

their deviations cancel; the apex angles are in the plane of

the side view of Figure 3.9a,.
In response to a signal from the autocollimator

error detectors, the wedges rotate equal amounts in opposite

directions as in Figure 3.9b. For a given rotation ¢1 = ¢2

@, the total angular deviation of the transmitted beam is

given by

D=2D (3-32)

, Sin 1)

where D. = D The full deviation of the beam, D, is known

1 2°
when the angle ¢ is determined, since D1 is a constant and

is known. The angular determination is made with an optical

encoder.
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The rotation angle is limited to +45° because of
the more uniform behavior of the sine function in this domain
than in the 45° to 90° domain. 1In addition, by keeping the
rotation angle limited to +45°, the eccentricity errors of
the encoder are minimized. :
3.1.2.1 Calculation of Wedge Apex Angle

In order to maintain the rotation angle of +45° in

both YZ channels and X channel, thereby allowing the use of
similar mechanical and electro mechanical components, the

apex angles of the YZ wedges and X wedges must be different.

By combining the equation for D and Dl’ the apex angle for the
YZ channel may be calculated. From basic optics, the deviation
Dl’ of a ray through a thin prism is given by

D, =A(n-1) (-3

where A = apex angle of prism

n = index of refraction

AYZ = DYZ/Z(n-l) sin ¢ | (3-33)
where @ = 45°

DYZ = 0.25

n = 1,508378 (BK-7 @ 0.94 microns)
Then AYZ = 0.348 deg = 1252.80 arc-sec.

In the X channel only one beam deviation wedge is
needed to track the twisting of the boom and therefore the

total beam deviation Dx is given by

| Dx = D1 sin ¢1 = AX (n-1) sin ¢1 | (3-34)
where AX is the apex angle for the wedge in the X channel.

The total beam deviation, DX’ required to null out a twist

of amount X is given by
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D, = 2 x sin © | (3-35)

 where 8 = 2.866 degrees, the offset of the X channel
autocollimator. The necessary apex angle for the wedge _
is given by . ’ , -
A =2xsind / (n-1) sin g - L (3-36)

= 0.023 degrees = 83.4 arc-sec '
where X = 300 arc sec. ' '

In the actual manufacturing process, a large disc

"~ is gfdund and polished to the specified apex angle and

" surface flatness, The required number of wedges are then -
- cut from this blank, thus assuring that all wedges have the

same apex angle. For the ATA these wedges will be sent to
NBS for calibration and certification.

3.1.2.2 Optical Wedge Specification

The optical wedges are made of Grade A, fine

- annealed optical glass, Type BK-7, which has the besﬁ combin-
ation of characteristics for this application. TheAwedges

- will be coated with multilayer antireflection coatings to

~ keep the intensity of reflection at less than 0.3 percent

per surface. In addition to this protection, each wedge will
be tilted in its cell by 1° so that residual ghost reflections
_cannot intersect the detectors.

A The control of flatness of wedge surfaces and of
wedge angle will be achieved by means of proven techniques
used in previous programs. The basic approach is to fabricate
"a wedge blank from which the four required discs can be

- trepanned., Wedge angle can be controlled more precisely on

¢ the large blank, and with the heip of flatness specifications,

the variation in angle can be kept within acceptable limits.
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The close matching of wedges in a given pair is
not critical for generation of the required deviation angle,
but since cross-coupling error introduced into the orthogonal
direction is a function of the difference (D, - D2) (1 - cos @),
it is desirable to limit this difference.

Figure 3.10A incorporates the requirements for
fabrication of the wedges, with appropriate tolerances and
a 2-sheet drawing of the wedge measurement ring 252507-2001.

One half fringe of net curvature as seen on the
Twyman-GreéHAihterfefometer represents'a wave deformation of

¥ wavelength between the center and the edge of the specified

. 92 mm measuring aperture. Then a single passage would produce
0.25 A, which at 546.1 mm would equal 1.365 x 10°* in/in.

Then t = wavelength retardation / (n-1)

= 1.365 x 10°4/0.50838

= 2.685 x 107 m

At radius 28 mm from center, t = (28/46)> x 2.685 x 10°* mm

= 9,948 x 10-5 in/in relative to center.

Then slope at 28 mm radius relative to center

= 9.948 x 10 /28

= 3.553 x 10°° rad

= 0,73 arc-sec
_ The deviation through the wedge due to this difference
in slope is 0.733 (n-1) = 0.373 arc-sec. The maximum cross-
coupling error due to this difference would be 2 x 0.373
X (1 - cos 45°) = 0.218 érc-sec, 30, which is considered

acceptable. : . ’
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The flatness specification on the X channel wedge
is set at 0,25 fringe resulting in a beam deviation of
0.373/2 = 0,187 arc-sec. . Since there is only one wedge in the |
X,channel, however, there is no cross-coupling error due to
deviation difference, and the tolerance is selected as a
compromise between difficult fabrication and reasonable
conformance to nominal values.  hf1
3.1.3 Reflectors | '

3.1.3.1 Remote Reflector Assembly Design

Emphasis in the design of the remote reflector
assembly has been centered on three primary requirements.

The first is the establishment of the minimum safe dimensions
compatible with autocollimator aperture and translation of the
end of the boom resultihg from the various bending modes, -
Associated with this is the determination of optimum angles
for the Porro reflector in order to return the beam to the
same height above the base plate as the autocollimator itself.

A second consideration is the establishment of flatness
requirements for the reflectors, especially the Porro. The
flatness is determined by the fact that the beam is incident on
different parts of the aperture as the end of the boom translates,
and deviations from flatness can simulate a true rotation. This
is particularly true of the Porro because the foreshortening
effect of the Porro inclined faces increases the true curvature
by ~2 in the Z direction, and also because actual beam
deviation in the X system are multiplied by 10 in determining
their effect on X-rotation output. The pertinent calculations
for ascertaining the required flatness of both the plane

mirror and the twist sensing Porro are given below.
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The flatness requirements on the base line Porro
reflectors are not as stringent as the requirements on the

remote Porro since it can be seen from Figure 2.4 that the

full aperture of this Porro is illuminated at all times.

The design effort regarding the Porro reflectors

has been directed toward first surface reflectors only.

' Solid Porro prisms have been excluded from consideration due

to the material inhomogeneity problems, the extra contribution

to deviation necessitated by refractive index, and the

. probable need for hand figuring of the prism surfaces. The

.configuration developed, in conference with Precision Lapping

" .Inc. of Valley Stream, New York for the remote reflector assembly is

shown in Figure 3.11A., The material will be the low expansion
glass Cervit with an eggcrate structure also of Cervit. The
joined surfaces will be bonded with a proprietory process by
Precision Lapping inc. Gussets not shown in Figure 3.11A will
be added to the side opposite the flat mirror and elsewhere as
determined necessary. N '

The base-line Porro reflector is of the same open
first surface type as the remote reflector assembly shown in
Figure 3.11A. Dimensions for this reflector are developed in
the next subsection and are shown in Figure 3.11B.

With the center of the remote reflectorsat the same
height as in Figure 3.11A an upward tilt of magnitude |

1

tan™l (1.237 / 240) = tan"! 0.00416 = 0.295° is required.

:This magnitude exceeds the range of the tilt mechanism, and

-therefore the 0,295° vertical tilt will be provided by a wedged

- spacer between the X autocollimator and the mounting plane.

r

The vertical distance between the centers of the two Porro

surfaces is 2.475in.If the reflected beam from the lower surface
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is parallel to the incident beam, this would be below the

mounting surface. In order to return the beam to the same

“height, the reflected beam should be inclined up by the same

angle as the projected:beam. Then the convergence angié of

the two beams is 0.590°, and the angle bias necessary t§ achieve ~
this is 0.590°/2 = 0.295° ~ 0.3°, | T

Thus the two Porro mirrors should have an included

angle of 89.7°. The base line Porro must be tilted downward

0.3° in order to "meet" the beam from the remote Porro normally.
The enclosure design for the remote reflectop_éssembly

awaits further definition of attachment availability at the

boom end. It is expected that a light weight material such as

a space-qualified graphite/epoxy composite will be used for

this purpose with the reflectors mounted to the enclosure on

‘isolating resilient pads., Thermal blankets surrounding the

reflectors will further enhance the stability of the Cervit

glass material. .
3.1.3.2 Calculation of Required Reflector Sizes

P m e =

3.1.3.2,1 Y-Z System (single plane mirror)

L,

If the boom bends at its root, mirror movement is

+L sin 0.25° = 240 x 0.00436
' = 1,047 inches.

Since the collimated beam deflection produced by the wedges
is always in a direction to follow the boom motion, the beam
again becomes centered on the mirror, so no extra aperture is
required. A minimum diameter of about 1.25 inches would thus
be adequate. |

If boom bends as a circular arc (approximated by the o
parabola) the equation for deflection as a function of distance

from the wvehicle is

N
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y=ax (3-37)
where y = lateral deflection ‘

a = constant

x = distance ' L e
Also dy/dx = 2 a x . “l -
. = 2 y/x - (3-38).
Then for x = 240 inches and dy/dx = 0,00436 rad.

y = 240 x 0.00436/2 |
= 0.523 inches (1.328 cm)

Again, the motion of the deviated beam is in a
direction to follow the boom motion, and the net displacement
between the two is (1.047 - 0.523) = 0.524 inches.

Since the boom can deviate in either direction, the
extra diameter which needs to be provided is 1.048 inches,
and total mirror diameter is then (1.048.+ 1.142) = 2,190 inches.

Therefore, a diameter of 2.5 inches is appropriate.
3.1.3.2.2‘ X-System (Porro Reflectors) . ‘ ;
3.1.3.2.2.1 Boom End or Twist Sensing Porro Reflector

In order to avoid the threat of a double image due
to angle error in the first Porro reflector, it is necessary
to keep the first beam incident on the upper reflecting
surface at all times.

Z-axis rotation (circular bending) displaces the
boom~end laterally by 0.523 inches, as previously indicated.
The portion of the reflector which actually reflects the useable
portion of the boom to th: second Porro and back to the auto-
collimator is that portion which is spread by the angle Z from
the axis, and is displaced 1.047 inches at the first Porro.
Thus the require enlargement is 2 (1.047 - 0.523) = 1.048 as

before, yielding a practical minimum width of 2.5 inches.
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The prdjected height of the upper reflecting
.surface of the Porro must be large enough to accommodate
the Y deflection of the boom, or #0.523 inches. Therefore,
the minimum possible height without vignetting is 2.190 SN
:Anches. Because of the cumulative effect of aperture on ” o
weight, this will be made 2.475 projected height, or 3.5
inches true dimension
3.1.3.2.2.2 Base Line Porro Reflector

The base line Porro reflector is oriented with its
roof edge in a Z direction that is, in the insensitive
direction. It is thus not necessary to consider the double
'iﬁage problem caused by angle error of the remote Porro roof.

The X rotation (twist) produces a beam displacement
4An the Z direction of +2 D sin € sin X or +0.035 in (+£0.0889 cm).
This is added to the aperture of the collimator 1.412 inches
(2.90 cm). |

.. In addition,bo>m bending in the XZ plane displaces
the end of the boom by #0.523 in (1.328 cm). After reflection
from the remote Porro the beam is displaced by twice the above
amount or *1.046 inches (2.657 cm). The total nécessary
dimension in the Z direction of the base line Porro is thus
3.30 inches (8.382 cm).

The hypotenuse dimension of the base.line Porro need
be-only the dimension of the autocollimator aperture, that is
1.142 inches,
3.1.3.3 Required Flatness of Reflector

Ll The flatness requirements of the reflectors are
based on the error contributions these surfaces mcke to the
Tms system error. To find the contribution of the reflectors

‘to. the system error consider the diagram below:




14
N
RAYB \/;:
/3 N
s’/, 4 \_3-5 INCHES
RAY A 74 Co
. 7 L
V4 \ I
\ L
B A B

The reflecting surface represents one surface of
the Porro reflector (the diagram is also valid in discussing
the errors introduced by the plane mirror when the above
surface is normal to ray A). Ray A is incident on the center
of the reflector at 45° and reflected downward. When maxi-
mum Y-axis bending of the boom occurs, the reflector is
displaced downward 0.523 in. (1.328 cm). Ray A is now
incident on the reflector at a point 1.328 cm x 1.414 = 1.879 cm
above point 0 and ié represented by Ray B in the diagram. 1If
the surface is concave Ray B is deviated as shown above.

The equation of a circle may be approximated by

x =¥/ 2x, ‘ O (3-39)
which is valid for large radius, r,.
of the mirror normal, dx/dy is found by differentiation and

The change in direction

substitution - : e
dx/dy = 2x/y , ' ' | (3-40)
x is the sag at point P' given by the expression ' '
X =A('¥/YQ)2 (when Aequals sag at P) (3-41)
where y is the line segment OP' = 1.879 cm

Y, is the line segment OP = 4.445 cm (1.75 inches)

v

N is the HeNe linear wavelength in common inter-

interferometric usage = 6.3 x 10-5 cm

Substituting (3-41) in (3-40) the expression for the changé—in

direction in mirror normal becomes
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dx/dy = 2Ay/y.> B (3-42)

After substitution of the values for y?yo and r, dx/dy becomes
dx/dy = 2.47 arc sec , _

The convergence between Ray A and Ray B is twice the change

in angle dx/dy or 4.94 arc sec for a mirror curvature of one

wavelength. '

There are two surfaces of the remote Porro reflector
to be considered. The convergence after two similar reflections
(assuming similar curvatufe) is 2 x 4.94 arc sec = 9.89 arc sec.
To obtain the equivalent twist, the above value is divided by
2 sin 8 = .1 resulting in 98.9 arc sec. By specifying a mirror
flatness of 7\/25 the above equivélent twist may be divided by
25 fo obtain 3,956 arc sec equivalent twist (30 value).

The calculation for the base line Porro proceeds in
the same manner. The maximum displacement of the center of
the beam is calculated in section 3.1.3.2.2.,2 to bq.1.081 inches
(2.746 cm), The maximum dimension from the center of the
reflector is 1.650 inéhes (4.191 cm). The change in direction
of the reflector is given by equation (3-42).

dx/dy = 2 Ry/yoz
where A is as above

: y = 1.081 inches (2.746 cm)
Yo = 1.650 inches (4.191 cm)

resulting in a magnitude of

dx/dy = 4.06 arc sec .
The beam convergence for a reflector flatness of one wavelength
is twice the change of the normal direction above or 8.12 arc
sec. By specifying a flatness of A/25 this result becomes

0.324 arc sec. The contribution from the second surface
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(with'RJZS flatness specification) is also 0.324 arc sec thus
making the total beam convergence due to the base-line Porro
reflector 0.648 arc sec. The equivalent twist 1s obtained by
dividing the above value by 4 sin @ = .2, instead of 2 sin ©
éince this reflector is encountered only once by the optical
beam. The system error due to the base-line reflector is thus
3.24 arc sec (30 value) . '

Employing equation 3-42 again, the error contribution '
of the flat mirror in the YZ channel may be found. .
where y = maximum displacement of the center of the beam =

0.523 in (1.328 cm) -
Yo = maximum dimension from the center of the reflector
. is 1.25 in (3.175 cm)

Solving equation (3-42) with the above values gives

dx/dy = 3.42 arc sec
The equivalent mirror rotation is thus 3.42 arc sec. for a one
wavelength flatness. By specifying A./25 the above result

becomes 0.137 arc sec (30 value).

3.2 MECHANICAL SYSTEM
As explained in the original technical proposal

(P-6185, Volume 2), deflection measurements obtained by the

ATA are derived from contra-rotating optical wedge pairs placed
in the front section of a tracking autocollimator. 1In this
connection, it is important to note that the wedge pairs need
not be precisely orthogonal to the autocollimator's optical axis
since the rotational positions of the wedges principally
determine the direction of optical beam deflections. This
characteristic, coupled with autocollimator static bending
thermal strain considerations, has led to a revised design

concept (compared to the original proposal) wherein the auto-
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collimator and optical tracking functions have been structuraliy
as well as conceptually isolated from each other. This concept
is shown in Figure 3.12. The complete ATA thus is physically
composed of the following physical assemblies:
' z-Y Autocoilimator

Z-Y Beam Deflector

X (Twist) Autocollimator

X (Twist) Beam Deflector

Remote Reflector Assembly

. Base-line Porro Reflector

Except for minor difference in AGC linear range, the Z-Y and
Twist Autocollimators of the ATA are essentially identical.
Similérlj, the beam deflectors associated with the Z-Y fﬁiéth
measurement functions coaceptually differ primarily only in
fheir optical scale factorrs and in elimination of unnecessary
components in the X axis instrument. For these reasons the
discussion which follows is applicable to both Z-Y and twist
subassemblies except where otherwise noted.
3.2.1 Autocollimator Assembly (See Figure 3.13)
3,2.1.1 ~Materials Selection |

_ ‘An optimum sel:«ction of structural materials fbr the
ATA autocollimators must involve recognition of the opto-
mechanical requirements involved. At the four inch focal
1ength of the objective, a lateral shift of 4.93 x 10.4 mm at
‘the focal surface (with respect to the objective axis) is
:equivalent to a one-arc-second change in the pointing direction
of the autocollimator. The maintenance of an initially
established optical geometry (boresight) over the operational
‘1ife of the instrument obviously presents a formidable challenge

not only in instrument design but in the materials selection
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process as well, With the stated geometrical requirement in
mind, candidate structural materials for the autocollimator

must be evaluated from a variety of conflicting viewpoints.

- »
aoar

These may be summarized approximately as follows: . o

a) The telescope housing should be fabricated of a
low-density material to minimize total weight. From this
viewpoint, magnesium, beryllium and aluminum and their alloys
would have to receive prime consideration.

b) The housing material must possess adequate
intrinsic stiffness to resist elastic, anelastic (time dependent
elastic) and plastic strains arising from such diverse causes as
' normal handling, launch environment loads, operation of zero-g
.and one-g fields, etc. With respect to this criterion, beryllium
is clearly superior to other metal candidates, while magnesium
would be least desirable because of its low elastic moduli in
both shear and bending.

c¢) The housing and structural parts attached to it
should be reasonably resistant to distortions arising solely
from thermal sources. Since direct attachment to a temperature
controlled sink is contemplated, differential expansion between
unlike materials internal to the telescope is not a source of
serious concern by itself. However, internal temperature
gradients of both the transient and steady state varieties
can lead to systematic variations in the autocollimation axis
unrecognizable from real target deflections. The parameter of
interest for studying dimension at transient behavior is thermal
diffusivity, while steady-state dimensional distortions are
relatable to the coefficient of expansion. Thermal conductivity
ratio of a candidate material for both types of problems (steady-

state and time-varying heat inputs to.the autocollimator structure),
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beryllium and aluminum can be shown to be clearly superior to
almost any other conceivable choice.t

d) All of the autocollimator parts and especially
the main housing must be highly stable and exhibit little -
evidence of dimensional creep under light 1bading over felatively'
long time>periods. While the literature provides adequate guide-
lines for optimizing the stability of any chosen material, the
stainless steels, aluminum alloys and pure beryllium apparently
are among the materials least susceptible to microcreep2 when
- properly processed in fabrication. o ;

e) To as large an extent as practical, a multiplicity
of small mechanical parts and resultant ill-defined thermal and
mechanical interfaces is to be avoided. This statement implies
that smooth un-jointed contours obtained by casting and similar
fabrication techniques are highly desirable for the autocollimator
housing. Aluminum (e.g. alloy 356) clearly leads all other ‘
candidate materials from the viewpoint of fabrication ease, while
beryllium is unquestionably a last choice,

The considerations cited in the preceding paragraphs
strongly suggest that only cast aluminum and perhaps beryllium
are viable candidates for the design of ATA instrument structures.
Since casting techniques permit an optimum placement of material
for the minimization of deflections under changing load conditions
while largely avoiding thermal joint problems, it clearly emergzes
as a prime choice.

L Over the years a considerable body of experience

relative to the proper processing of materials for the enhancement

1. R. Grudee, "Holding Dimensions Thermally Stable", Machine
Design Nov. 2, 1972,

2. A Review of Dimensional Instability in Metals, DMIC Batelle
. Memorial Institute, March 19, 1964,
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of intrinsic dimensional stability has been amassed by this
company. For all critical parts of the ATA, Company specification
PM-33 will be invoked throughout the design/fabrication sequence.
This document will be used to control machining depths of cuts, -
heat treatment sequences, etc. so that optimum stability . -
properties are developed for all component parts of the ATA.
3.2.1.2 Mounting of Optical Elements (see Figure 3.13)

In preparing the design of both the Z-Y and twist ATA

autocollimators, successful test experience gained during the
design and manufacture of Azimuth Transfer Auto-Collimators
(ATAC) for the Trident missile program has been utilized. The
various optical and electro-optical elements are concepéually
mounted in a manner consistent not only with end-use requirements
(maintenance of boresight after various environmental exposures),
but also in accordance with specific alignment/test sequence
requirements. In general, the following list outlines the mounting
philosophy: ' f

(1) The objective lens is to be mounted in a threaded
cell for axial focusing with respect to the source aperture.
After focusing, radial 16cking screws are utilized to hold the
lens cell position firmly in place. (Boresight shifts caused
by eccentric rotation of the objective during focusing are
ultimately cancelled out by the plate adjustments).

(2) The source LED is focused with respect to the
source aperture by axial sliding within a split-ring clamp.
The same clamp permits rotation of the source LED for best
alignment with respect to the source aperture mask.

(3) The AGC detector is not independently focusable
with respect.tp_the objective lens., Instead, beamsplitter
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cube symmetry is utilized in conjunction with objective

focusing to provide conjugate -but non-critical imaging of -

the source aperture mask on the AGC detector focal surface.
(4) The AGC detector énd background compensation

detectors are mounted on a common bracket which can be translated

in the Y-Y direction by opposed push-push screws. Movement of
- these screws has two effects,

{a)- Since the beamsplitter cube and source aperture

mask are mounted to the same bracket (as the AGC and backgrouni),

Z axis boresight shifts result. These are compensated for, if

nécessary,by tilt plate adjustments.

(b) The return image is laterally displaced, and hence

can be made to fall on the AGC detector in the horizontal plane.

(5) Mounted on the same bracket as the AGC and
compensation detectors, the beamsplitter and source may be
vertically (Z-Z) adjusted independently using a push-screw/
return spring adjustment. This adjustﬁent permits imaging of
the return energy on the AGC detector, since that detector is
fixed and does not move with the adjustment.

7. .- (6) The Y-axis and Z-axis nulling detectors are
positioned for best focus independently by mounting on ground
spacers which affect displacements along the optical axis only.

(7) The Y-axis nulling detector is adjustable
vertically in the Z-Z direction to permit nulling the nominal
“boresight zero'" position of the tilt plate. As with the
- adjustment described in (5), a push-screw/return spring
combination is used. ' .

(8)A The Z-axis nulling detector may be independently
moved horizontally (in the Y-Y direction) to permit nulling in
this direction in the same manner as above, except that push-

push opposed screws are used because of improved access.
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The various adjustments dascfibed above have been
designed to permit independent focusing and lateral trimming
to as large a degree as practicable. Hardened surfaces will
be used at all contact points of the various adjustments so
that problems associated with movements under Hértzian.Stress
concentrations will be ﬁinimiéed. Further confidence in
maintaining adjustments will be achieved by fillet-bonding of
all moveable brackets to the main structure after all optical
- adjustments and testing have been completed. o
3.2.1.3 Thermal/Vibration Characteristics

It is expected that both the "Z-Y" and "X'" measure-

ment autocollimators will be directly mounted on a temperature-
controlled thermal sink which is stable within #2°C over an
orbital period. Since both telescopes contain only small steady-
state thermal sources (LEDs and preamplifiers), the allowance

of a reasonable warm-up time should assure boresight repeat-
ability., Under these conditions, no analysis is deemed
necessary.

Because both autocollimators are mechanically passive
in operation, boresight shifts resulting from the launch
vibration environment can occur only if relative displacements
are introduced at bolted interfaces. Events of this type are
not readily amenable to analysis; prevention will be assured
through the following precautions:

a) The number of clamped interfaces will be held at
an irreducible minimum; fasteners will be torqued to specified
limits,

b) Fillet-bonding techniques will be employed
- extensively to hold critical relationships and avoid inter-

facial creep.
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As indicated, these conditions preclude the necessity
for multinode vibration response modeling of both ATA auto-
collimators. . | '

3.2.2 Deflection Welge (See Figure 3.14) ' Lo
3.2.2.1 Structural Arcrangements . RS

The Z-Y and X-axis beam deflector assemblies of the
ATA are essentially identical except for the elimination of
three wedges and associated drive components in the X-instrument,
To a first order approximation, both assemblies are conceptually
incapable of introducing total instrument boresight shifts due
to linear or rotational displacements about any axis other than
pure rotations about the optical axes. This characteriétic
permits considerable latitude in design, and ﬁaterials selection
but places definite requirements on the twist stability of the
common mounting surface for the respective autocollimator/beam
deflector pairs.

3.2.2.2 Mechanical Packaging

The Z-Y beam deflector assembly has been designed as
a cast aluminum housing which accommodates four individual and
identical deflection units as well as the two motor/gear drive
units which rotationally position the contra-rotating wedge
pairs. A typical deflection unit is shown in figure 3.15, while
a typical motor/gear reduction unit is shown in figure 3.14.

NOTE:

Since the X-axis beam deflector has only a single
optical wedge, only a single deflection unit and single motor/
gear reduction unit (with contra-rotating gears eliminated)
are required. These changes will be carried out through
elimination of parts‘from the basic design in order to maintain

commonality as much as possible.
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3.2,2.3 Encoder'Mbunting_

As shown in figure 3.15, each Z-Y deflection drive
unit will include its own 213 cycle incremental encoder to
directly provide wedge cross-coupling error information in .
real time as well as to provide redundancy in the two measure-
ment axes. The individual assemblies, less encoders, will
be forwarded to.the encoder subcontractor (Itek or Baldwin)
for mounting and centration of code wheel and optical pickoff “
components. The same vendor will be responsible for spin
testing and electrical alignment of these parts in such a manner
as to minimize bearing runout effects by selecting the 90 degree
rotational zone of each assembly wherein output response most
nearly approaches perfect linearity. Upon return from the vendor
individual optical wedges will be rotationally re-oriented so
that the optical deviation axis of each wedge approximately
coincides with the center of the selected 90-degree use zone ,
of the encoder. Deflection unit pair members will be aligned ’
to each other and encoder reference zero output positions
established following the general procedures outlined in para.
3.2.1.2.
3.2.2.4 Servo Drive
3.2.2.4.1 Motor

The drive source for each wedge pair will be a size

8, 45° stepper permanent magnet stepper motor similar to
Computer Devices P/N 08MOl. The motor will be rewound without
change in torque output characteristics to operate from a
nominal 16 volt source. The normally-supplied bearings will
be removed and replaced with Krytox 143AB lubricated parts of
the same size (see paragraph 3.2.2.4.3) in order to assure
uniform operation during the mission lifetime in a hard vacuum

environment.
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The external magnetic signature of the-proposed
stepping motor is unknown at the present time, because of the
rewinding necessitated by the reduced operating voltage level.
It is anticipated that external magnetic fields propagated by
step-switching will be minimal and tolerable for the following
reasons: ' ' o

(1) Because of its small size and:‘high windingAphasé
resistances, current transient levels will be rélatively low.

(2) The motor design utilizes a total enclosed _
ferromagnetic case with no apertures except through the shaft-
end ball bearing. o

| (3) Adequate space exists to totally enclose the
motor, if necessary, in a separate enclosure or shield.
Similarly, the entire beam deflector could be shielded if
necessary. .

(4) As a last resort, the MAGSAT magnetometer's
output might be momentarily supressed during the transient
time (less than % second) required for periodic updating of
the ATA's servos during orbital operation.
3.2.2.4.2 Gear Train (See Figure 3.16)

Two identical gear drive units are required for the

Z-Y beam deflector, with a similar unit (contra-rotating
component removed) used to rotationally position the single
wedge of the X-axis deflector. Each unit will be assembled
as a removable module by 'breaking" the last gear meshes
(anti-backlash gears on deflection drive units) with drive
unit removal.

It has been chosen to avoid commercially available
gear-head units because of the many unknowns inherent in their

construction, e.g., gear tooth materials and hardness, tolerances,
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lubrication, etc. Instead, a completely compatible dual
output reduction of 1024/1 has been obtained in the manner
shown, with the reduction sequence of 7:1, 4:1, 4:1 and
64:7. ‘ ' _ .

The drive gear arrangement shown is technically'w
known as a reverted type and was selected for the following
reasons: , _

(1) Only two shafts separated by a single center
distance are required for all the gear meshes except the first
and last., This artifice not only saves space and weight but
minimizes complexity in the "gear box" structure.

(2) Except for the motor shaft and wedge cafrier,
only four ball bearings, one at each shaft end, are required -
for the entire drive train. Differential motion between the
intermediéte compound gears and output shafting is permitted
by carefully fitting the gear bores to the hardened (RC 60)
~and ground shafting.

(3) Variations in the lubricant used between the
compound intermediate gears and shafting permit considerable
létitude in optimizing damping performance and minimizing
the single-step overshoot characteristics normally associated
with stepper motor operation. '

No final determination has been made for the
material(s) to be used in the various gears, pending p0531b1e
further calculations as to maximum stress levels, fatigue
life, etc. 1t is expected, however, that AGMA precision 14
fabricated of type 302 stainless steel will provide both the
needed accuracy and low wear characteristics‘desired for

extended operational life.
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3.2.2.4.3 Bearings and Lubrication

The several servo drives of the ATA complex operate at
minimal duty cycles (less than 2.5% "on" time at maximum tracking
deviations) consistent with MAGSAT's orbital period. While the
accumulated hours of dynamic use will undoubtedly be small compareéi
to the total mission life, due attention must be paid in the beéring
selection lubrication design process to provide long-term reliability

and operational readiness at all times.

In hoth ATA beam deflectors, high quality (ABEC 7 and 7T)
bearings consistent in size with the intended functions and
load constraints will be specified. All bearings can be
purchased in an unlubricated condition (or lubricated with the
service lubricant for shipment only), with cleaning, lubrication and
torque testing as required under the appropriate documentation control.
While exact descriptions are inappropriate in this study, mention
:may be made of the extensive experience in aerospace lubrication
control in other NASA/Goddard programs (ITOS/Vertical Temperature ,

Profile Radiometer) as well as Air Force (SAMSO) programs.

Under the nearly invariant and temperature thermal con-
ditions anticipated for the ATA, the perfluoroalkylpolyether lubricants
typified by Krytox 143AB appear to be clearly suitable for the various
bearings, and their use will be specified at the appropriate detail
design level. Compound gears not pinned to the gear box output shafts
will be lubricated either with a light film of 240AB grease, or with
an appropriate resin-bonded molybdenum disulphide film if contamina-
tion or lubricant creep appears to threaten the design's inherent

longevity.

3.2.2.5 Servo Performance

3.2.2.5.1 Gearing Reduction Ratio Optimization .

The choice of a numerical reduction ratio between the servo
(stepper) motor and optical wedges involves several conflicting con-
siderations. Larger ratios generally involve more components and

hence increased size, weight, etc. For the ATA, large numerical
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ratio drives also must be operated for longer periods during target
-acquisition and tracklng, and hence involve larger "motor-on' duty
cycles. Against these con31deratlons, it is necessary to weigh
the drawbacks of very low numerical reductions. Lower ratios gener-
ally provide less absolute repeatability of position at the output
¢-member, and less torque multiplication. More subtly, the lower -

*'coulomb friction associated with fewer gear passes generally means

sl

‘poorer damping and hence greater overshoot, etc. in a step servo

"y

‘drive of the type contemplated.

-'For the ATA beam deflectors, an overall reduction_ratio
“0f-1024:1 has been chosen as near-optimum. This numerical value
- results in a wedge rotation of approximately 2.64 arc minutes (.77 mr)
““for each motor step and hence leads to optical deviation increments
* ranging from 0.70 to 0.98 arc seconds at the tracking range extremes
- and center respectively. The narrowness of the variation in deviation
" permits a fixed string of step-pulseé to be fed to the drive motor:
so that no closed-loop comparisons are necessary when driving to

‘near the center of any detector's linear range. For instance, a,

'

string of 16 pulses will result in an "average" deviation change of
approximately 13 arc seconds and will always suffice to restore the

-:system to near its linear center if the out-of-linear range thresh-

ry,

-.-holds are set at approximately the same levels. -

" The chosen 1024:1 ratio in addition to being eminently

“-well suited to a purely binary (16) input pulse string (with

-t

“resultant -reduction in parts count), is also highly compatible with

"y

-stepper drive damping characteristics. Experience with similar

et

-stepper drive systems has shown that end-of-step oscillations in the
* Yange of 10-30% of the step amplitude are normal and should be ex-

- pected. With 213 cycles on the code wheel and 215 count increments

. per revolution, each motor step theoretically results in exactly 4
3 - _

......... '

encoder out ut "counts. ‘Witﬁ'reasonsable control over dampin
P ping

(1ess than ZSA overshoot and undershoot), up-down count osc111at10ns
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are limited to *1 increment, considerably reducing the chances of

false counting or error accumulation.

3.2.2.5.2 Gear Train Accuracy and Backlash
As described in paragraph 3.2.2.4.2 and in Appendix E,

gear profile errors in the ATA beam deflectors introduce cross-
coupled optical deviation errors which may approach one ,arc second
in magnitude. Although these are almost entirely systematic and re-
peatable, the incorporation of a second (redundant) encoder output
in each deflection channel provides an opportunity for continuous
correction without resorting to calibration data which may no longer

be entirely valid after a long time period and launch exposure.

A significant list of assumptions must be made before
analysis of gear train backlash can be attempted. The assumptions
involve tolerancing of the various fits involved as well as estimating
gear profile errors, bearing raceways errors, etc. The various
factors involved have been listed in Appendix E of this study; sub-
sequent calculations show that the worst case and RMS "average'
backlash values measured between any pair of wedges aré 149 and 50
arc seconds respectively. The effect of the above noted relative
motion is to introduce a random uncertainty in optical deviation due
to the drive ranging from 0.15 to 0.45arc seconds in the desired
deviation direction. These values are entirely consistent with the
one-quarter second optical resolutibn derivable from the least
significant bit size of the encoder used, and suggest that the
predicted backlash amplitude will not be objectionable so long as
sufficient coulomb friction is present to prevent count dithering
when the sero is in an "off" condition. The use of large bearings
together with anti-backlash gearing in the last mesh virtually guaran-
tees reasonable levels of coulomb friction and assures stable per-

7

formance.
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3.3 ELECTRONICS

3.3.1 Electronics System Description ,
The electronics of the Attitude Transfer Assembly

receives the signals generated by the remote reflector deviations in
response to boom deflections and provides the drives for the stepper
motors in the proper direction to null the input error signai. The
wedge position data is generated from optical encoders presented in
digital form. The data output supplemented by the residual open-

loop error signal is a measure of the boom end attitude. The Auto-
matic Gain Control loop in both the YZ and X channels keep the radiant
energy incident on the acquisition detectors (and therefore on the
error detectors) a constant, independent of LED degradation, change

in detector responsivity and increased transmission losses.

The system block diagrams are shown in Figures 3.17, 3.18,
3.19, and 3.20. They include analog channels from opén loop X, Y and
- Z information, digital'channels for closed loop information from the
encoders on the X, Y and Z optical wedges, motor control circuitry to
control the movement of the optical wedges and keep the open loop out-

puts within certain limits, and a power supply.

3.3.1.1 Calculated Power Consumption
+15 VDC Regulated Supply %15 -15
44 1M108s at 0.6 mA max each 26.4 mA 26.4 mA
10 LMl1ls at 6 ma max each . 60.0mA  50.0 mA
7 preamplifier current sources 7.0 mA 7.0 mA
@ 1 mA each :
2 differential transistor pairs )
2N2060 A 6.0 mA 6.0 mA
10 FET switch drivers 6.0 A  10.0 mA
Misc. discrete components 5.5 mA 2.5 mA
Regulator standby current 2.0 mA 5.0 mA
~ Total 112.9 mA 106.9 mA
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The output voltage at the secondary of the DC/DZ

cpmverter is +22 vdc.

o . Psec = (22V x 112.9 mA) + (22V x 106.9 mA) = 4.8 watts

+5 vdc Regulated Supply

5 encoders @ 120 ma each ‘ '. 600 mA
Misc. discrete components 13 mA
Total . 613 mA

Assume that the switching regulaﬁor is 80% éfficient;f

o 5V x 613 mA _ A
. ° Psec = 80% = 3-8 Watts

4+8 vdc Unregulated Supply

2 x 140 mA x 50% duty cycle = 140 mA
o o P = 8V x 140 mA = 1.1 watts
sec ,

°. Total P =4,8+ 3.8+ 1.1 = 9,7 watts
sec .

Assume DC/DC converter is 80% efficient.

o e Ppri = %6% = 12.1 watts

Total standby power required = 12.1 watts

Additional power required to rotate optical wedges

5 optical isolators @ 10 ma each

10 ma x 8V -
807, 0.1 watts

Switching transistor base drive

10 ma'x 16.1v =‘O.16 watts
Stepping motor 10 . watts '
Switching Transistors ' !
Pmotor x 107% 1 ‘watt
Total 11.3 watts
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Assume stepping motor will be operating 27 of the time

. average system power = 12,1 + (.02 x 11.3) = 12.3 watts

Peak system power = 12.1 + 11.3 = - 23.4 watts

3.3.1.2 Signal to Noise Calculations

3.3.1.2.1 "Signal

The calculated signal levels are shown in Figure 3.21..

Amplifier gains are selected to provide the required scale factors.

3.3.1.2.2 Noise

The output noise of the preamplifier is expressed as

[2 ; 1/2
er + e(in)Z + ey + ep

N °©
where: o = Preamplifier Output Noise
eF = Feedback Resistor Noise
é = FET current noise
(in) ‘
eN = FET Short Circuit Noise
eD = Detector Noise

All noise voltages are referred to the preamplifier output.
1. ep is the Johnson Noise of the feedback resistor
EK T RF] 1/2, where (RF = 10 Meg)

eF/ \/-I'l—a- 4 x 1077 V/\/Hz = .4p VA/Hz

2. 2N5522 FET noise current is due to the gate leakage Igss

®
)
~
ﬁ
N
]

which is 500 Pa at 35°C,.



Y-Z Error Y-Z AGC X Error X AGC

Units Channel Channel Channel Channel
, -8 . -8
Preamp Input Signal (p-p) g A -9 2.89x10 -10 2.76x10
A/arc-sec 2.01x10 2.83x10 _
Preamp Output Signal (p-p) g \' .289 : .276
mV/arc-sec 20.1 2,83
Gain, Postamp 1 1.0 _ 4.0 8.0 4.0
Gain, Postamp 2 (nominal) : 4.98 5.54 8.83 5.80
Gain, Synchronous
Demodulator 0.5 0.5 0.5 _ 0.5
Gain, Low Pass Filter 2 2 2 2
Gain, Sample & Hold : 1 1
System Gain 4.98 22.15 70.67 23.19
Output A v } 6.4 6.4
mV/arc-sec 100 : 200 :

Note: This table represents final calculations of signal levels and required gains, and calcula-
tions in this section are consistent with it. The component values of the schematic diagrams
are not fully compliant, however, with these final gain values.

. Figure 3.21 o e
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Therefore: /
‘ 1/2 11/2
- - -19 -12J
L, [2 q Igss} [2 (1.6 x 10°*°) 500 x 10 .
-14
in = 1.3 x10 A/N/Hz
Referring this to the preamplifier output: s

e(in) = in X RF =1.3 x 10-7 V/VHz = .13p.'V/V'Hzi

_ 3. The 2N5522 short circuit noise e is 10 NV{ Hz' .
The detectors have a shunt capacitance of 200 PF max. The feedback
resistor breaks with this capacitance and causes ey to be boosted
at 6 dB per octave, This break will occur at 80 Hz. Therefore at

400 Hz '
o = 400
N 80
4., Since the detector is operated at zero bias, the

x 10 = 50 nv/ Hz = .05uV/y Hz!.

predominant noise source is the detector resistance RD'

e/ v Hz' =J4KTRD'%,R.D=50M

eD/J Hz! = .89uV'/ JVHz!

Referred to the preamplifier output

'eDN Hz! = .89uv¥ Hz ' x 10/50 = .18uv/ |/ Hz!

2

. e =\/.42+.132+.os + .182

NO

= ,46uv/y Hz!

The noise at the output of the system is calculated from
Vg = ey ¥ G x 1.414 x\/ Rz B
where o noise at preamp output

G = system gain

1,414 = increase in noise at output of synchronous demod.

1§'B = effective BW of 1 pole filter
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B = Bandwidth of low pass filter

VN at the Y or Z output is

46 x 4.98 x 1.414 x = x 10

2
VN at the X output is

12,8uvV (rms)

rl

46 x 70.7 x 1.414 x == x 10

] 181.9uV (rms)

3.3.1.2.3 Signal to Noise

Based on the calculated noise of the system, the noise

equivalent angle (NEA) or resolution is calculated from:

V.. (rms)
_ Y% __.0128 _ -4
NEA Scale Factor 100 mv/as te3 x 10 7 ave sec (Y,Z channels)
=189 mv _ o o 1074 4rc sec (X channel)

200 mv/as

The calculated noise of the system is not the limiting
noise because there are other noise sources in the detector which were
not considered in the above calculations. NEA may also be calculated

based on a minimum detector D* of 5 x 11,

iR [T
NEP TJAD = 22222 2w 10 - g 49 x 107y

5 x 10%
NEP _ 1.42 x 10”12 A
NEA = i - - g = 7 x 10 © arc sec (Y, Z channel)
P 2,01 %10
‘ -12
= 1.42 x 10_10 =5 x 10-3 arc sec (X channel)

2,83 x 10

These calculations show that the performance of the
system is detector noise limited and is suBstantially better than
. the required 0.1 arc sec in the Y and Z channels and 0.5 arc sec in
the X channel. |
3.3.1.3 AGC Loop Accuracy
Figure 3.22 shows the block diagram of the AGC loop with

simplified transfer functions. The following calculations show that
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for a 507 reduction in loop gain over life (including degradation
of the LED, variations in distance between autocollimator and
experiment, contamination of optical surfaces, etc,) the change in
energy on the track detector and therefore the scale error is ‘
less than 0.5%. This may be made even smaller if desired by

increasing the gain and reducing the bandwidth of the loop.

o . rer 1 Vrer
(o H. 1+1‘V H

GH

H = H1 x H2 x H3 x H4 x HS

Hy, =0.4x10 x22x0.5x2= 88x10 W
Hy = 0.4°'% 10/ x 23 x 0.5 x 2 = 9.2 x 10~ VW
G =Gl x G2 x G3
| Gy, = 32 % 0.1 x 7.6 x 1077 = 2.4 x 107 wv
-7 -6
Gx = 32 x0.1x7.0x 10 = 2.2 x 10 w/v
G H =2.4x10°%x%x8.8x%x10"7 =211
yz yz
Gelly = 9.2 x 1078 x 9.2 x 1077 = 202

For a 507 reduction in loop gain over life

--__1__. - 1 - 1 - -L = Y
B =1/2c8 ~ cn 100 200 -~ 0-%%

For a 1007 increase in loop gain

_1 1, 1 _ 1 _ .
Py = 2GH -~ 200 ~ oo ~ 0-2%%
3.3.2 Inputs and Qutputs

The instrument has one relay input to turn it off and
on, one d1g1ta1 input for data commands, three digital data

outputs, and three analog outputs.
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-3.3.2.1 Dlgital Qutputs
When the spacecraft takes data it should follow this

order: _
1. Y digital data (24 bits) | L
2. 7z digital data (24 bits) T
3. X analog data

4, Y analog data

. Z analog data i
. X digital data (16 bits + 8 status bits)

: " Since the data is not updated while the wedges are moving,
it is possible that the data in the shift regiéters has been shifted
out to the spacecraft earlier ahd not updated. If that has happened,
the data valid bit (bit 15) in the Y data will be zero instead of
ong._ The data is shifted out most significant bit (bit 23) first.

The data is formatted as shown below:
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System
Output Meaning
Y Data: Bit 23 ' Data Valid Bit
Bit 22 Bit 14
R C . ‘ Y1l Encoder
. . Digital output
Bit 8 Bit O ’
Bit 7 Bit 7
. . . . Y2 Encoder
o . . Digital Output
B 8 LSBs only
Bit O Bit O :
Z Data Bit 23 - Not used
Bit 22 Bit 14
. . - Z1 Encoder
- ' Digital Output
Bit 8 Bit O
Bit 7 Bit 7
* ' ‘ 22 Encoder
° * Digital output
° ¢ 8 LSBs only
Bit O : Bit O
X Data: Bit 23 Not used
Bit 22 Bit 14
. .b X Encoder
. . ' ‘Digital Output
Bit 8 Bit O
Bit 7 Y-Z channel signal acquired
Bit 6 X channel signal acquired
Bits 5 4
00 Mode 0
0 1 Mode 1
1 O ‘Mode 2
1 1 Mode 3
Bits 3 2 ’
0 O Y motor selected
0 1. Z motor selected
1 O Not used
1 1 X. motor selected
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' ~ System _
& Qutput - Meaning
Bits 1 0
0 O State 0
0 1 State 1
1 0 State 2
11 State 3.

3.3.2.2 Digital Inputs
Data commands provide the capability of testing and

controlling the instrument from the ground. - A 24 bit data command
is accepted from the spacecraft, most significant bit first, and

used as follows:

Command
Input Function
Bit 23
o Not used
Bit 8
Bits 7 6 Motor Select
00 Y
01 Z
1 0 Not used
11 X
Bits 5 4 3 Motor Step Count
0 0 O 1
0 01 2
0 1 O 4
0 1 1 ’ 8
1 0 O . 16
1 0 1 64
1 1 0 256
1 1 1 1024
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' Céﬁmand ' ‘ )
Input ' \
Bits 2 1 0. Mode - Function
0O 0 O Automatic Normal Operation
0 0 1 Automatic Stow wedgés & turn off
system
0 1 0 Automatic
0 1 1 Automatic
1 0O Manual . . tED Off
1 0 1 Manual | L e
1 1 0 Manual Motor Forward (+)
1 1 1 Manual Motor Revefse (-)

For example, a command ending in 00000100 would turn off the LED

so system offsets could be measured. A command ending in 01011110
would move the Z optical wedge 8 steps in the positive direction for
calibration purposes.

3.3.2.3 Analog Outputs ‘
The three analog outputs have scale factors as follows:

- X 200 mv/arc second
'Y 100 mv/arc second
Z 100 mv/arc second

3.3.3 Circuit Description ‘
In the circuit descriptions that follow, the block

numbers refer to the block diagrams in Figures 3.17, 3.18, 3.19,
and 3.20. Near each block are the last four digits of the drawing
number of the applicable schematic diagram which is located in
Appendix F. 1In the lower left hand corner of each schematic
diagram is a list of the blocks contained in that schematic.

Since the three channels are nearly identical, the

description will refer to the X channel unless otherwise stated,
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3.3.3.1 Preamplifier (Blocks 1, 7, 13, 21, 24, 30 and 37)

The seven current preamplifiers used in this system are

identical to each other. They consist of an LM108A operational
amplifier buffered at the input by a 2N5522 very low noise
differential FET pair. The preamplifier converts the signal
current from the silicon detectors into a voltage amplitude

V =1R R
- s

o is R8 on the schematic and is a 10 Megohm precision

£f " f
resistor. R7, C2 and R9, C4 are compensation network to assure
stability of the preampiifier. The £rénsistor circuits containing
Ql and Q3 are emitter follower regulators whose purpose is to
prevent any noise on the +15 vdc and -15 vdc lines from coupling
into the preamplifier, ‘This preamplifier design is used on other
Barnes autocollimating systems. _
3.3.3.2 Post Amplifiers (Blocks 2, 8, 14, 22, 25, 31 and 38)

All post amplifiers use precision resistive components

to avoid changes in gain over life and temperature. The forward
gain of any post amplifier was kept at 10 or below so that the loop
gain of the amplifiers at 400 Hz would be at least 1000. Therefore
for a 100% change in open loop gain of the operational amplifier
over life the forward gain change would be less than 0.1%.

3.3.3.3 Synchronous Demodulator (Blocks 3, 9, 15, 26 and 32)

- - The synchronous demodulator consists of an LM108A, two
2N4848A JFET's and 2 precision resistors. The two 20K resistors

along with the operational amplifiers form a unity gain amplifier,
which depending on how the FETs are energized, is either inverting

or non inverting.

When Q4 is open énd Q5 closed, the gain is unity %%%

and inverting. When Q4 is closed and Q5 open the operational

amplifier acts as a voltage follower., It can be seen that the
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"ON" resistance of the FETs does not affect the véltage gain for
either the inverting or non-inverting modes. R27 and R30 are
included to minimize voltage offsets due to the bias current of
the operational amplifier. ) |
3.3.3.4 Low Pass Filter

The low pass filter design for the error channels (Blocks

4 10 and 27) comprises a single pole break at 10 Hz to give a -6db/
octave slope with a -3 db point at 10 Hz, The break consists of R33
and C21. The low pass filter design for the acquisition channels
(Blocks 16, 33) is slightly different that used for the error channel,
because it is the predominant break in the loop and therefore
determines the stability of the loop. The first break is provided

by Rl and Cl. Components R6, R7 and C8 provide 1ead-1ag.compensation
to ensure that when the loop gain is unity the roll off rate is only
6 db/octave, thus guaranteeing the loop stability.

3.3.3.5 Sample and Hold (Blocks 4, 11, 28)

Since the analog and digital error signals are not sent to
the spacecraft simultaneously, and the analog channels have a finite
response time, erroneous outputs could occur if an optical wedge was.
moving while data was being taken. To prevent this, all signals
are sampled and held before any optical wedge is moved. 1In the analog
channels this function is provided by an inverting sample and hold
circuit. When Q8 is on, U6 is used as an inverting amplifier with a
gain of 1. When Q8 turns off, C27 holds the previous output voltage.

R38 is provided to properly interface with the spacecraft analog input.

3.3.3.6 Comparators (Blocks 6, 12, and 29)

The maximum allowable analog signal is sensed by the
. comparators. If the X output exceeds 5 arc seconds or if the Y or Z

output exceeds 15 arc seconds, the comparator output tells the motor



3 ~-55

séquence to move the proper wedge to reduce the error to near

Zero.
3.3.3.7 Voltage Reference (Block 17)

The voltage reference circuit for the acquisition loopé-

consists of an LM108A operational amplifier and a 1N4573A voltage
reference zener. Total temperature and end of life variations are
expected to be less than 0.1% of the -6.4 vdc output voltage
3.3.3.8 Error Amplifier (Blocks 18, 34)

The error amplifier is simply a summing amplifier. It

- compares the reference voltage with the output voltage of the low

pass filter. If the output of the L.P, filter is low then the
output of the error amplifier increases, which increases the LED
current, or more importantly the radiant energy of the LED. This,
in turn, increases the voltage at the output of the L.P, filter

-until equilibrium is attained. Thus the closed loop control system

for the acquisition channel is achieved. ,
3.3.3.9 Acquisition Detector (Block 19 and 35) i

This circuit determines the status of the acquisition or

track channel by monitoring the output voltage of the acquisition
error amplifier., When the AGC loop is in control this voltage is
within a certain range. A window comparator consisting of two
LM111A voltage comparators is used to compare this voltage with a
reference voltage. The thresholds of the comparators are adjusted
such that if the input voltage is within the window the outputs of
the LM111A's are high (+5 vdc). Therefore, the output signal is a
logic one. 1If the input voltage traverses the low or high level of
the window the output of one of the LM111lA's will go to ground and

the output'logic level then goes to logic O.

3.3.3.10 LED Driver (Blocks 20 and 36) _
Since both LED drivers are identicai, only the X LED
driver will be discussed. U2, Q10, Qll, R26, R34 and R38 form a

—— —a—— N - e em — e o ean R e e mmae e —
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current source. The controlled current flows through Ql1, R38 and
the LED. If Q9 is off, the magnitude of the current is I = -V, ,

i
ggg y §%§. Typically V, =-1V, R38 = 100, and R34 = R26 so the current

through the LED is 100 mA. If Q9 is on, the voltage at the base of

_ R _ 25 _ . '
Ql0 is Vo = Vi . E%% =15 . 10000 38 mv max, *so Q10, Qll and the

LED are off. Q7 and Q8 provide level translation from the (OV or 5V)
logic levels to the gate of Q9 (OV or -15V). The LED is modulated
by turning Q9 off and on at a 491 Hz rate, L

Q12 and its associated circuitry form'an LED current-
limit circuit. If the signal on the AGC detector is not present,
V1 will increase to nearly -15V. 1In order to protect the LED, the
base of the right hand side of differential transistor Ql2 is set to
+1.4 vdc by the divider network R40 and R41l. If the base of the left
.-hand transistor exceeds 1.4 vdc the collector of the same transistor
starts to draw base current away from Q10 and Ql1l and so limits the
collector current of Qll. Thus for 1.4 vdc at R38, I current limit =

L4 _
10

140 mA,

If the -15V power supply fails, U2 and Q12 may not work
properly and excessive LED current could result. However, if the
gate of Q9 is more positive than -4V, Q9 turns on and the voltage at
the base of Q10 is limited to slightly more than 0.6V, and Q10 and

Qll will be off.

3.3.3.11 Digital Phase Shifter (Blocks 23 and 39)

The digital phase shifter provides a fixed selectable
phase shift for the drive signal to the synchronous demodulator.

The phase shifting is required to compensate for the
‘phase shifts through the pre-and post-amplifiers so that when the
signal appears at the synchronous demodulator input the clocks are

in phase with the signal. 1I1f this wds not done there would be an
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attenuation of the output signal due to the phase difference.
The phase shift is provided by passing the 491 Hz clock
through a shift register of N stages being clocked by the 251KHz clock.

This provides a phase shift of N . ——l———g— . 360 . 491 degrees, or
: 251x10 .
0.7°/stage. ' L L

3.3.3.12 Clock Generator (Block 83)

The clock generator uses the 251 KHz spacecréft clock to
generate all other clocks. The clock is divided down to 1960 Hz by
counter U3 and further divided by Ul2 to generate two 491 Hz clocks
which are 90° out of phase with each other. One of these clocks is
used for each channel to provide maximum rejection of any unwanted
-signal from the other channel. CR2, C2 and R12 with one section of
gate UiB‘cause the Y-Z LED to turn off in case of clock failure.
Normally C1 is charged to +4.4V through CR2 and Rll, enabling the
gate. If the clock stops, C2 discharges through R1l and R12 and
disables the gate within 30 ms and before the LED can overheat.
Components CR3, C3, R12 and another section of gate Ul3 provide the
same function for the X chanﬁel.

The Motor Controller requires a three phase 60 Hz clock
which is generated by counter U4, When the 60 Hz clock from U3
is high, counter U4 is held at zero and @1, @2 and @3 are low.

When the 60 Hz clock goes low, U4 begins counting. Clock 91, @2
and @3 go high with the counts of 2, 4 and 6 respectively. When
the counter reaches nine, further counting is inhibited until the
cycle repeats. .

3.3.3.13 Encoders (Blocks 50, 54, 58, 62 and 66)

Each of the five encoders operates on +5vdc and

provides a two phase output and a once around output, all at

standard logic levels.
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3.3.3.14 Encoder Logic

" The two phase encoder outputs must be processed to

provide count up, count down and clear signals to the counter
which keeps track of the absolute encoder position. Since all
channels are identical, only the X channel will be discussed.
Sﬁift register Ul is used to synchronize the A and B encoderw
outputs to the 251 KHz clock and also provide delayed outputs,
AD and BD, Figure 3.23 shows the outputs from Ul as the _
encoder rotates through zero and back again. Also shown are the

desired input signals to the up-down counter. An examination of
the six logic signals will verify that COUNT UP =(A@ BD)' (B @AD)

~and COUNT DOWN = (A@BD) - (B @®AD) - A

' Since the u-down counter is the type with a mode control
and a single clock, an R-S flip flop and an OR gate is used to
provide the correct signals to the counter.

The zero reset output from the encoder is actually
slightly wider than one count so after being synchronized to the
251 KHz clock by U2 section 1 it is ANDed with the A and B outputs
to provide a true reset pulse to the counters.

The outputs from the encoder counter are parallel loaded
into shift registers Ul3 and Ul4 when DIGSAMPO GO is low. When
DIGSAMPO GO goes high the data is held in the shift registers if
it is valid. Immediately after the counter is clocked, the counter
outputs are changing states and cannot be considered valid. U2 '
section 2 provides a delayed counter clock which indicates invalid

data as shown below.

Counter Clock

Delayed Counter Clock

Counter Outputs LE50
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If DIGSAMPO GO goes high while the delayed counter clock is high
two sections of gate U8 act as an R-S flip flop and prevent the
data from being held until the delayed counter clock goes low
indicating data is valid. This delay is a maximum of 4 micro-
seconds long and will not interfere with shifting the dafa out
serially. |
3.3.3.15 Encoder Counters (Blocs 52, 56, 60, 64 and 68)'

The UP/DOWN counters used with the encoders are type"

CD4029. They provide synchronous operation even when cascaded.
To clear the counters, they are preset to zero., Sixteen bit
counters are used with the X, Yl and Z1 encoders, but only the
least significant 8 bits are used with the Y2 and Z2 encoders since
the approximate encoder position is already known.
3.3.3.16 Data Shift Registers (Blocks 53, 57, 51, 65, 69 and 70)

' The shift registers used are type CD4021. When the

Aparallellserial input is high, data is loaded in parallel

asynchronously. When the P/S input is low, the data is held until
it is shifted out serially byAthe clock. An additional 8 bit shift
register is provided for status information,
3.3.3.17 Spacecraft Data Interface (Block 82)

All digital signals from the spacecraft are buffered

with CD4093 schmitt triggers for maximum noiseAimmunity. Digital
data is sent to the spacecraft serially when the readout gate is
received, When the Y Readout Gate is received an R-S flip flop

is set to indicate that the interface is busy. Data is considered
valid during Mode 0, Mode 1, Mode 2 State 0, Mode 3 and Manual
operation, If déta is valid and the interface is not busy both
analog and digital data is- sampled. Flip flop Ull is clocked by
the 8 kHz clock to provide the digital sample signal. The flip flop
insures that the sample command will remain long enough for the
sampling to occur, but not long‘enough to cause interference with
shifting out the data. The R-S flip flop made with sections of
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gate Ul0 allows the analog sample signal to remain as long as
data is valid., This insures that the sample and hold circuit
will have reached its final value when the spacecraft takes the
analog data. After the analog data is taken, the X digital data
is taken,Awhich also resets the interface busy flip flop.
3.3.3.18 Motor Control Operation (Blocks 72 - 81) - '

Each channel of the system has optical wedges for

nulling error and a stepping motor to rotate the wedges. In
order to minimize the peak power requirements, only one motor is
operated at a time. The motor control operates in one of four
modes. When power is applied it is in Mode 0 and each motor in
turn is operated to reset the encoder counters. When all the
encoder counters have been reset, the absolute encbder positions
are known and the system changes to Mode 1. 1In Mode 1, the
reflected image is searched for by a square search pattern in the
Y and Z directions. When a signal is acquired, the system enters

" 1ts normal operating mode, Mode 2, and motors are only operated
when required to keep the error signal within preset limits. The
system may be turned off by a Data Command which forces it into |
Mode 3., 1In this mode each motor is operated until its encoder is
on the negative side of zero. When all encoder outputs are |
negative, the system turns itself off, This operation, while
neither necessary nor mandatory can result-in an éverage savings

- of 1000 steps for each motor when both turn off and turn'on are
considered. _ '

Figure 2.24 shows the possible transitions for
control of each of the three motors in each of the four modes.
Each box represents States 0, 1, 2 and 3 in Figures 3.25, 3.26,
3.27 or 3.28.

- In order to prevent possible logic races all conditions

which decide changes in modes or states are latched by the 60 Hz
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/
clock phase 1; the states,'modes, and motor selections are changed
by clock phase 2; and the motor is stepped by clock phase 3.
3.3.3.19 State and Motor Sequencer (Blocks 72 and 73)
' The state and motor éequencer consists of a CD4008 four
bit édder and a CD4035 used as a four bit latch. If the B inputs
. and carry input to the adder are low, the CD4035 will retain the

&

same state each time it is clocked. If there is an outpdt from the
logic array; the state advances 1, 2, 3 or 4 on the next clock |
pulse. The two least significant bits are used as the state
sequencer, and the two most significant bits are used as the motor
sequencer,  This causes the motor sequencer to advance by one each
time the state sequencer advances to state 0. Gate U3 inhibits
the most significant bit while in Mode 1 since only the Y and Z
motors are used for searching.
' When manual operation is desired, data selector U4 is
used to disable the normal étate sequencing and enable inputs
from the spacecraft, '

The state diagrams for operation in Modes 0, 1, 2 and
3 are shown in Figures 3.25, 3.26, 3.27 and 3.28 respectively |
and described in section 3.3.3.18. State 0 is used as a ‘
transition state where decisions were made. States 1 and 2 are
used to move the motor in the positive and negative direction
respectively. During states one and two the motor is energized
but it is not stepped until the second phase three clock after
the motor is energized. State 3 is used to provide a delay during
Mode 2 to allow the analog error signals to stabilize after
moving an optical wedge. |
3.3.3.20 Mode Selector (Block 74)

The mode selector specifies what mode of operatibn will

. be followed. The modes of operation are defined as follows:



. FROM
FIGURE 3.24

ENCODER NEGATIVE

STATE O [ 1 - .

DECISION ENCODER MNEGATIVE
STATE | >
MOVE N

+ DIRECTION

=

ENCODER NEGATWVE |—

STATE 2
MOVEE 1IN
-~ DIRELT 10U

STATE 3 - —
WEAT

‘ TO FIGURE 3.24 |



3 - 62

Mode 0 = Encoders Reset 4

Mode 1 = Encoders Reset : Mode 3 - Signal

Mode 2 = Encoders Reset - Mode 3 - Signal .
Mode 3 = Encoders Reset . Stow Command Lo

Automatic Off = Stow Command ¢ (Encoders Reset +
‘ Encoders Negative)

3.3.3.21 - Condition Latches (Block 75)
Any condition which could result in a possible race and
improper operation is latched by latches Ul2 and Ul3. Two CD4051

data selectors, U5 and U7, are also used to select the proper

signal from the proper channel.
3.3.3.22 Logic Array (Block 76)

The logic array specifies how far the state sequencer

should advance according to the conditions presented to it. The
two CD4028 decoders provide enabling outputs corresponding to

"~ each of the 16 coﬁbinations of the four states and four modes.

The ADD1, ADD2, and ADD4 outputs go directly to the adder in the
state sequencer, while the ADD3 output goes to the carry input and
- the two input of the adder.

3.3.3.23 Motor Drive (Block 77 and 78)

The motor drive contains a two bit up-down counter for’

each.motor. . The outputs from the correct counter are selected by
two CD4051 data selectors U8 and U9. The two counter output signals,
the two binary motor select signals, and a motor enable signal are
coupled to Part II of the drive circuitry through optical isolators
to eliminate noise problems. The recovered signals are decoded to
energize one winding on the proper motor,

3.3.3.24 Motors (Blocks 79, 80 and 81)

The three stepping motors are the four phase permanent

magnet type. Only one winding is energized at a time both to save
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power and because in this mode the natural detent and the energized
detent occur at the same position.
3.3.3.25 Spacecraft Command Interface (Block 71)

Data commands from the spacecraft can control the

instrument as described in section 3.3.2, Signals from the sPace:
~ craft are buffered by CD4093 schmitt triggers and selected according
to which of the two redundant systems is supplying the commands.
The serial command is clocked into shift register U5 and decoded by
U9. The command execute signal, indicating a valid command sets
flip flop U6, which is cleared on the next phase 1 clock causing
the command to be loaded into registers U7 and U8. A command for
manual control disables the state and motor sequencer and selects
the desired manual operation. The second section of flip flop

U6 resets the state and motor sequencer whenever commands are
.-changed. This insures an orderly transition from automatic to

" manual operation and back again,

3.3.3.26 Power Supply (Blocks 40-45)

Power to the instrument is turned off and on by control

from the spacecraft with latching relay Kl1. The automatic turn off
is accomplished by disabling the power supply with latching relay
K2, < |

The DC-DC converter uses a small saturafing inverter to
drive the main inverter. The main inverter uses a linear core to
obtain optimum efficiency. . . i

The DC-DC converter provides +22V and -22V outputs which
are regulated to provide +15V and -15V for the instrument. A
separate +16V output is provided which is reguléted to +5V by a
switching regulator to achieve maximum efficiency. A separate
unregulated +8V output is provided to power the LED's. Regulation
of the 48V supply is not needed because the LEﬁ'é are driven by

current sources,
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3.4 WEIGHT AND POWER SUMMARY
s

The weight of the ATA system has been broken down into

the major subassemblies and are listed below:

Autocollimator each 3.8 1b.
YZ Wedge Deviation Assembly
X Wedge Deviation Assembly
Remote Reflector Assembly (7 oz)
Remote Reflector Support Structure (9 oz)
Base-line Porro. Reflector (5 0z)
Base-line Reflector Support S;ructure'(9 0z)

Electronics Package including'Enclosure

Total

| Weight

7.6 1b.
4.2 1b.
2.1 1b.

0.438 1b,
0.563 1b.
0.313 1b.
- 0.563 1b.

6.00 1b.

The total weight therefore, excluding connecting cables and con-

‘nectors will be 21.78 1b. The volume of the electronics package

is calculated to be 400 cubic inches.

System power consumption has been calculated to be:

Average system power = 12,3 watts

Peak system power = 23,4 watts

[ : .
P S
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4.0 TRADEOFF STUDIES

This section will discuss certain!tradeoff considerations
that haQe been studied. Although the system as defined in this
report largely represents the results of decisions already made,
certain options are still open and the implications will be dis-

‘cussed. The first of these subjects is a major one submitted by

GSFC and pertains to the possibility of a gimballed boom.

4.1 Gimballed Boom Mount

A gimballed boom would provide a distinct simplification
of the ATA since the wedge deviation unit, with its supporting
electronics, would be eliminated from the Y-Z system. The error

signals from the autocollimator would provide the inputs to the
.gimbal drives. Motors and readout encoders (if required) would be
| part of the gimbai system.
“ . Disadvéntages would include the greater power required -
to move the boom and possible instability associated with inertial
lag between the outboard end of the boom and angular ‘deflections
imposed at the gimballed end. o

As in the system described in this report, a moderate

deadband may be pro§ided in the gimbal servo drive, within which
the open loop output from the autocollimator becomes an available
correction factor to belapplied to the spacecraft navigational data
~to indicate the true magnetometer orientation.

Alternatively, a tight sérvo response may be employed so
that, theoretically, at 1eést, the magnetometer orientation is con-
sidered to be the same as that of the spacecraft. A servo analysis
would have to be made which would include not only the autocolli-
mator error signal and servb drive'characteristics, but also the

- flexure dynamics of the boom itself. Obviously, this investigation
is beyond the scope of this study. .
Beyond considerations of servo dynamics is the question

of maintaining the signal-generating capability of the
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autocollimator. 1In order to preserve this, it is essential that
the collimated beam impinge on the remote reflector and that the
reflected beam be recaptured by the autocollimator aperture.

As described elsewhere in this report, two modes of boom
deflection must be considered. First is the case of a "stiff"
boom which extends from the spacecraft atAan'augle other than the
nominal 90°. This erientation'error, which may be caused by non-
repeatability of the erection process, is perfectly-rectified by

roa glmballed boom which is driven in the requlred direction.

If the erectlon error exceed 0. 12°, however a search
pattern w111 have to be executed by the boom 1tse1f--31m11ar to
that described in Sectlon 2.3. Figure 4.1 111ustrates the case of
circular bending. In (a), the bending is shown w1thout any track-
1ng function and the reflected beam misses the aperture If track-
ing is accomplished by rotating the gimballed boom as in (b), the
correct orientation is achieved. Although the beam is not on the

" center of the mirror, this is of no consequence provided flatness
specifications for the mirror have been adhered to. ;
Since the boom would not be gimballed in the X axis, the
‘tracking capabilities of the ATA, as described in this report,
would be required, if the full accuracy as summarized in the Error
Analy31s is to be attained. |
Since elimination of the wedges in the X-channel would
eave materially in detailed design and fabrication effort, as well
as saving power and weight, it is valuable to explore the effects
on accuracy of this option. '(The saving in volume and weight is‘
not as great as might first appear. The present deflection wedge
assembly is configured for the 4-wedge compiement required for the
Y-Z assembly, and it is proposed to use the same housing for X to
save extra documentation. If the boom is gimballed, eliminating
the need for the Y-Z wedge assembly,'the package size required for

the one X wedge would be substantially smaller.)
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It is pointed out in an earlier section that a calibration
‘must be applied to the X éhannel data as a function of Z rotation
because of small irregularities along the detector edges in the X
instrument. This calibration would consist of a correction to be
added to the X output independent of the value of X. Other than
this, the X data will be highly linear and ;epeatable since it_igm“
derived chiefly from the wedge-encoder. | 3 -

If the entire range of X channel data is derived from
the detectors in open-loop fashion, the output will be substan-
tially non-linear. This is because of the reduction in intensity
in the outer portions of the image due to vignetting.

Calculation of the shape of the transfer function is be-
yong the scope of this study, but it is estimated that the slope
or scale factor might decrease by 50 percent for vaers.of X
approaching the 300 arc-second limit. This transfer function is‘
subject to calibration, however, and probably can be déscribed by
a polynomial of a small number of terms. On the other hand, the
need for null offset calibration will probably be eliminated with a
gimballed boom since the image position along the detector edges
will be much less subject to variation in Z,

' The AGC circuit is presently designed to maintain fidelity
of calibration to 0.5 percent. Thus, a possible error proportional
to the X output must be anticipated due to this cause with a maximum
of 1.5 arc-seconds. ,

The search function required to acquire the image for the
YZ autocollimator will simultaneously acquire it in the X channel.

Therefore, it is concluded that a viable measuring system
can result from the same complement of autocollimators and.reflectors
if a gimballed boom is used, but without the necessity for the wedge
deflection units. The boom must be.driven in Y and Z axes in both
a search mode and in a control mode, keeping the reflectors aligned
in Y and Z to within a 15 arc-éecond band in response to output

signals from the autocollimators.
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4.2 Single Encoders in Y and Z Axes

The present configuration of the wedge deflection unit
for the YZ subsystem includes a separate encoder with each wedge.
The purpose is to avoid the effect of gear errors between the two
wedges of each measuring pair. . o

With respect to the "“first'" wedge of each axis,'it éﬁoulﬂ
be noted that mounting the encoder directly to the wedge cell
eliminates concern for gear errors between motor and wedge. (Con-
centricity of the encoder is still important, as is a knowledgé
of the rotational offset between the encoder zero and the wedge
“zero.") | -

The second wedge, however, cannot be expected to turn
through the same precise angle as the first, and, hence, an error
may be introduced into the output of both channels because of this.
Eccentricity of the last gear mesh and random toogh errors are the

principal contributors to output error.

By summing the indicated angles from the two wedges, thé
effect is eliminated from the primary channel; the difference is
used as a correction for the orthogonal channel,‘as described
earlier. , _

A further benefit ié achieved in that the second encoders
of each pair provide a redundancy in this part df'the system.

Three ¢ values of error which may be introduced due to
last-mesh gear errors, if the second encoders are‘éliminated, are
0.00009 arc-seconds in each primary channel and 0.535 arc-seconds
in each channel due to cross-coupling. Other gear errors do not
lend themselves to ready computation, but the effect of the other
gear errors on cross-coupling is estimated to be another 1.0 arc-

“second, 3¢~ ‘

The weight saving would be inconsequential but power

could be reduced by either eliminating the second encoder in each



4-5

pair of wedges or energizing only one encoder, with the second

available for redundancy to use only in the event of failure.

Y

cCL .. N . -
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5.0 RELIABILITY CONSIDERATIONS

s ‘ The reliability prediction by part type and count for the
ATA is included in Appendix G as a self-contained document. The
results stated there indicate a failure rate for the system of

Aeotal = 9718.18 x 10‘-9 failures/hour

This gives a MIBF of

1

MTBF = — = 102,889.34 11.
Aotal 9.34 hrs (11.75 years)

The probability of success for a mission life of 8 months (8760
hours) has been calculated to be 94.567%.
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6.0 SYSTEM ERROR ANALYSIS

The Attitude Transfer Assembly functions as a tracking
or null seeking autocollimator; that is, the collimated beam is
deviated by the contra-rotating wedges until it is normally inci-
dent on the remote reflectors. It is necessary to determine the .
processes that could cause the null position to shift and the -
magﬁitude of this possible shift. ‘ ”

‘The mode of operation of the instrument combines the
advantages of an edge tracker with the push-pull effect of a
centroid tracking instrument as discussed in Section 2.2;1.

In the centroid tracker, half the energy falls on one
detector and the other half on the second detector. The two
detectors are placed adjacent to each other. This mode of op-
eration requires that the two detectors be matched in responsivity
in order to obtain signal balance. If the responsivities of the
two detectors are not matched, signal balance is attained with the
| image translated toward the detector of lower responsivity. Should
the detectors, in addition, have different temperature coefficients
of responsivity, a temperature change will result in a different
signal balance point, théreby changing the null position.

For an edge-tracking instrument, the null position occurs
when the image falls in the space between the detectors. Only the
edges of the image, which are always spread beyond the geometricil
size due to diffraction and residual aberrations, fall onto the
detectors. This does not affect the transfer function even around
the null position and also assures that there will be no dead zone.
Incremental image motion from null adds energy to one detector and
removes an equal amount from the other. This addition and sub-
traction effect produces a signal of the same magnitude as would
be achieved with an infinitely sharp image (with no overlap),

thereby preserving the basic edge-tracking mode of operation.

o e e—————
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The design of the ATA combines the above characteristics
by making the gap between detectors less than the nominal image
width.. To evaluate the null shift caused by a difference in res-
p&n;i;ity in the presence of image overlap, consider Figure 2.3A.
For the purposes of this calculation, let the image overlap b on
detector A be given by bp and the image overlap on detector B be
gi&éﬁkby bg. The detectors, as mentioned previously, can be matched
;ifﬁiﬁ 5 percent, thus Rg = 1.05 Ry, The radiant power incident on
each detector is proportional to the image area on the detector,
thus . | e
| PA = H h Dy | (1)
'9nq-: | - g‘l
Lo Pp = H h by . (62)
ﬁhere H":irradiance in watts/cm? and h = height of 1mage 1n cm.

The signal current generated in the detectors A and B is given by

In = PA Ry - - (6-3)
IB = Pg Ry | (6-4)
At nu11 the signal currents are equal and equating I, and Ig, the
result is B
. H h bA Ry = H h by (1.05) Ry (6-5)
o by = 1.05bg ‘

In order to find the magnitude of this shift, using Flgure 2.3A,
bp can be related to by by the known parameters of the system
h and g .
L by = h-g - by . - (6-6)
Substltutlng this expression bB in the above expression and solv1ng
for bA, the result is

by = 1.05/2.05 (h-g)

where 127 cm

h = 0.005in = 0.0
g = 0.0035 in = 0.00889 cm
Then by = 0.001951 cm

and = ~ bg = .001951/1.05 = .001859 cm
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The linear shift of the null balance is thus
s = (bp - bg)/2 = .000046 cm

This may be expressed in terms of equivalent mirror rotation by

eduation
y = s/2f
where y 1is the mirror rotation about y ?;
£ is the focal length = 10.16 cm g
y = 2.26 x 10'-6 rad. = 0.46 arc sec.

(Note in the X or twist axis, this offset is 10 x 0.46 or 4.6 arc
sec.) _ -

This shift, however, is an initial bias in the ins;rument.
which will not be seen nor will it have any effect on accuréty. ‘
It is included only to illustrate the effect of image spread and
becomes significant only as it varies. Possible reasons for vari-
ation will next be discussed. )

The defocusing effect due to temperature change of 2°C

-'has been calculated as 0.00032 cm shift in focus, with a resulting

image spread of 0.00032/3.5 = 9.14 x 10°cm. The effect is
doubled since it affects both the projected and return beam, or a’
4 N

total spread of 1.83 x 10 cm.

The conversion factor from image spreéd to arc-seconds
null shift has been calculated in the beginning of this section as
0.46 arc-sec shift per 0.0038 cm. spread, or 121 arc-sec per cm
spread in Y and Z axes. Then, the above spread of 1.83 x 10-4cm
will produce 0.022 arc-sec shift in Y and Z and 0.22 arc-sec in X.

The change from air to vacuum causes a focal length
shortening of 0.0091 cm with a resultant image spread for double
passage of 2 x 0.0091/3.5 = 0.0052 cm. Calculating the equiva-
lent mirror rotation, as done above, results in 0.63 arc sec error
- (3g-value) for the YZ channel. 1In the X channel, the result must be
multiplied by 10, giving 6.3 arc-sec (3¢’value).
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Since this is a one-time possible nullfehift, it is
desirable to remove its effect by pre- f11ght callbration This can
be done, of course by moun.lng each instrument in a vacuum chamber
with a fixed reflecto: and observing the null shift when a vacuum
is applied. For-completeness, however, this error contribution ie
included in the tabulation where it becomes the 1argest item. .
An additional null shift occurs when the instrument is
exposed to a 2°C temperature excursion and 1s due to the relative
change in responsivities of the two detectors. This shift in null

balance may be shown to be glven by the follow1ng expres31on

N :i-'s' _= RA Rp 'Yr (h-g) R (6 7)
Tt L .g (Rp = RB)2 (1 +r)
where. | s =. shift of image position - . - T
SR RA = responsivity of detector A = 0.4 amps/watt
Rg = responsivity of detector B | "

M r = fractional change in responsivity of detector A
> . . r(l+Y) = fractional change in responsivity of detector B
oL h = nominal image width = 0.0127 cm !
Lo g = detector gap = 0.0089 cm

Rg = (1.05) Ra
r, taken from detector SCD (Appendix D)
- is to be 0.2%/°C or 0.004 for 2°C excursion.
:27i.. . Y may be expected not to exceed 0.25
1.05 Ra2 x 0.25 x 0.004 x 0.0038 | -
(2.05)2 Rp2x 1.004
FRIvLL = 9.46 x 10-7 cm

pari: = 9.6 x 10-3 arc sec.

Théen s =

As before, the effect in the X axis is 10 times as great or 0.096
--arc-sec.

n<lilis - In section 3:2.1.1, a measure of sensitivity of the

instrument to mechanical distortion is given in terms of lateral
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shift of the focal plane with respect to the optical axis; i.e., a
lateral shift of 4.93 x 10-4mm in the focal plane is equivalent to
a 1 arc-sec change in pointing direction or 0.5 arc-sec mirror
rotation. It is, however, expected from the previously mentioned
mechanical design considerations; such as, material compatability,
one-piece housing casting, and attachment of the autocollimator to
a spacecraft heat sink, that the initially established pointing
direction or bore sight will be held within 0.2 arc-sec/°C. The
actual change in pointing direction with temperature, however,
will be documented by test, as part of the final test of each
flight system. It may thus be applied as a correction factor if
the temperature of the base plate is known. Distortions due to
bénding of the plate are considered to be negligible.

The encoder eccentricity error, E, due to bearing runout
may be shown to be given by the expression

Bearing Runout

Code Cycle Length (arc seconds/cycle) (6-8)

E (peak to peak)

with the following system parameters;

Track Diamerer = 2.7 inches
Track Circumference =MD = 8.48 inches
Cycles = 253 = 8192
Number of counts = 215 | -
Cycle Length = 8.48/8192 = 1.03 x 1073 inch
Bearing Runout = 100 x 10 ~ inch
Radians Per Cycle = 7.63 x 10-4 radians
Arc-Seconds Per Cycle = 147.37 arc-sec

Least Significant Bit Size .
Arc-Seconds Per Count = 360°/215 = 39.55 arc-sec
Jitter = 25% of Least Significant Bit Size

= 9.89 arc-sec

Substituting the above values in the error equation,
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107 -
E = 3 (157.37 arc-sec) = 15.28 arc-sec
- 1.03 x 10 © inch :

Since the ATA Deviation Wedge assembly operates over only 90

degrees; i.e., 45 degrees and since E is sinusoidal in nature,

it is possible to choose that portion of the cycle for which the
error goes through zero. Thus, the ‘effective error due to eccen-
tricity of encoder bearings is, |

Ecgg = .707 E = 10.80 arc-sec

fhe error of the encoder is,

. " Error of Encoder = Eeff>+ Jitter = 20.69 arc-sec
In terms of Beam deviation, DYZ,for the YZ channel, the encoder
error will produce an error given by EYZ = 2DYz (sin 20.69 arc-
sec) ,
where DYZ = YZ wedge constant = 634.4 arc-sec
DYZ = 2(636.4) (sin 20.69 arc-sec)
= 0.127 arc-sec (3o value)

For the X axis, there is one wedge (with wedge constant
DX = 42.43 arc-sec). The beam deviation error Ex produced by
the encoder error is :

EX = Dx sin (20.69 arc-sec)

.0042 arc-sec

To find the equivalent twist angle, X, the above value is divided
by 2 sin 8 = 0.1 ,
X = 0.042 arc-sec (30 value)

The decoder zero offset from wedge zero is expected to be
less than 3 arc-min. This offset would result in an error of 0.28
arc-sec equivalent mirror rotation in the YZ channel and 0;4 arc-sec
equivalent twist in the X channel, if not measured. The offset will
be calibrated during testing and will be supplied along with other

"calibration data.
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To obtain wedge scan orthogonality, provision has been
" made in the deviation wedge assembly of the YZ channel to hold one
/set of wedges stationary while exercising the other set. During
assembly and with the autocollimator operative and the beam
directed at a plane mirror, one pair of wedges will be driven
through its entire range, while the output from the orthégonai -
channel is monitored. The second pair will be adjusted until fhe
cross-coupling error is less than 0.5 arc-seconds. | »
The error contributions of the remote reflectors and the
base line Porro reflector have been calculated in section 3.1.33.
With a reflector flatness of A/25, the respective errors aré ‘
1) The error contribution of the flat mirror in the YZ channel is
0.137 arc-sec (3o-value) ,
2) The error contribution of the remote Porro Reflector is 3.956
arc-sec (3o value) '
3) The error contribution of the base line Porro reflector is
3.24 arc-sec (30 value)
The cross-coupling error contribution in the Z channel
due to the residual wedge curvature of the wedge pair in the Y
channel is calculated in section 3.1.2.2 to be an equivalent mirror
rotation of 0.218 arc-sec (307). |
Wedge curvature in the X channel does not produce any
cross-coupling error and is therefore not part of the error budget
of the ATA. |
Cross-coupling is fully discussed in section 7. There
it is shown that the maximum cross-coupling error in the YZ channel
occurred for rotation about the & axis with a calculated sum of
0.056 arc-seconds.

In the twist measuring axis, a rotation about the Z axis

will produce a twist error of (.009 arc-sec.

7
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As stated in section 3.3.1.3, the AGC loop error is less
than 0.5%. At full scale open loop, the magnitude of this error
will be 0.075 arc-sec for all three channels. The accurary of the
spacecraft's A to D converter is stated in NASA publication NASA
TN D-7725, "The Standardized Functional Support Section for the ..
Small Astronomy Satellite (SAS), p. 14 to be 0.2%. The error in-

troduced at full scale open loop is 0.03 arc-sec in all channels.

6.1 Calibrated Accuracy

- The calibrated accuracy which is the RSS value of Ehosé -
errors not eliminated by célibration, is calculated on the basis of
the 1g error values listed in Table 6.1. The errors discussed in
section 6.0 and constituting Table 6.1 are considered to be maximum
values and are therefore listed in the 3 g~ column. It is séen that

the performance goals of section 2.5,AAppendix A, are fulfilled.

6.2 Resolution (Noise Equivalent Angle)

' The noise equivalent angle has been calculated in the
Electronics section 3.3.1.3 on the basis of D*, the detectivity of

the error detectors, and results in an NEA of: '
| 1) for the YZ channel: 7 x 10-4 arc-sec

2) for the X channel: 5 x 10-3 arc-sec

It is thus seen that the performance requirements (Section 2.5,
Appendix A) are exceeded by 140 to 1 in the YZ channel and 100 to
1 in the twisf channel. The system, as stated in section 3.3.1.2.3,

is detector noise limited. ‘ ;

6.3 Stability Over 5 Minutes (Time)

The. anticipated sources of instability are associated

with temperature excursions from ambient. Therefore, considering
items 1, 3 and 4 for a 2°C temperature excursion results in an

rms instability of 0.067 arc-sec for the YZ channel and 0.67 arc-
sec for the X channel. It is, however, anticipated that the thermal

time constant will be much greater than 5 minutes so that the above



\ . TABLE 6.1
ERROR BUDGET FOR THE ATTITUDE TRANSFER ASSEMBLY

'YZ'Channel X Channei

Maxz3&)Va1ue rms (lo)Value Max(3o)Value rms (lo-)Value
- Ttem : arc-sec . __arc=-sec arc-sec arc-sec
1. Null Shift, Temperature
Change of 2°C | 0.022 0.007 0.220 0.070
2. Null Shift, Air to Vacuum* 0.630 0.210 6.300 2.100
3. Null Shift Change in : ‘
Detector Responsivity 0.010 ' 0.003 . 0.096 0.032
4. Null Shift, Mechanical ' '
Distortion 0.200 : 0.067 2.000 - -~ 0.667
5. Encoder Resolution : 0.122 , 0.041 - 0.081 0.027
6. Encoder Eccentricity ‘ '
" and Jitter 0.127 0.042 0.042 0.014
7. Wedge Scan Orthoganality 0.500 0.167 - -
8. Curvature in Remote Porro
Reflector - - 3.956 1.319
9. Curvature in Base Line :
Porro Reflector - - 3.240 1.080
10. Curvature in Flat Mirror 0.137 ‘ 0.046 - . -
11. Wedge Curvature 0.218 A 0.073 - | -
12. Residual Cross Coupling . 0.056 0.019 - 0.007 0.003
13. AGC Loop at Full Scale 0.075 : 0.025 ‘ 0.075 0.025
14. Spacecraft A to D ‘ . L
Converter - 0.030 0.010 . 0.030 - 70.010
Total RSS Value (arc-sec) . 0.298 ' 2.787
Goal: 1 Value(arc-sec) : ’ 1.000 I - 3,000

*Null shift due to change from air to vacuum environment can be precaliﬁfaéed, materially
reducing the above totals. _
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instabilities will not be seen. The above values exceed the per-
formance requirements by a margln of 7 to 1 in the YZ channel and

by 3 to 1 in the X channel. o T

6.4 Stability Thfough Environment

The major sourcesof environmental instability are the
-thermal changes, vibrations and shock which will contribute to a
change in pointing d1rect10n of the instrument through the launch
phase. | ' ';“

Distortions due to thermal changee have been discussed
above and are not anticipated to cause problems.  Distortions due_,
to shock and vibration of the launch and mentioned in section
3.2.1.3 are prevented by keeping the number of clamped interfaces?7
" to a minimum with fasteners torqued to the specified limits. |
Cr1t1ca1 relationships between components will be secured by flllet
bonding techniques.

All sources of instability through the launch environmeﬁtj~(
wi11 be documented as part of the acceptance test applled to each

plece of flight hardware.



7.0 CROSS-COUPLING
7.1 Mathematical Analysis

_The presence or absence.of cross-coupling terms in the
angular deviation of the reflected beam will first be documented o

by use of matrix algebra.

A unit vector aligned with the prOJected beam from the ‘auto-

colllmator will be analyzed as it is projected onto the reflector at
the end of the boom, assuming that the reflector has rotated about X,
Y, and Z axes by a small angle. The reaction of the beam to the
rotated reflector will be derived indicating the resulting deviations
imparted to the reflected beam,
7.1.1 Y-Z system _

The projected unit vector will have components parallel to X

Y, and Z axes represented by the three magnitudes arranged from top to
bottom respectively, in a bracket. Thus if the projected beam is
parallel to -X, the unit vector B is represented by:

The reflector may be thought to have in its initial undeviated
attitude, a set of coordinate axes X, Y, Z which are parallel to the
system axes of the same designations. Rotations will be assumed to
take place successively around the X axis, then around the rotated Y
axis, which we will call Y', and finally the doubly rotated Z" axia.
These are illustrated in Figure 7-1, in which all rotations are positive

in a right-hand coordinate system. This produces a rotated set of axes

X"', Y"', 2"', and the projections of the original vector on this
rotated set of axes is derived by multiplying the vector components by

‘the matrix operator.

[#] =Py [3]

oy
BRAR ' L o O
Lok
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It‘will be -shown that although there are terms in the final

result which depend on-the order of rotation most of these are higher-

order terms which with the rotation magnitudes considered here become

ingfgnificant.
simplifies the procedure..
The matrlx Mé

cI_r1To:

... .GOSy cosz

llé X

;':;
= -cosy Slnz
= .

-
IM

ool D * LoITITL _——— Ll

has the follow1ng components.

_ sinx 51ny cosz + cosx sinz__
-sinx siny sinz + cosx cosz

-sinx cosy

The use of this procedure of successive rotations greatly

-

C e S e

_~cosx siny cosz + S1nx sinz

cosx siny 51nz,+ sinx cosz

_.COSX cosy o -

= The expression has been simplified thus far by dropplng the

primes, but-it should be remembered that y represents an angular rotation

about the Y' axis, and z a rotation about Z".

In proceeding weVWill

further simplify by writing cx, cy, cz for cos x, cos y, and cos z, and sx,

sy, ‘sz for the respective sines.

Then the components of the unit vector

projected onto the rotated axes are: T e

[_cy cz - sx'sy cz + cx sz cX sy cz + sx sz - 1
~ - = .
;Bp; = i-cy sz . -sx sy sz + ¢cx cz cX sy sz + sx cz 0.
Lt P ~ : , :
| cx cy 0]

i o8y _-sx cy

column B by the TOoWS of M

(_ Ta:le ..::.::_ :‘_-_::..-.~‘;B'x" f-
3 -J 'lelY x| BYII !
e z - T
- o B L}
in & o '»%:~z-

The resultant components of B'

are found by mu1t1p1y1ng the
) w1th the f0110w1ng result;

. j-cy:cz];, - ‘ CoLoUIIIo
= ¢y sz! . T

- -sy

,
;L..-,_c.
X

The reflectlon of this unit vector by ‘the plane mirror whose

' normal is parallel to +X 1s represented by changlng the sign of B

IC._x..__'. - . P e e o

only, since the 'vertical”

are unchanged; ° =t.,

and '"lateral' components B

xlll

7

and B

YII ] zll L]
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Figure 7-1 ROTATION ABOUT X, Y' AND Z"



i A . T
=By CY cz
[BP'J B | Byne: = |ecy sz
B,y -
S A

To resolve these components of the rotated and reflected unit

vector onto the original X, Y, Z axes, we multiply Bp. by theAinvérse

matrix Mi"f'x '1. Then

(] - fores] * [ 5]

cy cz -Cy Sz -8y cy cz

= 8xX sy ¢z + cx sz -SX sy sz + cx cz -SX ¢y ‘cy sz
-cX Sy cz + sx sz cxX sy sz + sx cz cX cy -sy
- — p—
L, 2 2 2 2 2
X ¢y ¢z =-cy sz - sy
- ' 2 2
B Y Cy sX sy ¢z + cX cy €z Sz - Cy SX Sy Sz
= + cx cy cz sz + cy sx sy
B', -sy cx cy cz’ + CYy cz SX sz + CX Cy Sy sz
-
8 + ¢y cz sx sz - ¢cx cy sy ]

where cy2 = coszy, sx2 = sinzx, etc.

In the absence of y and z rotation, the reflected beam would
obviously be parallel to +X. This is borne out by the components cf
B' , which become

1
0 when y = z = 0
0
) i '
If y and/or z # 0, the angles and may be defined ats shown

Y Z
= npt! /n! 1 = nt '
y B z/B X and taé B Y/B x°

in Figure 7-2. Then tan '

Z
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Before evaluating these componentvangleé we will simplify and
/
combine terms in the column vector B' , resulting in the following:

%';1 (;yz cz? - cy2 sz? - sy2 o] :
B'y =12 cx cy ¢z sz + cy sx sy (1 + cz2 - 3z2)

B'é tmngi cy sy (i + cz2 - sz2).+ 2 cy cz sx sz

L 2 ) o i

2 2 2 2
cy cz -cy 8z = 8y
= |2 cx cy;cz sz + 2 cy c22 sx sy

-2 cx ¢y cz2 sy + 2 cy cz sx sz

—
——

For maximum values of x = 0.05°, y = z = 0,25°, exact values

for these three components of the reflected unit vector are:

0.999923847

B' =] 0.008739135

| -0.008713668
Because the value of Bk is so close to 1, the angle 'Y.and~

r’can be taken directly from the values of B'Z and B'Y, stated in

Z

radians. Cdnsidering the fact that all cosines are at least 0.99999, the

vector components can be simplified to
1

2z + 2xy

-2y + 2xz

The 2z term confirms the familiar fact that the reflected beam

is deviated through twice the angle of rotation, and that a positive
" rotation around the Z axis produces a deviation component parallel to
+Y. Similarly, a positive rotation around Y produces a deviation in

the -2 direction equal to twice the Y rotation.
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s The second terms are true and valid coupling ferms representing
the fact that the initial rotation around X rotates the other axes and
that subsequent rotation about these other axes is actually around Y'
and Z". This can be emphasized if we restore the primes which were’

dropped earlier:

| 1
[B'] =| 22" + 2xy'
-2y' + 2xz"

I1f we evaluate the terms with the cosines still present and each

term shown separately we have, for maximum values of x, y' and z",

0.999923847
[B'] = 0.008726443 + 0.000012692
-0.008726360 + 0.000012692

Interpreting the components B'Y and B'Z as radian measure and

converting to arc-sec, B' /2 = 900,00443 + 1,30899 arc-sec
B! /2 = -£99,99587 + 1. 30899 arc-sec

The closeness of the fiist term in each component to the 900
arc-seconds validates the simplifying approximations.

The analysis so far has demonstrated the deviation of the
reflected beam, without consideration of the tracking wedges. It is
relevant to generation of the ope¢n-loop error signal, but must be
augmented by introducing the effect of the wedges.

Assume that initially the wedge rotation position is at 0° and
that the net deviation through each pair is zero in both Y and Z directions,
If the first pair of wedges devi:tes the beam in the Y direction, it
" falls on the second pair obliquely, and the deviation imparted by the
second pair is slightly less than if the beam were parallel to the X
axis. The effect has been calculated, however, for maximum values of
Y and Z, and found to be 0,031 arc-seconds. It will be included in

the final error summary, but will be omitted in the following‘development.
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Let the beam incident on the mirror be represented by a

unit vector having components as follows:

po-

[+]-

2 2
(By
Cy cz
B = -
[ p] cy sz
8y
2 2
-cy ¢z~ -
-CX Cy Cz

+ ¢cx cy cz

Co:

2 2 -
-\//I- By - Bz -cy cz

The value of B, is derived from the fact that

-

PR O

S ‘ : 2
“CX Cy CZ 'Sz - Cy €2~ SX S8y

-2
CX cy ¢z~ 8y - ¢y CZ SX SZ

X

+ BY. + Bzz) always equgl 1.

8X Sy ¢z + cx sz -cX 8y cz + sx sz
-8X S8y sz + ¢cx cz cX sy sz + sx cz
© -8X Cy ' cX cy

°

2 2 2 3
CX Ccy ¢z~ Sx Sy Sz - CX ¢y cz sz" - cy ¢z~ sX

2 3 2 2
SX Sy Sz - ¢X cy ¢z~ sy + cx cy cz” sSxX Sy sz

2
SX Sy Sz - Cy Sz SX Sz

2 2 2 2 2
=l cy cz sz +cxcycz Ssx 8y Sz - ¢cX cycz sz +cy cz” sx
3 2 2 2 ' 3
=“CX Cy ¢z~ 8X sy + ¢cx cy cz 8y 8z + cx cy ¢z  SX Sy

’ 2 2 2
=CX Cy CZ SX Sy Sz - Cy ¢z SX Sz

2 2 2 2 2 2
-cy cz 8y +cx cy cz sx sz +c¢cy cz 8x sy +cx cy cz

2
=CX Cy Cz SX Sz

2
sy

2
sy

sy

This may be simp11f1ed by cancelling and combining terms and using

-the 1dent1ty.

s1n2a +-c032 a=1,

SZ

-



/
' 2 3 2
[Bp] = Cy ¢z 8z - Cy ¢z 8z

7=-7

N . . —

2 2 2 3
=cy ¢z" - cy cz 8z° - cy cz” sy

2 2
: Lfcy cz sy +cy cz sy
After reflection,

cy2 cz2 + ¢y cz sz2 + cy cz3 sy2

P 3 2
[Bp] = Cy €z 8z - Cy €z Sz

[:cy cz sy + éyz cz2 sy

And resolved on the original axes

cy cz -cy sz o . sy ' B .
[B'] = sx sy cz + cx sz -8X sy sz + ¢x cz -sx cy |- [B'p]
-cX Sy ¢z + sSX 8z CX 8y sz + sx cz CX cy
. N .

2

cy3 ez cy2 cz? szZ + cy 2t sy2 - cy2 sz2 + cy4 cz? 822 -_sy2 +'cy2 cz? sy2

cyz'cz3 sx sy + cx cy2 cz2 sz + cy c22 SX sy sz2 + ¢cx cy cz cz
+cy cz4 sx sy3 + ¢cx cy cz3 sy2 8z - Cy SX 8y 822 + ¢cx cy cz sz

_ 3 : :
. +cy3 c22 SX 8y sz2 - ¢€xX cy3 cz sz +cy sx sy - cy3 c22 SX 8y

2 3 2 2 2 2 3
-cx cy ¢z~ sy +cy cz 88X sz - cx cy cz Sy sz + Ccy ¢z SX Sz
4 3 3 2 2
-cx cy cz Sy +cy cz .sx sy sz + cx cy sy sz= + cy cz SX sz
3 2 2 3 .3 3 .2
-CX ¢y~ ¢z~ Sy sz” - cy €z Sx sz - ¢X ¢y 8y + cx ¢y~ cz” sy

I1f the terms of B' were identical to those of B (except
for sign) perfect measurement of the y, z,xy and xz rotations by the
wedges would be demonstrated. The large number of terms makes it
difficult to perceive the near-perfect identity but combination and

cancellation of terms makes it possible to simplify B'Y and B'Z as

1

follows:

e
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B', = cx cy cz sz (1 + sy2 + szz) + cy 022 sx sy (1 + sy2 + 2 szz) B

B'., = -cx ¢y cz2 sy (1 + sy2 + 2 3z2) + cy cz SX sz a + syzr+ séz) .

If the syz.and sz2 terms in the parentheses are dropped, the
identity is established. Evaluating these terms for maximum values of y
and z rotation reveals a maximum error of 0.017 arc-seconds in z
measurement and 0,025 arc-seconds in y. The validity of the wedge-'
méasuring procedure is therefore confirmed.

7.1,2 X-measuring System

Remembering the fact that the projected beam from the X auto-
collimator is spread in the XY plane by slightly more than Z oy 2nd

that the center of the vignetted image is displaced from the axis of the
instrument by fz, the effective beam contributing to the image is .

. i
inclined to the X axis, not by the offset angle © alone, but by (6 - z).

The unit vector for this instrument, therefore, is

- cos (B8 - z2) -cO cz - sB sz
[B]= ‘ sin (8 - 2) = s@ cz ~ cO sz
0 0

Multiplying as before by the matrix representing successive rotations
about X, Y', and Z", the components of the unit vector as projected onto

the rotated Porro reflector axis are;
-

-cO cy 322 - 88 cy cz sz + s8 c22 sx sy + s6 ¢x cz sz
2

i

=CB Ccz SX Sy Sz - €O CX Sz

[Bp] = |cO cy cz sz + s8 cy 322 - 88 cz sx sy sz + s cx c22

+ c@ sx sy sz2 - c@ ¢x cz sz ;

-cO® cz sy - s sy sz - sO éy cz sx + ¢cO cy sx sz
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d Upon reflection from the Porro, signs of X and Z components

of Bp change. Resolved onto the original axes, therefore, the

-1 as follows:

vector Bp is multiplied by the inverse maérix MZ"Y'X‘ ,
cy cz =Cy Sz sy S
[B'] = cz sx sy + ¢cx sz -8X Sy sz + cx cz -cy sx
=CX ¢z 8y + sx sz _ cxX sy sz + cz sx. ex cy

2 o
cO cy cz + sB cy cz sz - sO cz2 SX S8y - S8 cX ¢z sz

+ cO cz sx sy sz + cO cx 522

cO cy cz sz + s cy s22 - 80 ¢z sSx sy sz + sO cx czz.
+cO sx sy 82> - c@ cx cz sz

cO cz sy + s@ sy sz + s8 cy ¢z SX - €O Cy Sx sz

Only the Z component is of interest, however, since it is
this component which carries the information on twist,
After cancelling like terms and all terms having four or more sines

the result is as follows:
[.B' z]= sin @ cos x cos z sin x (coszy + coszz)

+ sin 6 cos x sin y sin z (cos x cos2 z + cos y)
The first term is of course the principal one, and the second is a
valid coupling term, since rotation about.Y' and fhenvabout Z" produces
a twist around the X axis. The cosine terms are of no consequence,

and the approximation
]
[B zJ = 2 sin 6 sin x + 2 sin © sin y sin z

has an error of 0.0089 arc-seconds in the first term, at maximum
values of x, y, and z, and 0,000062 arc-seconds in the second term.

The difference between x and sin x has a maximum of 0.0001 arc-sec.

R
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The deviation produced by the second passage doubles the Z
component. A

The above development demonstrates the ability of the proposed
system to measure X, Y, and Z rotations independently and in the
presence of maximum rotations about other axes with neg11g1b1e coupllng
(except those due to instrument errors).



8.0 - SYSTEM ALIGNMENT

The mounting and alignment of the ATA to the MAGSAT
spacecraft anticipates that the mounting holes on the spacecraft
mounting plane will have been located. A definite procedure is not
possible presently since further spacecraft system definitions are
needed. The following is a tentative procedure (Figure 2.1 may be

used for illustration. ) ' . _

1) A low power He-Ne laser is mounted at the ATA “
optical axis on a mounting hole transfer plate.  The mounting hole
transfer plate is shown below and consists of pléte A and U-shaped
plate B and is used to align the laser 'to the autocollimator
mounting holes. ' '

- . /'—_PLF‘TEA
A

b4
TRANSFER HOLES P
o oty L
] 3 ]
ENE
‘ A L)
AUTOCOLLIMATOR L O
"POSITION —-—/ S
. : ]
HE-NE LASER ‘ ~ PLATED
]

T OPTICAL AXIS

M OUNT'NG HOLE TRANSFER
PLATE
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After aligning the laser in this manner and fastening plate B
(temporarily), plate A may be removed. | '

2) The remote reflector assembly is now mounted to the
boom end and adjusted until the laser beam returns on itself.

3) The YZ channel autocollimator is mounted in the
mounting holes forward of the laser and adjusted until.fhe laser
beam, reflected from the:alignment cube shown in Figure 3.12 and
3.13, returns on itself. -

4) The mounting hole transfer plate is next positioﬁedi
on the X-channel autocollimator mounting holes and plate B fas-
tened. It is necessary in the X-channel alignment to deviate the
beam upward 0.295° so as to be incident at the center of the upper
reflecting surface of the remote Porro reflector. This is accom-
plished with a laser beam steerer. . |

5) The base .line Porro reflector is mounted in the
position shown in Figure 2.1 and adjusted until the laser's beam
returns on itself. }

| 6) With the base line Porro reflector in place, the X-
channel autocollimator is positioned in front of the laser and
adjusted until the laser beam reflected from the alignment cube
returns on itself.

With the preliminary alignment above complete, the
Deflection Wedge Assemblies are positioned in front of their
respective autocollimator units. All further adjustments are made
in the electronic mode (operating at 0.94 microns). .

With the wedge pairs in the YZ channel adjusted to their
zero position, as determined from encoder output, a null output
from the YZ channel autocollimator is achieved by fine adjustment
of the micrometer plate. Having achieved this null, the micrometer
plate is clamped and secured. Alignment for the YZ channel is now
complete.

A' The X-channel deflection wedge assembly is adjusted to

its zero deviation position as determined by the encoder output.
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The null output from the X-channel autocollimator is achieved as

above--by adjusting the micrometer plate until the output indicates

null. The micrometer plate is secured and the alignment is complete.

o’
RN
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9.0 CONCLUSIONS

The results of design activity carried out as a result
of this study confirm the achievement of all but one performance
requireﬁent--many by a substantial margin. The exception is the
calculated power level of 12.3 watts (average) versus a spec1f1ed
10 watt maximum. The specifled and achieved values are shown 1n ]
Table 9-1. ' _

The described system is a valid and viable method, there-
fore, for measuring the boom deflections. Although requiring o
careful attention in detailed design of the opto-mechanical packége,
it does not require any technology which is beyond the present -

state of the art.
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EXHIBIT A

ATTITUDE TRANSFER ASSEMBLY FOR MAGSAT

1.0 INSTRUMENT DESCRIPTION : oL

The Attitude Transfer Assembly will be used to monitor
the attitude of a boom-mounted Magnetometer Experiment Package
relative to the main spacecraft body. Attitude will be measured
in orthogonal X and Y axis and in a twist axis around the boom
center line. '

2.0 PERFORMANCE PARAMETERS

2.1 Performance Concept

An Attitude Transfer Assembly is to be developed with the
potential for very accurate measurement of the attitude of a boom-
mounted Magnetometer Experiment Package relative to the main space-
craft body. Performance parameters are designated in the following
paragraphs. Limits are defined as maximum deviations from desired
values. All errors are expected r.m.s. values generated as r.s.s.

- of contributions by various error sources.

2.2 Linear Range i

The linear range of the Attitude Transfer Assembly is ’
defined below for orthogonal X and Y axis and for the twist axis.
Outputs in each axis is to be independent of the position in the
other axis. The field of view is defined as the angular range over
which output signals are generated. :

X and Y axis - 15 arc minutes
twist axis - 5 arc minutes
2.3 Linearity

Linearity is defined by the deviation of the response
characteristic from a best fit straight line passing through the
origin. This deviation is expressed as a percentage of the
instantaneous value.

X and Y axis - +10%
twist axis - +20%

2.4 Slope 2 |
' The average slope of the response characteristic is
defined as the slope of a best fit straight line passing through
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Exhibit A

the origin. The local slope at any single pointﬂwithin the linear
range is defined with respect to th: average slope.

Average slope

X and Y axis 100 +10 mv per arc second
 twist axis 200 20 mv per arc second

local slope +10%

2.5 " Performance in Linear Range

Calibrated accuracy and s:ability over the linear range’
are the most important parameter spcecifications. The requirements
listed below include the effects of all cross-axis coupling.

Resolution (Noise Equivalent Angle)

X and Y axis 0.1 arc second
twist axis 0.5 arc second

Stability over five minutes anywhere in linear range

X and Y axis 0.5 arc seconds
twist axis 2 arc seconds

Stability through environment

X and Y axis 2.0 arc seconds
twist axis 5.0 arc seconds

Calibrated accuracy anywhere in linear range

X and Y axis 1.0 arc second
twist axis 3.0 arc seconds
2.6 - Boom Length

The Attitude Transfer Assembly shall meet all performance
requirements with a boom length of 15 to 25 feet. '

3.0 INTERFACES

Interfaces will be determined by the requirements of the
MAGSAT Mission. The Technical Officer shall provide specific and
updated interface information as soon as interfaces are defined.
General requirements are defined below.
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3.1 Weight ‘

The complete Attitude Transfer Assembly shall have a
weight of less than 25 pounds.

3.2 Power

The Attitude Transfer Assembly shall be operated from
the spacecraft +16 volts power supply. Power consumption shall
not exceed 10 watts.

3.3 Thermal

The temperature of the Attitude Transfer Assembly is to
b actively and passively controlled by the contractor to insure
temperatures compatible with the performance specification of
Saction 3.

3.4 Vibration
3.4.1 Sinusoidal Vibration ‘
; - Frequency Level Sweep Rate
Axis Range . (0 to Peak) (Oct/Min)
All (X, Y, 2) 10 - 18 5.0g* |
18 - 36 - 0.3 in (D.A.) 4. .
36 - 150 20.g 1
150 - 2500 5.8 -
*Limited to 0.5 in double amplitude (D.A.)
3.4.2 Random Vibration '
Frequency PSD Level Acceleration Duration
Axis Range (Hz) (g2 /Hz) (g-rms) Minutes
All 20 - 200 0.045
(X, Y, Z) 200 - 400 +3dB/Oct 12.9 2/axis

400 - 2000 0.090

3.5 - Acceleration

The performance specifications of Section 3 shall be
satisfied after non-operating exposure of acceleration of 22.5G in
the thrust axis and 6.0G in the lateral axis. The acceleration
shall be simultaneously applied for a duration of three minutes.

3.6 Magnetic Field

All components mounted on the Magnetometer Experiment
Package will have a total induced field of less than 0.5 gamma

measured at three inches.
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OPTICAL PARAMETERS

/

Focal length
Aperture dia,

Reticle size, YZ channel

X channel

Error detector size
Acquisition detector size
Error detector gap
Light Source
Operating Wavelength
Pointing Adjustment
Reflector Size:

Flat mirror

Remote Porro Reflector
(each of 2 surfaces)

Base Line Porro Reflector

(each of 2 surfaces
Deviation Wedges:

Wedge Deviation Angle
(Nominal)

Wedge Deviation Angle
(Nominal)

101.6 mm (4 inches)
29.0 mm (1.412 inches)

© 0.127 mm x 0.127 mm (0.005 in x '

0.005 in)

10,127 mm x 1.02 mm (0.005 in x 0.040)

1mm x 1 mm (0.040 in x 0.040 in) each
1mm x 2 mm (0.040 in x 0.080 in)
0.0899 mm (0.0035 in) e
Texas Instruments LED TIL 33 selécted

" 0.94 microns

42 min

63.5 mm square (2.5 inches sﬁuare)

63.5 mm wide x 88.9 mm
(2.5 inches wide x 3.5 inches)

83.82 mm high x 21.02 mm
(3.3 inches high x 0.828 inch)

32 mm diameter (1.26 inch)
636.4 arc-sec YZ channels

42,43 arc-sec. X channel

ELECTRONIC PARAMETERS

Average Power
Peak Power

Noise Equivalent Angle

Detector Responsivity

Scale Factor Stability
Servo Threshold

12,3 watts

23.4 watts .

7 x 1074 arc sec, YZ channels
5 x 10-3 arc sec, X channel
0.4 amps/watt

0.5 percent

15 arc-sec




- ELECTRONIC PARAMETERS

--—(Continued) -
: - G T o
LED pulse frequency _491 pps
Motor pulse frequency f%p,PPS T
" Open-loop bandwidth "0 Hz T SRR
Open-loop sqalg factor -6}99-my/ard-sec, YZ chaﬁnels -

- 200 mv/arc-sec, X channel. :

_......WEDGE DEVIATION UNIT PARAMETERS

Item ST I X

.Detector linea; range (Normal) - _.... -#l15 arc-sec o %15
; S - (Max.) .. . %20 arc-sec +200
. Servo measuring.range (Normal) ;_‘:; +900 arc~-sec - %300
— (Max,) 41272 arc-sec +418
Drive motor .- : . Size 8, 45° PM Stepper
Gear reduction ) ;o - 1024:1 - 1024:1
We&ge angle per step .~ 7°158,2 arc-sec 158.2 -
Wedge/encoder rotation range (Normal) #445° . #45°
- (Max.) = 190°  390°
Wedge optical deviation (each) " " '636.4 arc-sec 42.43
Encoder counts per step P ‘4' - 4
Optical deviation per step (Max.) 0.98 arc-sec 0.325
(Min.) - - 0.70 arc-sec 0.23
Deviation resolution from encoders 0.122 arc-sec 0.081

Lomiee o T e SIS
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LED INFORMATION

The selected LED is the Texas Instruments Type TIL 33
described in the attached data sheet. .

Procurement will be via an SCD which will define optical,

mechanical and electrical characteristics as well as temperatdfe

conditioning and testing. .

An important parameter is the mechanical dimensions of
the emitting area, which is nominally 0,015 inches square. Thié
will be assigned a tolerance of +0.0005. The cathode connection is
via a spot weld near one corner of the chip; its‘position will also
be controlled by the SCD.

Information received from Mr. John Thomas of Texas
Instruments, Lubbock, Texas indicates the TIL 33 is now -65 to
150°C, and that the derating rate is 1.6 mA/°C. This information
_.supersedes that shown on the data sheets. TI has also indicated
~ that this LED can be supplied in the HI-REL version described in
the data sheets for their TIL 23 and 24, A flat window would be

specified, however.



" Pa_gesmissing from available version”
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TYPES TIL23, TIL24
P-N GALLIUM ARSENIDE INFRARED-EMITTING DIODES

BULLETIN NO. DL-S 7411312, FEBRUARY 1970-REVISED NOVEMBER 1974

e
.o

DESIGNED TO EMIT NEAR-INFRARED . SR
RADIATION WHEN FORWARD BIASED ' “o

o Output Spectrally Compatible with Silicon Sensors

o MHigh Power Efficiency, Typically 1.5 Percent at 25°C

o High Power Output, Typically 2.0 mW at 25°C _

o Small Size Permits Matrix Assembly Directly into Printed Circuit Boards - ,.

o High Radiant Intensity, Typically 7 mW/sr for TILéd

mechanical data

0.010% 0.001 RAD

‘ '%%_H/H—mmx
_8%;9%

o
a5ty on
LANODE 0010 2-CATHODE
LSBTl sl o
0138
oz
4 TIMES
ALL DIMENSIONS ARE IN INCHES ACTUAL SIZE
absolute maximum ratings
Reverse Voltage at 25°C Case Temperature . . . . . . . . . « « & o+ & e e e e e e e e e e e 2V
Continuous Forward Current at 25°C Case Temperature (SeeNote 1) . . . . . . v « « « o « = . . 100mA
Operating Case Temperature Range . . . . & . v v v 4 o 4 o o o o o o o s o s o s ~65°C to 125°C
Storage Temperature Range . . . . . ., . . . « 4 ¢ « .+ . e e e e e e e e e e —65°C to 150°C
Soldering Temperature (3Minutes) . . . . . . . . . . i . i 0 4t e e e e s e e e e e e 240°C

fRadiant intensity is catculsted from 1g = Po/2n(1~cos 0.50)4,). One s1eradian is the solid angle st the center of 8 tohere subtended by &
portion of the surface area equal to the squars of the radius of the sphers. There are 4x steradians in 8 complete sphere.

NOTE 1: Derste linesrly to 125°C case temperature at the rate ot 1 mA/°C. For pulsed operation st higher currents, see Figures 8 and 9.

TEXAS. INSTRUMENTS a

NCOHPORATED
POGY OFFICE BOX 3012 + DALLAS, TEXAS 73222



. TYPES TiL31, TIL33, TIL34
P-N GALLIUM ARSENIDE INFRARED-EMITTING DIODES

BULLETIN NO. DL-S 7412209, NOVEMBER 1974

e

DESIGNED TO EMIT NEAR-INFRARED RADIATION WHEN FORWARD BIASED
o Output Spectrally Compatible with Silicon Sensors I R P
o Mechanically Compatible with TIL81

o Typical Applications Include Card Readers, Encoders,
Entrusion Alarms, Sector Sensors, Level Indicators,
and Beginning-of-Tape/End-of-Tape Indicators

mechanical data
Each device is in a hermetically sealed welded case similar to JEDEC T0-18 with window. The TIL31 and TIL34 have
convex lenses while that of the TIL33 is essentially flat. A coin header is used to increase dissipation capability. All
TO-18 registration notes also apply to this outline. Approximate weight is 0.35 gram. All metal surfaces are gold plated.

THE ANODE IS IN ELECTRICAL
e 3 waps $212 oia CONTACT WITH THE CASE
E
I MAXIMUM WINDOW EXTENSION
FROM TOP OF CASE IS:
T o 0.040 FOR TIL31 AND TIL34 8
aies 0.010 FOR TIL33
o ==1-1 MINIMUM DIAMETER IS 0.140 E
1 — THE WINDOW 1S CORNING 7052 o
% ™ (OR EQUIVALENT) GLASS
o o ALL DIMENSIONS ARE IN INCHES
HC ~ NO INTERNAL CONNICTION UNLESS OTHERWISE SPECIFIED

absolute maximum ratings

ReverseVoltageat25CCaseTemperature e . . T A
Continuous Forward Current at 25°C Case Temperature (See Note 1) e e s e i 4 e e e e e a-s 200mA
Operating Case Temperature Range: TIL31,TIL33 . . . . . ... .....+...... -40°C1080°C
TILAA . . ... ... ... e .. . —65Ct0150°C

Storage Temperature Range: TIL31,TIL33 . . . . . . . . .. ..+ 2+ ..... =40°Cto100°C
TIL34 . .. .. e e i e e e e e.. —65Cto150°C

Lead Temperature 1/16 Inch from Case for 1OSeconds R 240°C

operating characteristics at 26°C case temperature

TiL3t TiL33 TIL34
PARAMETER TEST CONDITIONS MIN _ TYP MAX | MIN TYP MAX |MIN TYP MAX UNIT

Po Radiant Power Output 33 6 2.5 5 1.6 3 mwW
Ay Wavelength at Peak Emission :21) 940 975 { 915 840 9751915 940 975 am
A\ Spectral Bandwidth 1g = 100 mA 50 75 50 75 50 75 ] nm
0y Half-Intensity Beam Angle 10° 80° 10°
Vg Static Forward Voltage 14 125 14 178 14 175}) V
ty  Radiant Pulse Rise Time$ IEM =50 mA, ty=2ps, 600 600 . 600 ns
ty  Radiant Pulse Fall Time? t = 45 kHz 350 350 350
¥ Redl ! ity is calculated from Ig -Po/‘hr(‘l—cmo S0141). One sterdisn is the tolid angle at the center of 8 tphere subtended by o

portion of the surface srea equal 10 the square of the radius of the sphers. There are 47 steradians in # complets sphere.
‘Mhm pulse rise timse is the time required for 8 change in radiant intensity from 10% to 90% of its peak value for a step change in current;
ndhn( pulsa fall time is the time required for a change in radlant intensity from 90% to 10% of its pesk value for a step chengs in current.
NOTE 1: Derats linaarly to BO'C case temperature at the rate of 3.6 mA/°C for the TIL31 and TIL3I3, and 10 150°C case temperature st the

rsts of 1.6 mA/"C for the TIL34.

TEXAS INSTRUMENTS _ 53

CORPORAL
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TYPES TIL31, TIL33, TiL34
P-N GALLIUM ARSENIDE INFRARED-EMITTING DIODES

TYPICAL CHARACTERISTICS

RELATIVE SPECTRAL CHARACTERISTICS .

1.2
Output of Tungsten
a 1.0 Response of Human Eve —— Source at 2870 K —f
3 /\ \
[+
3 08
« 06
1 , / / OQutput of , \
} \ / TIL3Y, \
v 0.4 TIL3S,
k / or TIL34/ \ Response of
- Silicon
€ 0.2 P Phototransistors—
03 04 0s 06 0.7 (1] 09 10 RN 1.2
A-Wavelength—um
FIGURE 1
RELATIVE POWER OUTPUT RELATIVE POWER OUTPUT CHANGE IN WAVELENGTH AT PEAK EMISSION
-
CASE TEMPERATURE . somnm; CURRENT 3 CASE rm:sumns
4 T T 0 ey =: e W
2 15+ 200 ma }— TEtc-mc Baei: b ¢ = comuant
~ [~ 15 = 150 mA o [SeeNore2 § & 20
] N T + - [}
= o1 If = 100 mA 3 ! ] L
1 2 H 3 100 ]
§ o4 = é L H <
! - - Ig = SOmA ! ' ag 2 [ -
o i : 5 A
! = -100
é ase Ig *» 20 mA g 04 ’ ya //
o0 02 /' -
a0 (1) 4 ék -300
-8 -2 0 23 S0 15 100 10 o 1o 00 1000 50 -2 0 2 S5 % 10
Te-Cae Tomowstre-"C g ~Foreard Currerg~mA 1o ~Cae Tempersure-"C
FIGURE 2 FIGURE 3 FIGURE 4
LI T ™mas
El
RELATIVE MO:‘ANY INTENSITY RELATIVE nAo"lm INTENSITY FORWARD CON ON CHARACTERISTICS
ANGULAR DISPLACEMENT ANGULAR DISPLACEMENT 100
" " wlttez [ 7
0 0 © Tg=15'c—y
i i f
(7] o8 H / / /
: : i i /
o8 3 3 o 3 0
2 - i 3 w y J—tce-w'c
] - 2 ! o ’ L 2 717
\ e / \ L L7 Te=25°C
02 02 b /
N 10
[ ] ] 'y 1 ° 4/
15 100 8 0 s 10 n 120 00" o o & ®w 09 10 1Y 12 13 14 18 18 37
#-Anguiw Desplacement #~Anguiw Dwplacement V-Foraard Vokage—V
FIGURE S ° FIGURE 6 FIGURE ?

NOTE 2: This psremeter must be measured using pulse techniques. t,, = 0.04 ms, duty cycle < 10%,
$Normalized 10 output st ip = 10 mA, T = 25°C.
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TIL23, TIL24 RELIABILITY DATA

TIL23, T1L24 RELIABILITY DATA

INTRODUCTION

Texas Instruments has long been noted as a quality
producei of semiconductor components. The TIL23
and TIL24 solid-state infrared-emitting diodes
{IRED"s) are high-quality, reliable additions to its line
of optoelectronic products. They have been designed
ss highly reliable, longlife products capable of
meseting demanding military and commercial needs.
Quality control of these products begins with incom-
ing inspection of raw materials and is continued
throughout the manufacturing process as shown in
sssembly-test flow diagram {Figure 1). Conscientious
Quality control practiced by the manufacturing orga-
nization and monitored at critical steps by the quality
control organization assures that the designed reli-
ability wilt be achieved in the finished product.

Since this product was announced in 1970, some
two million device hours of reliability testing have
been accumulated on ungraded, unburned-in samples,
and additional data is continuously being accumulat-
ed. This report summarizes, in graphical form, data
on the operating life of TI11.23 and TIL24 at 10, 30,
and 50 mA at 25°C and 50 mA st 55°C. Results of
various mechanical and temperature stress tests are
slso presented. -

OPERATING LIFE TESTS

Room temperature {25°C) life tests were performed
at three different current levels: 10 mA, 30 mA and
50 mA. Readings of power output were made with 3
solar cell in a short-circuit current mode at 0, 168,
500 and 1,000 hours. Forward voltage was read at
these intervals and no significant changes were observ-
ed. A total of 175 devices were tested at 10 mA or
30 mA with no device evidencing a change in power
output greater than ~10%. 96 devices were tested at
50 mA with four devices exceeding —20% reduction
of power output {—27% worst case). Extended
operating life tests at 25°C (4,000 hours) on 300
unifs have substantiated the extrapolated degradation
rates shown in Figures 2, 3, 4, and 5.

High-temperature {55°C) life tests were performed at
Ig = 50mA on units which had 48 hours of pre-
conditioning prior to the test. Readings of power
output were performed in the same manner as the
readings performed at room temperature described in
the preceding paragraph. No significant changes of
forward voltage were observed. A total of 1384
devices were tested with one catastrophic failure and
one device evidenced a change in power output
greater than —50%. Data from these tests are ittustrat-
ed in Figures 6 and 7.

STORAGE LIFE TESTS

High-temperature (85°C) storage tests were per-
formed for 1,000 hours on 1386 units with an
insignificant change in power output. Only two
devices had changes of power output greater than
—5% (—13% worst case). No significant changes of
forward voltage were observed:

ENVIRONMENTAL TESTS

The tests listed in Figure 8 were performed on
samples of the product with no catastrophic failures
observed. It should be noted that the test conditions
shown are not the ultimate strength of the product
but represent the test requirements imposed by our
customers. The ultimate strength of these devices is
much higher in most cases. lnquiries concerning
tesponse to particular requirements should be
addressed to your Tl sales representative.

TIL23HR, TIL24HR .. . HIGH-RELIABILITY
INFRARED EMITTERS

Texas Instruments now offers the TIL23HR and
TIL24HR as standard product items to customers
requiring extra reliability in their applications.
Utilizing the same small ceramic pill package design as
the LS600 series phototransistor, the TIL23HR and
TIL24HR are used to provide dependable and reliable
infrared sources in military and aerospace applica-
tions. The TIL23HR and TIL24HR infrared emitters
and the complementary TIL601HR thru TIL604AHR
phototransistors are now available as standard
product items. For more information, contact your
nearest Ti sales representative or Optoelectronic
Department Product Marketing.

TEXAS. INSTRUMENTS
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PACKAGE
ASSEMBLY

v_.______

INTERCONNECT BONDING

LENS

ASSEMBLE

SEAL

PACKING

CHIPS

VISUAL INSPECTION

VISUAL INSPECTION
ELECTRICAL TESTS

ATTACH CHIP

VISUAL INSPECTION

VISUAL INSPECTION

——0

VISUAL INSPECTION

VISUAL, HERMETICITY, AND
ELECTRICAL TESTS

VISUAL INSPECTION

GROSS LEAK TEST

ELECTRICAL TEST

ELECTRICAL TESTS
VISUAL INSPECTION

INSPECTION

C:> SHIP

LEGEND

v MATERIAL INPUT

y

O MANUFACTURING STEP

D INSPECTION 100%

O QUALITY CONTROL INSPECTION

OR TEST

FIGURE 1. TIL23 and T11.24 [nfrared-Enitter
Flow Diagrom
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FIGURE 2. Change in Power Output as a Function of
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FIGURE 3. Change in Power Output as a Function of

Operating Time at Ig = 30 mA, 25°C
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‘ DEGRADATION FAILURES -
UNITS UNIT CATASTROPHIC FAILURE RATE IN %/1,000 HOURS _|MEAN TIME BE TWEEN -

VESTED HOURS FAILURES | TOYAL 1o e SN FIDENCE JO0%CONFIDENCE FAILURES -
1384 1,384,000 ) 1 0.15 0.28 685,000 HOURS

FIGURE 3. Operating Life at 25°C at 50 mA
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FIGURE 6. Change in Power Output as a Function of

Operating Tir1e at I = 50 mA. S5°C After
48 Hox 13 of Preconditioning
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PERCENT CHANGE 1N POWER OUTPUY

DEGRADATION FAILURES
UNITS NIt CATASTROPHIC FAILURE RATE IN%1,000 HOURS _ |MEAN TIME BETWEEN
TESTED HOURS FAILURES | TOTAL [  ONFIDENGE ]90% CONFIDENCE FAILURES
1384 1,384,000 1 1 0.15 0.28 685,000 HOURS

FIGURE 7. Operating Life at 35°C at Ip = 50 mA
After 48 Hours of Preconditioning

MIL-STD-750 . . Failures
Test Test ) Quantity {Catastrophic or
Method Tested Degradation)
1051 Temperature Cycle: 5 Cycles, 30 Minutes, —40°C to +100°C 458 0
1051 Temperature Cycle: 5 Cycles, 30 Minutes, —65°C to +150°C 50 . ]
1056 © Thermal Shock: 5 Cycles, Condition A 50 (1]
1021 Moisture Resistance 50 0
20186 Shock, Impact: 1500 g, 24 Axis, 0.5 milliseconds 830 2
2056 Vibration, Variable Frequency: 20 g 842 1
2006 Constant Acceleration: 20 kg, 1 Min. Z4 146 0
1071 Hermetic Seat: Test Condition € 390 1

Figure 8. Environmental Test Resulis

’
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APPENDIX D

SCD FOR SILICON PLANAR DIFFUSED PHOTO DETECTOR

e e e -



This appendix presents a typical SCD written for a
single-axis instrument operating at 0,670 microns. All references
to operating wavelength such as in the specification of anti-
reflection coatings and responsivity will be changed to the
operating wavelength of the ATA namely 0.940 microns. Responsivity
in addition, will be specified to be 0.4 amps/watt and matched to
5%. The error detector gap will also be changed from 0.005 in to
0.0035 in for the ATA, ,

These changes, discussed with the poteﬁtial manufacturer,

are achieveable and will cause no difficulty,

Configurations P3 and P4 are designated for the ATA.
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8 TARLE, 1 = BIRCHTRO OPITCAL, PARAMIIRRG (=P1, =Pp, -P3, -Ph)

C Y , TAMTTS
PARAMISTER CONDITIONS ' SYM M1H MAZ UNITS
RIESPONSIVITY A =670 nm. R . Q.30 | --- AMPS /WA
(NOTE 3) T =25° +5°C |
RESPONSIVITY .| A =670 nm RMIN 0.92 | aaa’
MATCH (~P2& -P4 | T =25° +5°C RIAX :
ONLY) (WOTE 4)
TOTAL JUNCTION T =25° +5°C C — 100 pi
CAPACITAICE V=0, E.=0 -
(lTOTF: 2) 3 e 3 .
, f = 1 KHZ
TOTAL ZERO BIAS 10°C < T < 25°C Rp 100 | --- MiG~OHM
* RESISTANCE m _ apgo - 1. : : .
Ee=0, .
Vp = Vg = 0.
OPERATING S - -10 +35 °
'EMPERATURE o | N E ;
RANGE S | . 1 ]
STORAGE TEMPERA- ' ——— - =55 | +125 °C
TURE RANGE o
THERMAL - | 10°<T<35°C dR[dT —i- 0.2 %/°C
STABILITY , R ' :
ISOLATION |l T =25°C +5°C IR 200 _—— MG~ OHM
RESISTANGE 1100
P2 & ~Ph onpy) | Vig = 1100 mV MAX.
HOTE 5) '
NOISE T = 25°C + 5°C en e 4.7 mivrms [\
(NOTE O) S , '
DELCTIVIEY A= 900nm, f = 360 liz| D* 5 x 1031 | —c | om  TZmaw
('l & -P2 ONLY) W = 1 Ilz '

NOTES: 1. INUERPOTATE Rpy AT Vi = VR = O FROM E-1 CURVE

- WHERE 1OmV <VF =- VR< 100 MV DC.

2. MRASURED ACROSS PMINS 1 & 4 WUl PINS 1 & 3
AND & ) CONNRTTL,

SEMLCONIGICTOR DEVICE, DIQDE SIZE { CODE IDENT NO. O 4 QO :
SULICON PTANAR DLFIUSED IHOTO AllOoO T 32 [ < '

- PEPROCTOR: 4 : — :
PSCALE  — REV- -\ ASHEET " ;

A




NOTES: 3.

PABLE 3 = (CONTTHURD)

RESPONSIVITY SHALI, BE MEASURED BY MFAZURIIG
THE RELATIVE REJPOISIVITY TO A STANDARD

. DETEC'T'OR WHOSE RESPONSIVITY IN AMPS/WATT 1S

TRACFADLE TO NBS. A TUNGSYEN SOURCE WILL BE
USED FFILTERED TO PASS THE SPECTRUM FROM O.5(um
TO 0.75 wm MINIMUM. BOTH THE STANDARD DRLICYOR
AND THE YEST DETECTOR WILL BE FULLY IRRADIATED.

.THE RESPONSIVITY VILL BE CALCULATED USING THE

EQUATION: .
| | 'A( TD) + VRus (TD)

R .= R X ST X TT

N A

| gg%lg (STD. ) A(TD) VRMS (STD)
(D)

RESPONSIVITY MATCIH IS THE RATIO OF RMIN/RHAX ]
FOR EACH DETECTOR IN ONE P2 OR P4 DETECTOR ARRAY.

IR SHALL BE MEASURED BETWEEN EITIIER TERMINALS
OF ONE DETECTOR 'TO EITHER TERMINAL OF THE RE-
MAINING DLETECTOR.

MEASURED USING INSTRUMENT SA 2819515 CALIBRATED FOR ep,

(OPEN CIRCUIT) NOISE £ 3.8 mV RMS/ y/HZ USING
A BW OF +10 HZ A7 100 HZ.

DETHECTOR

L. N e e ey - PR N NPT N T N¢
DIl CORDUCION DRV G, D, SiZC | CODC NO. A
SITACON PEANAR DIFMUSED DHOTO l A /00: / 3 2 (| 2 \3
| | | S 7

ISCALE  — REV
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2.1

2.2

3.1

3.2

HCOPE

g e pm—
-]

Thls document establishes the requircements for the procure-
ment of two conf'igurations of silicon-planar diffucced photo
detector diodes, packared using Lwo dilfcrent tLechniques.
Designs P3 and P4 are hermetically sealed.

Vo
IR

APPLICABLE DOCUMRFUTS

In the event of conflict between the requirements specified
in the contract or purchasc order, this document and othcr
documents refercnced hcrein, the requirements of the coniract
or purchase order, thin document and the referenced documents
shall govern in that order. .

The following documents form a part of this document to
the extent specified herein:

MIL-S-19500:%c¢ceceeeee.... Semiconductor Devices, General
Specification For,

MIL-STD-1285 ............. Marking of Electrical And Elec-
C i tronic Parts

MIL-STD=75J0.¢¢eeeeeeesecss. Test Methods For Semiconductor
oo Devices

MIL-STD-202...¢v¢ecses.... Test Methods For Electronic And
o Electrical Compcnent Parts

All Military Standards (MIL-STD-), Milivary Specifications
(MIL-), Ordnance Pamphlets (OP-), Federal Standards (I'ED-
STD~), and Federal Specifications shall be ordercd from
the Naval Publications and Forms Center, 5801 Tabor Avenue,
Philadelphia, PA, 19120. ' '

REQUIREMENTS

Unless otherwise speciflied, the silicon diodes shall be in
accordance with the general requirements of MIL-:3-19500.

Symbols and Abbreviations,’

The symbols and abbreviations used hercin are defined in
MIL-8-19%00.

SEMICONDUCTOR DEVICE, 11ODE SIZE | CODE IDENT NO. ; ///‘
SILICON PLANAR DIFFUSED PLOTO A L7000/ 32 O 4/ Z 0

DIS I TOR

SCALE — REV A SHEET &2

A

& vrveewnn mar av



3.3 Desden, Cons.ruction and Phycical Dimoensions,

The desipgn and construction chall be in accordance with
MIT~-S5-19500. Physical dimensions shall be as cpecilicd
in Figures 1 through 4 for detectors Pl through Pk
respectively.

3.3.1 .Cave Outline.

FEUEEN
e
v

The case outline shall be in accordance with Figure° 1
through 4 as applicable. . '

3.3.2 Lead Material and Finizh. - I

Lead material shall be Kovar. Finish shall be gold pla%é{A

3.4 ‘Electro-Optical Performance Characteristics.

The electro-optical performance characteristics shall be
in accordance with Tal:le I, and apply over the full
recommended ambient operating tcmperature range, unless
otherwise specified. : A

—

3.5 Electro- Ontical Test Requirements.

The electro- optlcal test requirements shall be as spcc1fied

in Table II, IIX, IV and V herein, and shall constitute the
minimum electr1ca1 test requirements for screening, gual-
ification, and quality coni'ormance.

3.6 Identification.

Do not mark on part. Identify in accordance with MII.-STD-1285,
Method 1, using 10001-3204120 P Number, revision letter,
manufacturers ngbol and date code. Tor revision leltier
see Revigcion Status Teble. Any marking that is consistent

* with the manufacturer's normal, is acceptable providing
it does not aftfect the function oi the part.

4, QUATLITY ASSURANCE ROV SIONS
SERELTUONDOS COR PEV I, Do QZE CODE IDENT NO.
S1LICON PLANAR DLIFFUSED PHOTO (:) {
DETECTOR A | /0007 32 4 =
o SCALE — REV SHEET o




h.1 “The manufaciurcer shall be roespons Jb]v for lTot contormanee
to the Group A, and I3 requircmnnts of 'lable TV undg V,
and the rcqulrcmrnl of 'fubile 1I. ‘''mc manuflucturer sheell
perform as o minimum, the Group A and 'lable IT t.zt, but

d shall nof perform the Group B test unlens speciflicd in
the contract or purchase order., ‘The Croup I3 Gualily
Conformance Procedure shall be performed by the procuring
agency or their designated rcpresentative. TIailure to
conform to Group A, B or Table II requircments uhall be .-
cause for regectlon of' the procurement. i e

y.2 Sampling and Inspection.

Unless otherwise specified, sampling and inspection
procedures shall be in accordance with MIL-S-~19500.

L.3 Preconditioning and ‘ect.

Preconditioning and test shall be in accordance with :
Table II herein in the order shown, and shall te conducted
on all devices prior to gquality conformance inspection.
The following additions or exceptions shall apply:

4.3.1 Internal Visual Inspection (Precap).

All devic-es shall be subjected to an ianternal visual
inspection in accordance with MIL-STD-750, Method 2072.
All devices which fail to meet the requirements spccificd
therein, shall be removed from the inspection lot.

—~

4.3.2 High Temperature Storuge.

A1l devices shall be stored for at least 48 hours at a
minimum temperature (1)) of 125°C.

4,3,3 Thermal Shock.

All devices shall be subjected to thermal shock in
accordance with MIL-S:iN-202, Method 107, Test Condition A.
The high temperature c=hall be +125°C minimum, the low
temperature shall be -55°C minimum, and the number of
cycles, 10. ‘'This test may be started at any point in the
cycle. ALl devices shinll be maintained at cach end
temperature until the:rmal equilibrium hias been reached,
but not Jess than 15 minutes. ‘The devices shall not be
maintained at room amirient lemperaturcs 1'or more than b

i s e .

é mimites during the traaster period between end tewmperatures.
SEMICONDUCTOR PRVICH, D100 i SIZE | CODE IDENT NO. ;
SILICON PLANAR DISPOSED 1O % Al 10001 320’# 12C
1)!!2'!‘!‘1()‘!.‘011

*SCALE  — REV SHEET

A




h.,3.h

Accelaoration.

All devices chall bhe cubjected to an acceleration test
in accordance with MI1.-3ID-750, Method 2006, with the
following exceptions: :

The test shall be performed one time in the Yy oriente-

tion only, at a peak lcvel of 10,000 G, minimum. ‘'he
one minute hold-t{ime requirement shall nol apply. (See
Figure 5.)

4.3.5 Stabilizing BRake. _
All devices shall be subjected to the stabilizing bakc .
and testing described herein. =
4,3.5.1 Measurements Prior to Stabilizing Bake.
' ‘The parameters shown in Table II shall be measured and
the data recorded for all devices in the inspection lot.
The devices shall ke identified in a manncr that will
permit the delta end-points of Table III to be determined
at the conclusion of the stabilizing bake.
4,3.5.2 Stabilizing Bake.
All dcv1ceb shall be baked for a minimum of 168 hours
at 12) 4+ 5°Comzm T LT T
4,3.5.3 Measurements After Stabilizing Bake.
The measurcments of Table IIT shall be performed on all
devices and the deltas shall be recorded. Devices whose
parameter deltas excced the limits shall be removed from
the lot. The quantity of devices removed shall be recorded
on the permanent inspection lot record.
4. u Quality Conformance Inspection.
Quallty conformance inspection shall be in accordance
with Table 1V, (Group A), and Table V (Group B) when
specitied in thC'purchasc order.
'
$
PSR CORDUCTOR DEVIUCE, DIODE SIZE | CODE IDENT NO. 1 - AN A4,
{ BILTCON PLANAR NIFIUSED 1HOTO AlLI0OOCO 3 ZU‘-// /= O
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L., 4,1 Group b Inspectdon, , o TS

Group B Inspection shall consist of the test subgroups

g of ‘fable V herein, and as follows:
A) IHigh Temperature Life (Non Opcrating).
1) Duration: 1,000 hours, cxcept as othcrwise -
permitted by MIL-5-19500. STl

© o 2) T, =125°C ,fgo '

5, PREPARATION FOR NDELIVERY.

5.1 Packaging.
Detectors shall be prepared for dellvery in accordance
with MIL-S-19500.

6. NOTES.

6.1 The notes specified in MIL-S-19500 are applicable to

' : this document.

6.2 Approved Source of Supply.

Only the item(s) described-on this drawing, when procured
from the following manufacturer(s), is/are approved by
the Strategic Systems Project Office for use in the
applications specificd hercin. A substitute item shall
not be used without prior testing and approval by the
Strategic Systems Project Office.

Aeroncutronics Ford (P3 and P4 only)
Ford Road )

Newport Beach, CA 97063

Code Ident.

United Detector Tochinolog (PL and P2 only)
1732 21st Street ~ :
Santa Monica, Califcrnia 90404

Code Ident

SEMTCORDUCTOR DSV Cl,  DLODE SiZt | CODE IDLNT NO.
& .u..ncon',;".\l.!l\?q:'{n D1 EUSED. 10T Al1OOOT 32 O// /& O

DETECIOR
SCALE  — REV SHEET 2
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AR T

S 3007 SCREEIELHG AT COMDLITONT G RS RisU; l RITAINTIE S

EXAMINATION MIL - 8ID - 750 LIMI'L
OR SYU
TEST METHOD TEST CONDITIONS MIN MAX UNIT
INTERNAL 2072 PARA. 4.3.1 HEREIN | --- — —— -
VISUAL . =
i - (PRECAP)
HIGH ‘TEMPERA- ———— PARA. 4.3.2 HEREIN | --- P - -——
" TURE STORAGE
(NOli~OPERATING)
THERMAL SHOCK | ---- PARA. 4.3.3 HEREIN | --- - -~ -
(TEMPERATURE : -
CYCLING)
ACCELERATION 2006 | PARA. 4.3.4 HEREIN | --- - -—- -
HERMETIC SEAL |1071 P3 AND P4 ONLY
GROSS LEAK TEST COND. A, OR C, | -~-- S _—— —
: OR D, OR E, OR F.
FINE.LEAX . TEST COND 11 - - -—- -
TOTAL ZERO T = 25°C *0; Rp 100 | --- | MEG-OLK
BIAS RESIS- » |
"TANCE (NOTE 1) |
JUNCTION 4001 VR = O, o -—- 100 pF
CAPAC1TANCE T = 25°C 45°
Ec = o,
f = 1 KHYZ
. (NOTE 2)
RESPONSIVITY - T = 25°C, A= 670nm |R 0.30| ~-- A/M
: : (NOTE 3
RESPONSIVITY T = 25°C, A= 670mn min 0.92 | --- _——
MA'I'CH ’ Rmax
(-P> & P4 ONLY)
' i
f SERLCORIUICTOR DEVICHE, DIODE SIZE [ CODE IDENT NO. Y A :
ST11CON PLANAR IV FELKD. MLOTO A | /10007 | 3204120
CDETECTOR
‘ focale —  rev Isteer 13




100% SCREEMING AND COIDYLEIOUING RS REGUT REMENY;

TABLE 1T =" (COMNEHUED) .

/
" OR . SYM _
TEST METHOD | TEST CONDITIONS MIN | MAX |  UNIV
STABILIZING i PARA. 4.3.5 HEREIN | --- U R I
BAVE -
TSOLATION . _
RESISTANCE = 25°C 15° IR 200 --- MEG/0fi145
Vig = +100mV MAX.
(NOTE 5)
 OISE —— oo . o ;
|'};€0TE 6 25 C -t 5 C en === )"'.7 mVl‘mS/ ‘/}—;Z
- (P3 & P4 ONLY) )
NOTES: 1 - 6, SEE TABLE I.

SEMICONDUCTOR DEVICE, DLODI SIZE | CODE IDENT NO. / / 0
“l] l( ON PIANAR DLFFUSED PHOTO A /OOG/ - ‘:
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100% SCREFHING AMD COLDTITONING ‘'O REQUTREMEHNTS

AR ITT -

RESTSTANCH

/
EXAMINATION MIL-5TD-750 LIMITS ,
OR o
TEST METIOD | TEST COND1''IONS SYM MIN | MAX UNIY

END POINTS SAME COND: 'I'IONS AS

(WITHIN 24 FOR TABLE 1I

HOURS OF '

BURN-IN)

ATOTAL ZERO Rp --- | 425 0/0
BIAS RESIS- '

TANCE (NOTE 7)
A JUNCTIOHN o ——= | #100| o/0

* CAPACITANCE . ' or
20 pF

A RESPONSIVITY ‘R === | 5 0/0
A RESPONSIVITY == | (Rmin - +5 0/0
MATCH (-P2&P4 (Rmax

ONLY)

NOISE _ e, -— b 7 WWrms /4.

NOTE ©6) |

(P3 & P4 ONLY) | =

VISUAL AND 2071 -—- “-- --- -—-
MECHANICAL -

INSPECTION

NOTE 7: IOR A POST CONDITIONING TOUAL Z%ERO LBIAS

IN EXCESS 03 250 NI \.Olhlo, THI
ALLOWABLE ¥AX & LIMIT WILL Bk L0030

i SIZE

& t

§ DR CORDUCTTOR oV din, DLobig CODE IDENT NO.
HITICON PLANAR DIFIUSED PHOTO A /OOO;’ 37@ /? D
CDETECTOR
ISCALE - IRev IsHEET 15 i
A



SABT IV - GROUP A CTHSPECTTON

EXAMITATLON TR TIMI'LS
OR CONDITIONS SYM U
TEST . MIN MAX
SULGROUP 1 e
VISUAL AKD MIL-STD-750,
MECHANICAL MIYTHOD 2071
EXAMINATIOH - o 4
SUBGROUP 2 B
RESPONSIVITY A = 670 nm, R 0.30 -- AMPS WATE
T =25+ 5° :
(NOTE 3)
RESPONSIVITY L
MATCH N A =670 nm, Rmin 0.92 | --
(-p2 & -P4 onLy)| T =25 4 5° Rmax . :
(NOTE 47
''OTAL ZERO B1AS T =25 + 5°C R4 100 - ME: - OHM
RESISTAIICE Eo=Vp.-VR=0 ,
~ (NOTE 1) j
TOTAL JUNCTION V = 0,f = 1KHZ Cj- -- .| 100 pTF
CAPACITANCE T =25 + 5°C '
(NOTE 2)
NOISE T = 25°C 15°C en -- Lot | mv oams//AT
(P3 & P4 ONLY) (NOTE 6)
DETECTIVITY T = 25°c L 5°¢. D¥ 5 x 108 ——— | em FZ/WATT
(P1 & P2 ORLY) A = 900mm - -
f = 360 Hu
BW = 1 I%
130LATION Vi = £100mv MAY IR 200 - ML ;- OHM
RESTSTANCE P = 25°C 4+ 5°C
NOMES: 1 = G| . OlM TARTE 1. ;

SERLLCOADUS TON DRV G,

IR

STLICON PEANAR DLFUGED PHOULO

_ DIRERCTOR

SIZE

CODE IDENT NO.

A10CO ]

12

ISCALE ——

Iriv A

3204

SHEFT 16
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\4

CTABTE V. - GROUP B fl’.HSl’]‘lC'[‘]f)T-I.

AR

DETECTOR

7 T [SUL ly i
EXAMIIATLON MIL - STD - 750 LINT'IY
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(1)

(2)

(3)
(4)
(5)

(1)

(2)
3)
%)
(5)

(6)
)

(8)

Gear Train Backlash Analysis (Preliminary) (1)

~ Assume gears are as follows:

105 t ; 96 p, 20° pa, Ql4C ’
15¢ (At = ,0011 for 'C" gears)

96 't § 72 p, 20° pa, Ql4C
2% t .

96 t °
%t 3 72 Ps ZQ pa, Ql4C

t °
50t 3 72 P, 20° pa, Ql4C

192%t ; 64 p, 20° pa, QL4C
21 t (centers adjustable) -

In addition to the above, assume the following:

- Tolerance on centers for reverted gear sets is

+0002
-0000 )

Looseness of reverté& gears on shafts is from -
.0004 to .0008.
Bearing bore dia.looseness = .0000 to .0004.

(bearing hole locations).

Bearing looseness on shafts = ,0000 to .0003.

All bearings have .0002 TIR of inner and outer ring
runouts, -

All pinned gears are ,0000 to .0003 1loose on shafts,

Nominal CD is decreased by .0010 to compensate for tooth

- thinning.

Max., test radius of gears is .0013; min = .0005
(deviations from perfect CD's). |

Under the preceeding list of assumptions, the backlash

distribution is as follows:

Mesh 5 - None, because of thé anti-backlash large (driven)

gears.

’

*Anti-backlash gears



MéshlAI- Worst case suﬁmary of factors leading to
- increased CD. - '
(a) .0008 - —max allow (.000655 avg) gear test rad.dev. 60 t gear
(b) .0008  max allow (.000655’§vg) gear test rad.other 60 t gear
(éjv .OOOlS?ﬂM% of one (.000675 évg)‘60 tooth gear looseness on -
<. ghaft L L ._

(d) .00020° % of other (.000075 avg) 60 tooth gear looseness on

» —shaft _ “L . '
(e) .00015. % of shaft (.000075 avg) looseness in bearings
(£) .00010 % of bearing (.00005 avg) inner race runout
(g) .00010. % of bearing (.00005 avg) outer race runout
(h) .00020- _% of bearing_(.QQO}O_ayg) looseness in bore
(i) .0002 = worst case CD (.00010 avg.) location (tolerance)

.00270- A CD max S :

(RSS of averages = .0009502894)

The above numerical value is related to linear backlash by
B'=2tan @ ACD = 2 (tan 20°) (.00270)

= ,0019654392
At the nominal radius of rotation = 30/72 in, the angular

rotation = & = tan"' (-7%')

T =270 deg SR - T
"= 16.2 min e o T

T SO,

T = 973 sec

This is divlééd down by I%%,_anéiéi&eé-aﬁ uncertainty of wedge
rotation (one wedge with respect.to the other) of 106 sec or 1.773
min or ,029 deg.

Since the total wedge rotation is 158 Sec/step, this is
acceptable on an absolute worst case basis (on an RSS basis), the
equivalent is .0006917541" at the theoretical radius, or 37.4 sec

rotation of one wedge with respect to the other., (At the zero



reference, this means that backlash of one wedge with respect to
the other (differential motion) introduces only an 0,1 arc sec RMS
error). The conclusion is that Anti backlash gearing of the 60/60
mesh is not necessary, '
' Mesh 3 - Same as mesh (4), but add .0004 to maximum CD or RSS
in an additional .0003
£.CD = ,0031 max
£ CD = ,0009965189 RSS of averages

-1 AcD/72
48

= ,2664234545° max
= ,085644428° RSS

RN
i :

X max = tan

o x 192' = 104.9 sec Max.

= 33,7 sec RSS
RSS of mgshes 3 and 4

= (37,47 +33.7% = 40.3 sec

RSS of two worst cases gives 149 sec
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3.0
3.1

BEC REL 2081-01

PURPOSE

This report has been prepared for the purpose of
reporting the reliability assessment of the BEC
designed MACSAT-ATA system based on a Part Type/
Part Count analysis,; and for evaluating this

. assessment zgalnst the specified contractual
~ requirements.

REFERENCES

MILHDBK=21TB .+ tveeeeccacnnsn Reliability-Stress and
20 September 1974 Failure Rate Data for
Electronic Equipment

RELIABILITY ANALYSIS

Part Failure Rate

The base failure rates for all components were obtained
by using the fallure rates listed in Section 3.0 of
MIL-HDBK-217B. )

All Resistor's and Capacitor's quality factors were
assumed to be those with failure rate level "R".

All Semiconductor Diodes and Transistors were
assumed to be "JANTX" types. For any semiconductors
which are not standard parts, their screening level
was assumed to be "JANTX" equivalent as a minimum.

All Integrated Circuilts have been chosen so that their
screening level is to MIL-M-38510, Class "A" or
equivalent.

All other compoaents, such as Inductors, Transformers,
Relays, etc., hive been chosen such that their reliability
screening level 1s comparable to the specific Military
Specification applicable.

The failure rates for solder connections have been chosen
from MIL-HDBK~-217B to be the lowest failure rate possible
since BEC has experienced a very hiph reliability for
this kind of operatlon during past and present related
space programs.

(L
w




BEC REL 2081-01

h.o RELIABILITY PREDICTION

yes

5.1 ~ Reliability Analysis

- Plgure I shows the rellability model for the

-~ MAGSAT-ATA system. Table I 1ists the MAGSAT-

© . ATA's component failure rates by module. )
Tables II through XXVI 1ist the modules'
circuilt elements and their assoclated failure -
rates. . . N

The results of this analysis indicate that the
fallure rate of the BEC designed MAGSAT-ATA

system is:
A Total = 9,719.18 x 10~7 Failures/hours
ITBF = 1 ___ = 102,889.34 Ho
M . X Total »,099.34 Hours
where:
A Total = overall failure rate for the MAGSAT-ATA

- -MTBF = Mean time between failures for the MAGSAT-
ATA system .

The probability of success for a mission time of
5,760 hours is as follows:

Ps = (=2 Total) x (t)

where Py = probabllity of success
A Total = overall failure rate for the MAGSAT-ATA
ot = mission time in hours = 8 month = 5,760 hrs.

Pg = e -9,719.18 x 10-9 f£/nr) x (5,760 hours)

0.9456

g
g
8

For a mission time t of 4 months (or 2,880 hours)

Pg = .9724



FIGURE 1
RELIABILITY MODEL
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TABLE I

MAG3AT-ATA SYSTEM

SUMMARY OF COMPONLNT FAILURE RATES BY MODULE

BEC REI 2081-01

" A6

MODULE -1 - .. | MODULE FAILURE RATES (Fr x10~/hour
A1: LED Driver 163.21
A2 x-é&ﬁSaraﬁbré T 130.67
A3: Y—Coégggégg;;——‘ T T 130.67 —
xh:.Z-Comparators S . 130.67
A5: X-Channel . 706.39 )
X Residual Channel T 159.31 ————
A7: X AGC Channel 447.78
A8: X Channel AGC & Acquisition Detector 338.745
A9: Y Channel - 641.639
. 210: Z Channel 639.16
A11: Y-Z Residual Channel 439.99
A12: Y & Z AGC Channel L46.865 !
A13: Y & Z AGC & Acquisition Detector 410.72
A14: Power Supply 506.235
215: X Encoder Counter and Reg. 436.56
A16: 21& Z, Encoder Counter & Reg. 540.64
A17: Encoder Counter 540.6U4
118: Motor Drive I 263.77
A19: Motor Drive II 849.415
A20: S/C Command Interface 284.52
A21: State and M;;;;~Seéuené;; T - 333.84" - -
A22: Logic Array 308.16
- A23: Mode and Conditional Lafches 359.52
A24: pata Interrace Cont. & Clks 353.175
A25: Digital Phase Shifter 15.6.89 !

I3



PRELIMINARY PARTS COUNT/PARTS TYPE

CIRCUIT RELIABILITY ESTIMATE

[

. Table II
A;: LED Driver i
Base Total
Component Failure Rate [Quantity | Fallure Rate

(fr x 10~9/nr. (fr x 109/hr.)
Resistor, Fixed, Film 0.28 14 3.92
Resistor, Fixed- Carbon 0.045 26 1.17
Capacitor, Fixed, Ceramic 1.0 10 10.0
Capacitor, Fixed, Solid .

. Tantalum 1.1 2 2.2

Diode, Silicon, Gen. Purp. 3.4 6 - 20.4 f
Transistor, Silicon, PNP 8.4 2 16.8
Transistor, Silicon, NPN 5.6 10 56.0
Diode, Light Emitting 17 2 34.0
Solder Connections 0.12 156 18.72

)‘1 = 163.21

c—- - [P




PRELIMINARY PARTS COUNT/PARTS TYPE

CIRCUIT RELIABILITY ESTIMATE

L
v"

" TABLE III
A2: X-Comparators
Base Total
Component Fallure Rate |[|Quantity | Failure Rate
(fr x 10=2/hr. (fr x 10~9/hr.)

Resistor, Fixed, Film 0.28 y 1.12
Resistor, Fixed Carbon 0.045 6 0.27
Capacitor, Filxed, Ceramic 1.0 4 .0
Inﬁegrated Circuit, Linear 60 2 120
Solder Connections 0.12 by 5.28

Xz: = 130.67




PRELIMINARY PARTS COUNT/PARTS TYPE

CIRCUIT RELIABILITY ESTIMATE

o
v
.o

TABLE IV
13: Y-Comparatoré e
Base i Total
Component Failure Rate {Quantity | Failure Rate
- T (fr x 10=9/nr. (fr x 10~ 9/hr.
Resistor, Fixed, Film 0.28 4 1.12
Resistor, Fixed, Carbon 0.045 6 0.27
Capacitor, Fixed, Ceramic 1.0 y 4,0
Integrated Circuit, Linear 60 2 120.0
Solder Connections 0.12 Ly 5.28




PRELIMINARY PARTS COUNT/PARTS TYPE

CIRCUIT RELIABILITY ESTIMATE

Ay: Z Comparators

TABLE V

C
L
oo

Component

Base
Failure Rate

(fr x 10‘9/hr.

Quantity

Total
Failure Rate

(fr x 10~9/nr.)

ﬁesistor, Fixed, Film
Resistor, Fixed, Carbon .
Capacitor, Fixed, Ceramic
Integrated Circuit, Linear

Solder Connections

0.28

0.045

1.0
60

0.12

NN & O

1.12
0.27
4.0
120.0
5.28

Ay = 130.67




PRELIMINARY PARTS COUNT/PARTS TYPE

CIRCUIT RELIABILITY ESTIMATE

L
o

TABLE VI
,X5: X;bhannel
. Base Total
Component Failure Rate |Quantity | Failure Rate
(fr x 10'9/hr. (fr x 10~9/nr.)
Resistor, Fixed, Film 0.28 29 8.12
'Resistor, Fixed, Carbon 0.045 20 0.9
Capacitor, Fixed, Ceramic 1.0 28 28.0
éapacitor, Fixed, Solid
Tantalum 1.1 "3 3.3
Capacitor, Fixed, Mica 0.3 1 0.3
Diode, Silicon, Gen. Purp. 3.4 ] 13.6
Transistor, Siiicon, PNP 8.4 2 16.8
Transistor, Silicon, NPN 5.6 2 11.2
Transistor, N-Channel, FET 15.2 4 60.8
Integrated Circuit, Linear 60 7 120.0
Detector, Silicon 57 2 114.0
Solder Connections 0.18 254 36.“8
15 =

706.39
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PRELIMINARY PARTS COUNT/PARTS TYPE
CIRCUIT RELIABILITY ESTIMATE

TABLE VII
Ag: X Residual Channel
A Base | Total
Component Failure Rate Quantity Failure Rate

(rr x 10-2/nr. (fr x 10=9/hr.)
Resistor, Fixed, Film 0.28 14 3.92
Resistor, Fixed, Carbon 0.045 10 0.145
‘Capacitor, Flxed, Ceramic_‘ 1.0 12 '12.6
Capacifor, Fixed, Solid - '

Tantalum 1.1 2 2.2
Capacitor, Pixed, Mica . 0.3 1l 0.3
Diode, Silicon, Gen.Purp. 3.4 2 6.8
Transistor, Silicon, PNP S.N 1 8.4
Transistor, Silicon, NPN 5.6 1 5.6
Transistor, N-Channel, FET 15.2 2 30.4
Relay, Latching 120 1’ 120.0
Detector, Silicon 57 1 57.0
Solder Connections | 0.12 102 12.24

Ag = 159.31




PRELIMINARY PARTS COUNT/PARTS TYPE : C e s

L
M

CIRCUIT RELIABILITY -ESTIMATE LR

TABLE VIII
'-A7: X AGC Channel
: ' Base Total
Component Failure Rate |Quantity | Failure Rate
(fr x 10'9/hr. (fr x 10°9/nr.)
Resistor, Fixed, Film 0.28 20 5.6 .
Resistor, Fixed, Carbon 0.045 16 0.72
Capacitor, Fixed, Ceramic 1.0 17 17.p
Capacitor, Fixed, Solid
. Tantalum 1.1 2 2.2
Capacitor, Fixed, Mica 0.3 1 0.3
Diode, Silicon, Gen; Purps. 3.4 ﬂ. . 13.6'
Transistor, Silicon, PNP 8.4 2 16.8
Transistor, Silicon, NPN 5.6 2. 11.2
Transistor, Silicon, FET 15.2 ] - 60.8
Integratéd Circuilt, Linear 60 ] 240.0
Detector, Silicon 57 1 57
Solder Connections ' 0.12 188 22.56

17 = 447,78



PRELIMINARY PARTS COUNT/PARTS TYPE

CIRCUIT RELIABILITY ESTIMATE

" TABLE IX

18: X Channel AGC & Acquisition Detector

Ca
[ a3

Base , Total
Component Failure Rate |Quantity | Failure Rate
(fr x 10~7/nr. (fr x 10~%/nr.)
Resistor, Fixed, Film 0.28 15 4.2
Reéistor, Fixed, Carbon 0.045 9 0.405
Capacitor, Fixed, Ceramic 1.0 15 15.0
Capacitor, Fixed, Solid -

Tantalum 1.1 i 1.1
Diode, Silicon, Gen. Purps 3.4 1 3.4
Integrated Circuit, Linear 60 5 300.0
Solder Connections 0.12 122 14,64

Ag = 338.745



PRELIMINARY PARTS COUNT/PARTS TYPE

CIRCUIT RELIABILITY ESTIMATE

.
RS
. ls

TABLE X
Xg: Y-éhannei
Base Total
Component Failure Rate |[Quantity | Failure Rate
(rr x 10-%/nr. (fr x 10=9/hr.)
Resistor, Fixed, Film 0.28 26 7.28
Resistor, Fixed, Carbon 0.045 19 0.855
Capacitor, Fixed, Ceramic 1.0 25 25.0
Capacitor, Fixed, Solld :
Tantalum 1.1 2 2.2
Capacitor, Fixed Mica 0.3 1 0.3
Diode, Silicon, Gen. Purps. 3.4 4 13.6
PTransistor, Silicon, PNP 8.4 2 16.8 ;
Transistor, Silicon, NPN 5.6 2 11.2
Transistor, Silicon, FET 15.2 L] 60.8
Integrated Circuit, Linear 60 6 360.0
Detector, Silicon 57 2 114.0
Solder Connections 0.12 230 27.6
Ag = 641.639

e T . “



PRELIMINARY PARTS COUNT/PARTS TYPE

CIRCUIT RELIABILITY'ESTIMATE

TABLE XI

Ca
.
N

A10: 2 Channel
: Base ) Tbtal
Component Failure Rate Quantity | Failure Rate
(fr x 10-9/nr. (fr x 10~9/nr.)

Resistor, Fixed, Film 0.28 25 7.0
Resistor, Fixéd, Carbon 0.045 20 0.9
Capacitor, Fixed, Ceramic 1.0 24 24,0
Capacitor, Fixed, Solid ) .

Tantalum 1.1 2 2.2
Capacitor, Fixed, Mica 0.3 1 0.3
Diode, Silicon, Gen. Purps 3.4 ] 13.6
Transistor, Silicon, PNP 8.4 2 16.8
Transistor, Silicon, NPN 5.6 2 11.2
Transistor, Silicon, FET 15.2 y 60.8
Integrated Circuilt, Linear 60 6 360.0
Detector, Silicon . 57 2 114.0
Solder Connections 0.12 228 27.36

A10 = 639.16




PRELIMINARY PARTS COUNT/PARTS TYPE

CIRCUIT RELIABILITY ESTIMATE

o

A11: Y-Z Residual Channel

" TABLE XII

’ _ Base Total
Component Failure Rate Quantity Fallure Rate
o (fr x 10~9/nr. ~ |(er x 10-9nr.)
" Resistor, Fixea:'Elﬁi‘”“ 0.28. 15 y . 2- -
Resistor, Fixed, Carbon 0.045 10 0.45
Capacitor, Fixed, Ceramic 1.0 10 10.0
Capacitor, Fixed, Solid
Tantalum 1.1 2 2.2
Diode, Silicon, Gen. Purps 3.4 2 6.8
Transistor, Silicon, PNP 8.4 1 8.4
‘Pransistor, Silicon, NPN 5.6 1 5.6
Transistor, Silicon, FET 15.2 2 30.4
Integrated Circuit, Linear 60 3 180.0
Relay, Latching 120 1 120.0
Detector, Silicon 51 1 37.0
Solder Connections 0.12 122 14,64
T T T T TNy = 439.99

P
Naes
e Y




PRELIMINARY PARTS COUNT/PARTS TYPE -

CIRCUIT RELIABILITY ESTIMATE-

Fare

12

B TABLE XIII
A0 Y-& Z AGC Channer
: Base ’ Total
Component Failure Rate Quantity Fallure Rate
(rr x 20~%/nr. (fr x 107%/hr.)
Resistor, Fixed, Film 0.28 20 5.6
Resistor, Fixed, Carbon 0.045 17 0.765
Capacitor, Fixed, Ceramic 1.0 17 ©17.0
Capacitor, Fixed, Solid
: Tantalum 1.1 2 2.2
~ Capacitor, Fixed, Mica 0.3 1 0.3
Diode, Silicon, Gen. Purps 3.4 4 13.6
Transistor, Silicon, PNP 8.4 2 16.8
Transistor, Silicon, NPN 5.6 2 11.2
Transistor, Silicon, FET 15.2 4 60.8
Integrated Circuit, Linear 60 y 240.0
Detector, Silicon 57 1 57.0
Solder Connections 0.12 180 21.6
A,, = UU6.865




PRELIMINARY PARTS COUNT/PARTS TYPE

ol

'113: Y & Z AGC & Acquisition Detector

CIRCUIT RELIABILITY ESTIMATE
TABLE XIV -~ -

.
S
Wy

- _—— —

Base Total
Component Failure Rate |Quantity | Failure Rate
(rr x 10-7/nr. (fr x 10-9/hr.)
Resistor, Fixed, Film 0.28 Sl 15 b2
Resistor, Fixed, Carbon 0.0&5’ 12 0.54
Resistor, Variable, Wire- A , .

A wound 1.8 1 1.8
Capacitor, Fixed, Ceramic 1.0 17 - . 17.0
Capacitor, Fixed, Solid

Tantalum 1.1 ; . 1. ]
Diode, Silicon, Zener 5.4 1 5.4 |
Diode, Silicon, Gen. Purps 3.4 1 3.4 .
Integrated Circuit, Linear 60 6 360.0
Solder Connections . 0.12 144 17.28

———-——-- A3 = ho72 T -

[P



PRELIMINARY PARTS COUNT/PARTS TYPE

CIRCUIT RELIABILITY ESTIMATE

.
R

TABLE XV
Alu} Pé&er Supply
Base Total
Component Failure Rate |Quantity | Faillure Rate
(fr x 10~ /nr. (fr x 10~%/hr.)
Resistor, Fixed, Film 0.28 11 3.08
Resistor, Fixed, Carbon 0.045 19 0.855
Resistor, Fixed, Wirewound 1.8 6 10.8
ACapacitor, Fixed, Ceramic:- 1.0 13 13.0
Cabacitor, Fixed, Solid
Tantalum 1.1 9 9.9
Diode, Silicon, Gen. Purps 3.4 31 105.4
Diode, Silicon, Zener 5.4 2 10.8
Transistor, Siligon, NPN 5.6 6 33.6
' Transistor, Silicon, PNP 8.4 y 33.6
Integrated Circuit, Voltage
Reg. 60 3 180.0
Transformer 7.5 2 15.0
Inductor 7.5 6 ks.0
Solder Connections 0.12 260 31.2

qu = 506.235



PRELIMINARY PARTS COUNT/PARTS TYPE

CIRCUIT RELIABILITY ESTIMATE

TABLE XVI

115: X Encoder Counter and Reg.

} Base Total
Component Faillure Rate Quantity Fallure Rate
(fr x 10~ /nr. (fr x 107 9/nr.)
Integrated Circuit; Digital 4 17 408.0
. CcMOS 2 .
Solder Connections 0.12 238 28.56

A5 = 436.56




PRELIMINARY PARTS COUNT/PARTS TYPE

CIRCUIT RELIABILITY .ESTIMATE

TABLE XVII

;x16:'zl& Z, Encoder Counter & Reg.

CE
o
. D

Base Total
Component Failure Rate Quantity | Failure Rate
(fr x 10~9/nr. (fr x 10~9/hr.)
Integrated Circuilt, Digital :
’ CMOS 24 23 502.0
Solder Connections 0.12 322 38.64

116 =540.6H



PRELIMINARY PARTS COUNT/PARTS TYPE

CIRCUIT RELIABILITY ESTIMATE

TABLE XVIII

—~ -A17: Encoder-Counter

s
® e
t.‘

e - o Base Total
Component Failure Rate |{Quantity | Fallure Rate
s e s {fr X~10'9/hr. (fr x 10=9/hr.)
Integrated Circuit, Digital )
CMOS 24 23 502.0
Solder Connections ) 0.12 322 38.64

l17 = 540,64



PRELIMINARY PARTS COUNT/PARTS TYPE

'y
e

CIRCUIT RELIABILITY ESTIMATE

TABLE XIX
Ai8: Motor Drive I
. Base : Total
Component Failure Rate |Quantity ]| Fallure Rate
(fr x 10-2/nr. (fr x 10~9/hr.)
Resistor, Fixed, Carbon 0.045 10 '0.45
Transistor, Silicon NPN 5.6 5 . 28.0
Integrated Circuit, Digital . ‘
’ CMOS 24 ’ 9 216.0
Solder Connections 0.12 161 19.32
: |
' !
218 = 263.77

. - e~ B S SRR et s—




PRELIMINARY PARTS COUNT/PARTS TYPE

CIRCUIT RELIABILITY'ESTIMATE_

N
N

TABLE XX
A19: Motor Drive IT
Base Total
Component Failure Rate |Quantity | Failure Rate
(rr x 10~ /nr. (fr x 10~9/hr.)

Resistor, Fixed, Carbon 0.045 11 0;495
Capacitor, Fixed, Ceramic 1.0 2 2.0
Diode, Silicon, Gen. Purps 3.4 7 . 23.8
Diode, Silicon, Zener 5.4 1 5.4
Diodg, Light Emitting 17 5. 85.0
Transistor, Photo 5.6 5 ~28.0
Transistor, Silicon, NPN 5.6 ] 22.4
Integrated, Circuit, Digital

CMOS 24 b 96.0
Motor 190 3 570.0
Solder Connections 0.12 16.32

136

Xlg = 849.415




PRELIMINARY PARTS COUNT/PARTS TYPE

CIRCUIT RELIABILITY ESTIMATE

- TABLE XXI

Aop:- S/C Command Interface

Coa
N
.

Base Total
Component Failure Rate |Quantity | Failure Rate
(fr x 10‘9/hr. (fr x 10'9/hr.)
Resistor, Pixed, Film 0.28 8 2.04
Integrated Circuit, Digital . C
CMOS 2l 11 264.0
Solder Connections 0.12 154 18.18




PRELIMINARY PARTS COUNT/PARTS TYPE

CIRCUIT RELIABILITY ESTIMATE
TABLE XXII

lez State and Motor Sedﬁencer

The

Coa
Ve
w T

. Base Total
Component Failure Rate |[Quantity | Failure Rate
T T T - T (fr x 10'9/hr. - fer x107%n0r. Y
Integrated Circuit, Digital
: - CMOS 24 13 312.0
Solder Connections 0.12 182 21.84
- Ap1 = 333.84

e,



PRELIMINARY PARTS COUNT/PARTS TYPE .

CIRCUIT RELIABILITY ESTIMATE
TABLE XXIII

. A22: Logic Array

(L3
,

- . Base ' Total
Component Failure Rate |[Quantity | Failure Rate
(fr x 10~2/hr. (fr x 10-9/hr.)
Integrated Circuit, Digital ' :
& CMOS » VI8 2L ‘ 12 188.0

Solder Connections 0.12 168 . 20.16




PRELIMINARY PARTS COUNT/PARTS TYPE

CIRCUIT RELIABILITY ESTIMATE

TABLE XXIV

Xé3: Mode and Conditional Latches

N
o7

Component

Base
Failure Rate

(fr x 10"9/hr.

Total

Quantity Fallure Rate
(fr x 10~9/nr.)

Integrated Circuit, Digital
.CMOS

Solder Connections

24
0.12

196

1l 336.0

23.52




PRELIMINARY PARTS COUNT/PARTS TYPE .

CIRCUIT RELIABILITY ESTIMATE -

TABLE XXV

Aoy: Data Interface Cont. and Clks.

V.
NS

Base Total
Component Failure Rate |[Quantity | Failure Rate
(fr x 10'9/hr. (fr x 10~ 9/nr.)

Resistor, Fixed, Film 0.28 5. 1.4
Resistor, Fixed, Carbon 0.045 T. 0.315
Capacitor, Fixed, Ceramic 1.0 2 2.0
Caﬁacifor, Fixed, Tantalum 1.1 1l 1.1
Diode, Silicon, Gen. Purps 3.4 3 10.2
Integrated Circuit, Digital )

CMos 24 13 312.0
Solder Connections 6.12 218 26.16

"Apy = 353.175




PRELIMINARY PARTS COUNT/PARTS TYPE

CIRCUIT RELIABILITY ESTIMATE

TABLE XXVI

‘Az5: Digital Phase Shifter

L
Lo

Base Total
Component Faillure Rate |Quantity | Fallure Rate
(rr x 10~9/nr. (fr x 10~9/nr.)
Resistor, Fixed, Carbon 0.045 2 0.09
.Diode,‘31licon, Gen. Purps 3.4 2 6.8
Transistor, Silicon, NPN 5.6 2 11.2
" Integrated Circuit, Digital
: CMOS 24 5 120.0
Solder Connections 0.12 90 10.8

"255’1?"’ 156.§9






