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ABSTRACT

This report summarizes the design, development, calibration, test and flight of
the PASS (Precision Autocollimating Solar Sensor) for the SPARCS (Solar Pointing
Aerobee Rocket Control System) program. The PASS concept was conceived and
executed as a means of measuring the real-time solar pointing error of the first
two SPARCS flights in order to assess the performance of the attitude control
system. In order to accomplish this to the required accuracy (better than S arc
second), this unique sensor combined a high resolution solar sensor with an in-
tegral electronic readout autocollimator in a monolithic quartz structure permitting
precise measurement of the angle between the solar vector and a reflective
(reference) mounting surface independent of mounting errors and deflections in-

duced by the launch and flight environment.

The concept development, the design, testing and calibration program and flight
history are discussed in detail, including the results of an additional flight experi-
ment designed to evaluate the enhancement of matched solar cell pair performance
through the use of properly selected bandpass filters. The solar experiment also
yielded a standard block of cells/filters which have been calibrated against space

sun data for use in the calibration and evaluation of future solar detectors.

Two flights, using PASS systems for attitude control system evaluation, were made
aboard Aerobee 150 rockets launched from White Sands Missile Range, New Mexico
in December 1967 and March 1968. Flight data from both of these flights is pre-
sented and discussed, most significantly, that from the highly successful second
flight. A malfunction of the attitude control system prevented fine pointing during
the first mission. Information acquired by the PASS during the flight contributed

to the failure analysis leading to the ultimate success of subsequent flights.
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1.0 INTRODUCTION

In late 1966 Exotech began a Research and Development program for
NASA, Ames Research Center to determine the feasibility of a new concept for
a precision optical sensor which would have particular application to the Per-
formance Payload portion of the SPARCS (Solar Pointing Aerobee Rocket Control
System) program. A sensor was required to measure the real-time solar pointing
error of the first two SPARCS flights in order to assess the performance of the
attitude control system. The SPARCS goals included pointing accuracy and limit
cycles in the 10 to 30 arc second range and the performance payload sensor which
would measure the system performance required an accuracy in the 1-5 arc second
range. Conventional approaches could not meet tlie specifications needed for the
measurement Sensor. 4

It is very difficult if net practically impossible to mount two or more optical
devices on a spacecraft sugh as solar aspect sensors or space experiments which will
maintain a relative boresi(ght accuracy within 5 arc seconds after being subjected to
the launch environment’ and the thermal stresses encountered during the mission.
The optical components within the sensor or experiment must be located rigidly
with respect to edch other and must maintain a constant alignment to the experiment
or sensor mounting surface. The sensor or experiment mounting surface must
furthermore maintain a constant alignment to the spacecraft mounting surface.
Lastly, the spacecraft structure itself must not deflect between the locations of
the sensors and/or experiments. Sensors having intrinsic accuracies in the 1-5
arc second range cannot be effectively utilized unless some means is established
to either maintain all alignments in a rigid and constant manner over all environ-
mental conditions or a technique is used to accurately measure the deflections caused
by the launch and flight regime.

Exotech's PASS (Precision Autocollimating Solar Sensor) concept was
conceived as a means of achieving the desired accuracy. This sensor combines
a solar sensor with an integral electronic readout autocollimator in a monolithic

quartz structure. Since the optical axes of the solar sensor and the autocollimator
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could be rigidly maintained the device had the capability of measuring the angle
between the solar vector and a reflective mounting surface to a precision which
was independent of minor mounting errors and deflections induced by the launch
environment. Providing that PASS and the control system Fine Sun Sensor (FSS)
were mounted on the same reflecting surface this approach would provide the
needed information on vehicle performance.

By March of 1967 the preliminary results of the PASS research and
development program indicated that the basic concept was sound and that a
flight sensor could be fabricated which would be useful for the SPARCS Performance
Payload mission. Accordingly, Exotech commenced development of two flight
sensor packages which included signal conditioning electronics which would per-
mit the high resolution signals obtained with the PASS unit to be transmitted over
relatively low resolution telemetry channels.

During the Summer of 1967 it became apparent that the critical nature
of matching the silicon photovoltaic cells used in both the autocollimating and
solar sensing portions of PASS required certain assumptions of spectral response
variat ions with temperature which could not be adequately verified in the labor-
atory to permit positive prediction of the space sensing error relative to the sensing
error measured in the test chambers. A solar cell experiment package was added
to the flight payload complement to measure the actual cell response under space
solar conditions as an internal heater raised the temperature of the cells, Lockheed
Missiles and Space Company, Sunnyvale, California, the prime contractor to NASA,
Ames Research Center for SPARCS, participated with Exotech in the solar cell
experiment by providing matched cells and filters similar to those used in the
SPARCS FSS. In this manner, the same experiment would provide useful data on
two cell matching methods and filter combinations.

Final testing of the two flight sensor packages, including separate yaw
and pitch sensors, preamplifiers, signal processing electronics and the solar
cell experiment was successfully concluded in October 1967. These were promptly
integrated with the rest of the SPARCS payload at NASA, GSFC. The first flight
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occurred in December 1967 from White Sands, New Mexico, but a malfunction

of the attitude control system prevented fine pointing. The PASS system however,
provided useful information regarding the solar acquisition problem through an
analysis of the telemetry record as the SPARCS swung across the solar disc
several t'mes during the mission.

The second flight was launched in March 1968 on a highly successful
mission. A significant portion of this report is concerned with a detailed analysis
of the time history obtained with PASS of the control system performance during
this second flight.

The results of the solar cell experiment were very interesting and clearly
demonstrated that the cell selection method used by both Lockheed and Exotech in

combination with their respective spectral filters was adequate for both the FSS

~ and PASS. The data also indicated that if the proper spectral filter is used less

rigorous cell selection methods may be used in future solar sensors.

A noteworthy output of the PASS program was the validation of the bi-
directional sensor concept for precision attitude determination without reliance
on rigid mounting structures for high accuracy. Exotech, under contract to NASA,
Ames Research Center is currently applying these principles in the development
of SEAS (Solar Experiment Alignment Sensor), a device which may be integrally

mated with most solar experiments to obtain high precision offset pointing capability.

1.1 Summa_x_'y

Although solar sensors may be fabricated which will have a resolution
better than a fraction of an arc second it is extremely unlikely that an absolute
accuracy better than ten arc seconds is obtainable using conventional techniques,
over a typical rocket launch and flight regime. The difficulty lies with changes
in the angle between the sensor axis and the mounting surface because of vibration,
shock and thermal stresses.

To achieve an absolute accuracy in the ! to 5 arc second range, Exotech
utilized the PASS approach to overcome iiie accuracy limitation imposed by the

sensor mounting alignment variations.
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The solar aspect sensing portion of PASS consists of a two inch long,

by one-half inch square cross section quartz bar with a lens ground on ov.e end
to focus collimated light onto the rear flat surface. A quartz reflecting prism
type energy splitting reticle is cemented onto the rear surface of the quartz block
and a pair of matched silicon photovoltaic cells are mounted onto the reticle block.
In operation the lens forms a solar image on the reticle and the solar cell pair
measures the relative energy incident on each half of the reticle. At null, i.e.,
when the sensor optical axis is coincident with the solar vector, equal currents
will flow in both cells (connected in opposition) to produce zero output. To minimize
drifts and sensitivity variations duc to temperature changes, a thin film spectral
filter is included at the quartz block/reticle interface to limit system response to
those wavelengths (a narrow band of wavelengths centered at approximately 0. 75

, microns) where the thermal effects are essentially nil.

: The autocollimating portion of the PASS unit is almost identical to the
solar sensing portion with the important inclusion of a tungsten light source in the
reticle block. The central region of the reticle is clear, permitting the light from
the lamp to reach the front lens where it is directed in a collimated beam to the
reflective mounting surface. The returning rays re-enter the lens and are focused
onto the reticle to illuminate the silicon cells, depending on the relative angle between
the mirror surface and the autocollimator axis. When the autocollimator is exactly

normal to the mirror, equal energy falls on both cells producing a null condition.

In order to avoid system drifts and sensitivity to stray light, the light source is

modulated at approximately 2 cps, producing a square wave modulation of the output

signal whose peak to peak amplitude contains the autocollimator error information.
To complete a single axis assembly, the autocollimator and the solar sensor

are cemented together along their long dimension, facing in opposite directions.

The sensitive axes of the two components are coincident and the completed structure

comprises a single axis PASS unit. Unless extremely large mechanical stresses are

placed across the unit, both quartz blocks will bend equally and will remain in exact

relative alignment. Furthermore, the use of fused quartz with its extremely low
thermal expansion virtually eliminates thermal stresses from the error considerations.

The resulting sensor is highly stable and almost insensitive to environmental variations.

1-4
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Exotech solved the problem of mounting the low thermal expansion
sensor block within a relatively high thermal expansion aluminum block through
the use of spring loaded plungers bearing opposite to optically lapped mating
surfaces between the sensor block and steel pads located on the mounting block.
Relative expansion between the aluminum and the quartz caused the pads to slip
over each other without disturbing the optical alignment. Five spring plungers
are used to locate the block within the mount. The spring tensions are selected
so that the springs are not compressed by the most extreme conditions of shock
and vibration loading, maintaining a constant contact between mating pads. This
technique exceeded all expectations, resulting in extremely small alignment
changes (which could be easily measured with the integral autocollimator) under
vibration and shock testing as well as during the actual space flights.

The final configuration included a quartz wedge window mounted in the
front cover of the aluminum block. This window was rotated during assembly to
boresight the axes of the solar sensor and the autocollimator to each other. A pair
of single axis sensor assemblies was mounted on an aluminum mirror to provide
yaw and pitch information. Figure 1-1, taken after flight recovery shows the two
PASS units mounted on the aluminum mirror. In the payload, the FSS was mounted
adjacent to the PASS units on the same mirror.

A four channel preamplifier using operctional amplifiers in the current
amplification mode was included to bring the output signals of the solar sensors
and the autocollimators to a usable level. This item is the small black box shown
in Fig. 1-1.

Power supplies and the autocollimator lamp drive circuits are included in
the Sigral Processing Unit (the large black box in Fig. 1-1) as well as electronic
circuits to process the outputs of the solar sensors, autocollimators and the solar
cell experiment. Very high resolution data was required of the PASS system over
a wide dynamic range. To obtain fractional arc srcond resolution over a range en-
compassing over one arc minute with telemetry which is limited to two per cent
resolution requires that thesignal dynamic range be broken into several ranges,

each using the entire range of the telemetry output. Tle signal processing unit
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performs this function, providing 12 ranges for each solar sensor output and
appropriate signals to indicate which range is being utilized. In essence, the
signal processing unit operates as a "signal accurizer” and is an approach which
may be very useful for other purposes requiring a highly accurate wide dynamic
range signal to be transmitted by a low accuracy data link.

One, single axis PASS unit and a preamplifier package, signal processing
unit and solar experiment package were subjected to qualification level tests. The
remaining items were subjected to reduced, acceptance level testing. In both
cases, the environmental tests were preceeded by extensive optical measurements
using the Exotech Model 5-T Precision Solar Simulator and auxiliary equipment
to determine the transfer curves of the sensors and autocollimators. New measure-
ment techniques had to be developed to achieve the required arc second accuracy.

After environmental testing the units were re-tested in the solar simulator
facility to measure any system changes. In addition, thermal testing was performed
in the solar simulator beam. The worst case error from pre-environmental to post-
environmental testing in any unit was 4. 6 arc seconds, primarily associated with
thermal effects. The thermal tests encompassed a wide range of temperature
(-20°C to +55°C) in order to assure the system would accomodate the wide range
in launch temperature. It was recognized that once the launch began the temperature
would not change significantly during the flight. Available data on the second
SPARCS flight indicates an almost room temperature condition at launch and through-
out the flight. Considering the results of the testing program the probable error which
would occur under these conditions is well below the maximum value indicated
above.

Data regarding solar sensor calibration and spectral matching of the
silicon cells was needed to provide increased confidence in the design approach being
used by Exotech in the PASS program and in the development of the FSS for SPARCS.

Highly precise matching of the solar cells is required for arc second sensor accuracy

even when the sensors incorporate spectral filters.
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Currently available solar simulators which have sufficiently accurate
geometrical and optical properties to permit their use in testing and calibrating
precision solar aspect sensors do not have spectral properties which correspond
closely to that of space sunlight. Ground testing using sunlight is not satisfactory
either since the atmosphere acts as a selective filter as well as a variable
attenuator causing the sunlight reaching t’:e ground to have a very different spectral
content from that in space. Therefore, the design of the solar sensors and the
detector matching procedures must take these factors into consideration and a basis
for extrapolation must be derived.

Errors in any of the above procedures and extrapolations may result in bore-
sight errors when the sensors view space sunlight and/or when their temperature
varies under space sunlight conditions. The SPARCS and PASS programs required
very high accuracy sensors and thus extreme detector matching accuracies. An
experiment to establish the drift and boresight error potential of the SPARCS and
PASS sensors in space was developed to increase the confidence in the extrapolation
techniques and provide accuracy limit data for the PASS units (aiding evaluation
of vehicle performance, especially with regard to absolute pointing accuracy).

Extensive calibrations and matching were performed on a number of solar
cells, and matched cells were selected from each group of the SPARCS type and
the PASS type. Three of each type were flown in each spaceborne experiment package
and the remaining cells were mounted for future use as calibrated standards.

The flight package consisted of six cells with their respective spectral filters
mounted on an insulated substrate. The substrate was electrically heated in flight
to provide data points over a wide temperature range. The output of the cells were
commutated, amplified and telemetered using precision offset techniques to provide
0. 5 per cent accuracy with the vehicle tememetry equipment.

An analysis of the first flight telemetry records showed that although SPARCS
failed to acquire thr sun, the vehicle swept past the sun several times during

acquisition attempts. Finally it came to rest several degrees from the sun. This
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" -data, in conjinction with other data ohtained during the flight, wasuschlfn v
determining the problems in the control system which were solved prior to the
next fhght ,.
“The second SPARCS ﬂlgnt was successful, both for the control’ systcm aud
PASS. DBRased on pre-flight alignment data the absolute pointing error of SPARCS
as measured by PASS was 3.3 arc seconds in pitch and 8.3 arc seconds in yaw.
In addition, the yaw axis drifted 11.7 arc seconds during the flight. Limit cycles
were 11.0 arc seconds peak to peak (3.2 arc seconds rms) in pitch and 16.5 arc
seconds peak to peaL (4. 8 arc secon ds rms) in yaw.
The solar cell e\penment )1eldcd data which veufled the antlc1pated thclmal
drifts of the matched cells under space sun conditions. Close examination of
the data shows that the drift dircctions were opposite for the Lockheed cells/filter
and the Exotech cells/filter. In addition, all cells in a group drifted in the same
direction. It can be concluded that a filter having characteristics midway between
the Lockheed and Exotech filters would virtually eliminate all thermally induced
drift. This knowledge now permits one to greatly reduce the time and effort needed
to match cells for future solar sensors. Finally, the data obtained is closely in
agreement with expected results, providing the validity of the ce.ll matching tech-
niques in conjunction with the spectral filters used in the PASS program. There-
fore, we are highly confident that thermal variations have negligible effect on PASS
accuracy.
It was decided early in the program that a set of cells and filters would be
calibrated for "space sun' conditions using data acquired prior to and during the
solar experiment flights. These cells would then be used as stundards for laboratory
evaluation of future solar sensors. To accomplish this, an additional set of six
(three Exotech and three Lockheed) cells/filters were selected, matched to those to
be flown, and mounted on a standard block. Sufficient comparative measurements of

all cells were made using laboratory spectral sources to insure that, given the solar

experiment cell's in-flight output data, correction factors could be determined to adjust




the cell’'s laborat ory performance to that to be experienced in space. After
completion of the two flights the solar cell experiment data for cell/filter out-
put under space sun illumination were compared with those data obtained during
the pre-flight calibrations, and the laboratory-to-space sun correction factors
determined for the standard cell. This cell is now available for and is being
used for the selection and calibration of new sun sensor elements.

In conclusion, the PASS program provided useful and important data for
evaluation of the SPARCS Performance Payload. It paved the way for a new
generation of space sensors by providing the bi-directional sensor concept,

and contributed generally to the body of knowledge concerned with space sensors.
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2.0 DESCRIPTION OF HARDWARE

The PASS system is composed of four basic assemblies shown in
Fig. 1-1. There are two optical sensor units, each consisting of a solar aspect
sensor and attached autocollimator, housed within an aluminum structure, The

remaining units consist of a sensor-ampiifier package and a signal-processor

unit,
For the SPARCS mission the sensor units were bolted to a polished

reference plate which also supported the SPARCS control sensor. Sensor outputs
were fed to the sensor amplifier through shielded cables and after amplification
were routed to the signal processor which conditioned them for telemetry trans-
mission. This package also contained power supplies and regulators for the entire
PASS system and for a solar cell experiment package which made up part of the
SPARCS payload. A block diagram is shown in Fig. 2-1.

The following section describes the design features of each unit,
along with special component testing programs such as the solar cell matching

process and life tests on the autocollimator light source.

2.1 Sensor Unit

For ease of discussion, the following description of the sensor umit
is separated into two parts, one relating to the solar aspect sensing portion and
the other to the autocollimator portion of the unit. These parts may be treated
separately although in the final unit they are integrated into a monolithic structure

incapable of physical separation and/or relative motion.

2.1.1 Solar Aspect Sensing System
The solar aspect sensing section of the overall sensor unit consists of

a two inch long, quartz bar having a lens ground on one end and a knife edge detector
assembly mounted on the opposite end. Figure 2-2 shows the optical assembly
in detail.
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2.1.2 Optical Design
The front surface of the fused quartz bar is optically ground and

polished to form a spherical lens, 0.5 inch in diameter having a radius of
curvature of 0.623 inch to focus collimated light at a wavelength of 0. 8 microns

on the rear surface of the bar, 1.960 inches frorn the lens surface. The material
is isotropic, hasathermal coefficient of expansion of 0. 56 parts/millions per
degree Centigrade, and is transparent to the wavelength region of solar cell
sensitivity. Prolonged exposure of Ultrasil to ultraviolet radiation will not cause
darkening. The refractive index of 0. 85 microns is 1. 4525, varying only in the
fourth significant figure over a wide temperature range. This material is an
excellent choice for the application in terms of its mechanical, thermal and optical
properties.

The basic concept of maintaining the autocollimator and the solar aspect
sensor in one monolithic structure does not necessarily imply that the to devices
must be machined and polished in a single quartz block. This approach was in-
vestigated and found to have certain drawbacks from a fabrication viewpoint. Further-
more, it is desirable to include a light shield between the sensor and autocollimator
sections, a difficult design problem if the two are contained in a single piece of
quartz. The approach followed was to fabricate the sensor and autocollimator
separately, out of identical, 0.5 inch by 0. 5 inch by 2.0 inch long, Ultrasil bars.
After fabrication of the two sections was completed, they were cemented together
along one of their long faces using American Optical AO 805 cement. An analysis of
the thermal distortion problems which might have been encountered with the cemented
approach, clearly indicated that these problems are negligible providing the cement

remains stable.

2.1,3 Knife Edge Reticle

The solar aspect sensor is based on the principle of splitting the energy
contained in the solar image between a pair of silicon solar cell detectors in such
a manner that when the solar vector is co-incident with the optical axis of the solar
sensor, equal energy falls on the two detectors. Electrically, the cells are connected

in parallel, with opposing polarities. This results in a zero signal condition under
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the above circumstances. A singie solar sensor unit is only sensitive to angular
motion in one axis (roquiring a pair of sensor packages for two axis information)

and should be entirely insensitive to small (several arc minutes) angular motions

in the orthogonal axis. Careful attention to this ensures that cross-coupling between
sensors is within tolerable limits.

The PASS design utilizes a reticle with a central occulting strip. This
occulting region has a width which is 80 per cent of the diameter of the effective
solar image at the rear surface of the aspect sensor unit for best linearity and low
drift at null. The length of the occulting region is 1/2 inch although only the central
region is used under normal circumstances.

The reticle comprises a double knife edge system, allowing the energy
from the outer portions of the solar image to fall on the two sensors. In order to
eliminate cross coupling effects the knife edges must be extremely straight and
free from irregularities. Several approaches have been applied to this problem in
the past including the use of vacuum deposited section of aluminum or other opaque
material. This technique has a good ability to form reproducible, microscopically
smooth edges. If the reticle knife edge is deposited directly on the quartz surface
all requirements for rigidity and stability will be satisfied. Fowever, this approach
is not compatible with the autocollimator.

The Exotech approach satisfies design goals of hoth the sun sensor and
autocollimator in a reticle block which is cemented directly to the rear surface of
the sensor. The reticle block design is illustrated in Fig. 2-3 which also shows the
fabrication technique. Three prisms were fabricated of Ultrasil fused quartz with
special attention being given to the flatness of faces (a) and (b) on prism A. Great
care was take.a to maintain edges (p), (q) and (r) straight and unbroken(edges (p)
and (r) may be broken up to 0.005 inch without causing subsequent difficulties).
After polishing surfaces (a) and (b) were aluminized. The three prisms were then

cemented as shown to form a solid block, Finally, the block was remounted in an
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optical grinding machine and surface (c) ground down and polished to expose

0. 0108 inch of prism A. If one looks into face (c) he sees directly through

prism A in the exposed region of that prism. The edge irregularities of the
boundary between this portion and the adjacent portions are several millionths

of an inch (the typical flatness of optically ground surfaces). On either side of

the straight, parallel central region he sees whatever scene is reflected from

the aluminized faces of prism A. Non-unifornnities in cement thickness do not
have any effect on performance. The solar cells are mounted on a Kovar substrate
which is cemented directly to the outside faces of prisms B and C. Note that at
this distance a significant amount of image spread has occurred, making the system
relatively insensitive to localized "hot spots" on the detectors.

The PASS reticle design has very significant advantages for use in
autocollimators. The use of this concept for both sensors results in lower cosis
and high reliability. The only potential problem with this approach is the physical
separation of the cells (0.5 inch). Small thermal gradients may occur across this
distance and unless both cells have essentially zero sensitivity variations with
temperature, errors may resul.. The PASS design, which uses a spectral filter-
ing, cell matching and a high thermal conductivity, symmetrical mounting config-

uration effectively overcomes this objectio.
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2.1.4 Filter

As will be discussed in Section 2.1.5, restriction of the wavelengths fall-
ing on the soiar cells to a 0. 2 micron band centered approximately 0. 75 microns great-
ly improves the stability of the solar senscr with respect to operation over a wide
temperature range. Furthermore, since the incoming solar radiation passes through
three layers of cement a filter is required to prevent darkening of the cement by
ultraviolet transmission properties removes all doubt as to the need of an ultraviolet
blocking filter for long term missions.

Thin film, multilayer filter technology permits the deposition of stable,
efficient filters directly on the rear surface of the quartz lens. Having practically
no absorption, the filter either reflects the incoming solar power back out of the
system or transmits it toward the detectors. Available filters made by Optical
Coating Laboratories, Inc. have been used extensively in spacecraft and were en-
tirely satisfactory for the PASS system. The transmission through the filter within
the selected bandpass was greater than 80 per cent. Transmission outside this region

was less than 0.1 per cent.

2,.1.5 Solar Cells

Silicon solar cells are the best detector for energy splitting solar sensors
because of their simplicity, ruggedness, stability and low noise characteristics. The
equivalent circuit of a silicon solar cell is shown in Fig. 2-4 where the current I, gen-
erated by incident light is a linear function of light intensity for radiation of a given
spectral distribution. If the cell is open circuited, current flows through RSH and
diode D, which limits the output voltage to about 500 millivolts. Very little current

flows through Rs which is a large value and may be neglected. Because the diode

H
characteristics vary with temperature, V, is very dependent upon temperature and is
an unreliable indicator of I,. If the cell is short circuited, most of I, flows through

Rg which is in the order of 1 ohm, and the diode conducts very little current because of
the low voltage across it. Thus I is an accurate indication of I  at low levels where

the drop across Rg is small and the diode current is virtually zero.

2-8
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Iy, and therefore I, is also a function of incident light wavelength
and cell temperature, two parameters which are independent as illustrated in
Figure 2-5 where Ig. is shown as a function of temperature for a number of wave-
length regions.1 Increased minority carrier lifetime is responsible for the enhance-
ment of red response with increasing temperature while anti-reflection coating
effects account for reduced blue response with increasing temperature sensitivity

occurs in the spectral range 0.7 to 0. 85 microns.

In selecting a pair of cells for an energy splitting detector, two cell
parameters must be considered. First is the absolute stability of cell respon-
sivity which effects the sensor gain, and the second is relative stability which
effects the boresight of null stability. The latter can generally be kept within closer
limits than absolute responsivity, over a wide temperature range.

It may be noted from typical manufacturer's curves (Fig. 2-35)on the
relative responsivity of a batch of solar cells that minimum deviation occurs in a
wavelength region around 0. 8 microns. This is roughly the region where
minimum temperature sensitivity may be realized so that choosing a matched
pair of silicon solar cells was facilitated by restricting the operating wavelength
region to around 0. 8 microns, in keeping with the selected filter bandpass.

In order tomore accurately define the important solar cell requirements,
an analysis of the general case for sun sensors is presented in Appendix A . A

summary of this analysis is presented in the ensuing material for convenience.

1. E. L. Ralph, "Preflight Calibration and Matching Of Solar Cells for A Band-Pass
Filter Experiment"”, Proceedings of the Fifth Photovoltaic Specialists Conference,
Vol. 1I, 1965.

2-10




ey

4 1HANITT RIOYT olela b0 I N o W | e k) T \ — -y
SLIAT NOILONQOUd - SSNOCSZY TVULISIS SAILVIZY 1130 4VI0S  o-g oand

" : (SNOUDIY) H1I9NITI2AVA
A _._ o'l G’ e’ L a9

2=11

N0 gway
PR
m.. — NEU\

AW OPl)

LW Q0!) NILSONNL QEVANVLS -°ST

YOLVINWIS ¥yI0§-°°1

=d

- I
i : N
{ m .u W / ¢
,,. P “ i =
, H __ /,/
i N { | Y .
" L \ i°
| o | ! \\
< w i
! Ay ¢
P “ ./._ w
= | | ta
i \\ 1 aM '
w m. f‘.,, NN — m
.~ ” (e5paaay)

c ; J | !
O w _ o
w : !

| Ll !

| O | | | _ lg

I= |

I T“ : ..n., W
- ,, . f .
= m ! |
o8] i “ e ; { .
= | ~ MO ]
2 | “, ! |
O _M w

| _ _ w

o ‘

| w
o

g AAILLYIIY

)
J

1Sz

SNOc

3

T

Fig




-

2.1.6 Measurement Program

In Section 2.1.5 it was determined that the two significant detector
parameters to be matched were the short circuit currents and the tracking of these
currents with temperature. From an inspection of Fig.A-2 in Appendix A it can be
seen that the filtered tungsten spactral characteristics differs significantly from the
solar spectrum only in the ranges 0.65 p to 0.7 pand 0.75 pto 0. 875y . Therefore,
these ranges are the more critical regions of detector spectral match.

In this section the detector matching scheme is discussed. The object-
ives of the program were as follows:

1. develop a technique for testing solar detectors in simulated

sunlight which results in adequately matched detectors.
2. using the matching program in (1) above test and select pairs
of detectors for the sun sensor, autocollimator, solar ex-
periment, and reference standards.
3. demonstrate the validity of the procedure using the solar ex-
periment and establish absolute reference standards for predict-
ing space performance of subsequent systems.
The matching procedure developed consisted of testing each detector against a common
reference detector under a.variety of radiant input spectrums and a wide range of
temperatures. A thermoelectric unit was used to provide the thermal environment
while a tungsten solar simulator in conjunction with a series of filters was used to
provide the different spectral characteristics of the incident light. Figure 2-6
schematically illustrates the test setup. The detectors were tested under raw tungsten
illumination, tungsten filtered by a Corning #1-59 filter, and tungsten filtered by the
Corning filter and the PASS sensor narrow band filter. Tests were performed at +30,
+50, +70, +90, +110 and +130°F.
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Twenty-two cells were tested in two lots., The detectors in cach
lot were divided into two batches after testing on the basis of whether they had
a higher or lower temperature coefficient than the reference cell. The detectors
within each batch were selected on the basis of relative match in filtered or un-
filtercd l‘ungﬁtcn (‘.L‘p(lﬂdi.lg on whether they were to be used in the sun sensor and
solar experiment or the autocollimator. Figure 2-7 illustrates a typical matching

curve for a-group of three cells used in one of the flight solar .experiments.

2. 15 Autocollimator Un't

Except for the use of a built-in light source and the location of the
spectral filter the autocollimator unit was identical in all respects to the solar
aspect sensor unit. Figure 2- 8 illustrates the changes in the reticle block to in-

corporate the source and spectral filter. The source used was a Pinlight #30-30 .

The spectral filter was relocated to prevent light from the source being
reflected down the glue line between the reticle assembly and the lens block there-
by swamping the detector. The filters were cemented to the reticle block directly
in front of the detectors in the final configuration thus eliminating the swamping

problem.

2,1.8 Mounting Assembly

The most critical requirements of the mechanical structure are (1)
to avoid mechanical distortion of the optical line of sight relative to the space-
craft reference surface by more than 15 arc seconds, which would exceed the highly
lincar field of view of the system, and (2) to avoid distortion of the optical line of
sight of the sun sensor relative to the autocollimator.

Figure 2- 9 shows the mechanical assembly and packaging of the sensor.
In order to avoid thermal distortionof the quartz assembly during inflight heating

of the case and transient heating of the quartz, it is desirable to minimize temperature
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nrudicms across the quariz hlucl;::. In oxrder to mu”mn/.. this tmn\\'uxc
temperature n).'(hcnt the quartz assembly was s uppm Lul with Ullcc Supports on onc
side which are rigidly attached to an aluminuin housing and scerve to define the
mounting plane of the system. The three supports on the opposite side are sym-
metrically located and contain springs to force the quartz assembly against three
rigid pads. Each spring support is direcily opposite a rigid support to avoid
~ be ndmrr str ses in the quartz.

All rigid pads and sprinmloadcd pads are located near the ends of
the quartz blocks in order to define the oplical axis most accurately and to
assure that most of the conductive heat transfer is fed inte the ends of the blocks
and then flows toward the mid-point of tne blocks. This minimizes transverse
temperature gradients cxcept in a small region near the two ends of each block.
Since conduction predominates over radiation heat transfer, the isothermal planes
are approximately perpendicular to the optical axis throughout no st of the quartz

L}

volume. Therefore "bowing" of the blocks is minimized. In any case, any bowing of

the sun sensor block is approximately the same as for the autocollimator block be-

cause they are cemented together. It is only any differential bowing which would lead to

an uncorrcctable error.
The quartz assembly is supported in the plane of the autccollimator slit

(perpendicular to the measurement axis) by two rigid pads on one side and two

spring-loaded pads on the opposite side. All rigid and spring-loaded pads are polished

and permit the quariz to expand and contract axially with temperature differences

between the aluminum housing and the quartz.

Sl Sensor Amplifier Unit

During the initial design phase of the PASS program it was not apparent just
where the PASS electronics would be located so it was decided to provide a small
package containing preamplifiers which could be located in close proximity to the

optical sensors and avoid the possibility of a long cable run with low level sensor
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signals. These preamplifiers are contained within the sensor amplifier unit
which houses tivo identical printed civcuit boards, each one being associated
with a particular optical unit. A single board centains one amplifier for the solar
sensor and a sccond for the avtocollimator making a complete one axis unit.

Both the solar sensor and autocollimator employ silicon solar cells in
a back to back configuration as detectors. Since silicon cells may be considered
as incident-radiation dependent current sources, shunted by diodes, the most
reliable way to measur¢ their output is to determine their short circuit current
while keeping the voltage across the detectors low. This was achieved by the
amplifier circuits in which the sensor outputs were fed into the inverting outpus
of an operational amplifier with a feedback resistor. The input i"apedance of this
circuit is given approximately by

Z feedback
Open Loop Amplifier Gain

Z input =

which is very low (i.e. about 0. 005 ohim for the solar sensor amplifier). A Burr
Brown, Model 1901, operational amplifier was selected for this circuit because
of its high gain (100 db) and low input offset voltage (0.3 mv). It also featured
low iuput current drift (0.3 na/°C) and input offset voltage drift, and was manu-
factured to high reliability specifications.
In the case of the solar aspect sensor which has a nominal sensitivity
in space sun of about 6;: A/arc seconds, the input current drift of the sensor amplifier
was negligible and dc coupling was used throughout the solar sensor channel. The
amplifier gain was established afier the solar sensor associated with it had been tested
for gain, by choosing a feedback resistor to give a nominal output of 3 mv/arc second.
In the case of the autocollimator sensor which had a nominal sensitivity
of 1 na/arc second, the current drift of the associated amplifier was significant
so the autocollimator light source was chopped at about 1.5 cps to overcome drift

problems. Because of the low chopping frequency, which was limited by the

2-19




commutation rate of the telemetry, it was decided to retain de coupling through-

- .out the autocolliinator channcl ard determine the error signal by observing the

differcice in the chopped signal levels. This allowed some de drift in the output
(equivalent to about 10 arc seconds for a 30°C temperature change) but did not
affect measurement accuracy and climinated the need for large coupling capacitors.
. Also included with each amplifier was an offset control pot which allowed

adjusunent of de output levels.

2,3  Signal Processor Unit

The signal processor unit shown in Fig. 2-10 houses five printed circuit
boards plus a shiclded dc-to-de converter which supplies power for the complete
PASS system. One circuit board contains three regulator circuits plus an oscillator
and switched regulator which drives the autocollimator light sources. Two circuit
boards per axis contain the amplifiers that supply 0-5 volt signals to telemetry,
for the autocollimator channel, sun sensor channel and sun sensor range channel.

The signal processor was designed primarily to permit transmission of
sun sensor signals over standard 0-5 volt telemetry channels while permitting a
dynamic range of about * 1600 arc seconds with an absolute accuracy and resolution
ncar null, of better than one aic second. This capability was obtained by dividing
the input signal continuum into a number of discrete ranges, and expanding each
range to give a full 0-5 volt output to telemetry channel. Information specifying
the range is transmitted on a separate channel. Thus information capability was
incressed at the cost of a wider bandwidth.

The transfer characteristic of a single sun sensor channel is shown in
Fig. 2- 11, where the high resolution range is compriséd of cight separate ranges
having a gain of 33, and cover a range of about four arc minutes. Output to
telemetry in this range corresponds to roughly 100 mv/arc secord, to give
fractional arc sccond resolution tirough the relatively low resolution telemetry.
For larger offscts a low gain region provides coverage over most of the dynamic

range of the solar sensor. Gain in this region is typically 0.9 yielding a telemetry

signal of about 2,7 mv/arc second depending on the slope of the sensor transfer curve.




2-21

2-10 S

[Franir

AR 3 o

¥7 5

e




REPROL

HFow

GCA'I-"i‘
Ronge

! Low Gain
< ‘ !
1 3

| | l
|

: S
="
(_')‘ ¢

¥
I
i

=1
=5 % 1 5 E2
— b

© T3 T4

enzor cnannel from

Q‘I‘T\'D s

S I
<
(i)
()
0o
—-;
h
)

Ficcre 2-11 Solay S=rsor Cha-el Tra sf%xr

Chavacieriss

2=22

' Calibrate
Rangs i Range




Finally, a higher gain, calibration-range was provided to give accurate
information on the peak output of each sensor as the payload approached null
during capture. This permitted accurate establishment of the sensor space-
gain.,

Operation of the sun sensor channel may be described with reference
to the PASS block diagram, Fig. 2-1. In the high resolution range a signal from
the solar sensor amplifier is fed to the signal processor unit where it is routed
to an operational amplifier. The output of this amplifier which goes directly
to telemetry is sensed by two comparator circuits having threshholds of
approximately 0. 2 volts and 4. 7 volts, respectively. When the output reaches
either of these values the comparators cause an offset of the correct value to
be inserted by stepning a d/a converter which adds a current at the amplifier
summing junction. .\ second output from the offset circuits is fed to a summing
amplifier which gives a range indication.

The solar sensor signal is also monitored by comparator circuits on
the Series 400 printed circuit board. Whenever the absolute value of the signal
exceeds a threshhold the gain selecting circuits in the signal processor disable
the offset circuits and change the amplifier gain to a iower value by switching in
a new feedback resistor. This is the low gain region. Whenever the absolute
value of the signal exceeds another threshold one of a second pair of comparators
is activated, causing a third gain control resistor to be switched in for the cali-
bration range. Appropriatc offset currents are also injected into the amplifier.
The comparator circuits consist basically of complementary Schmitt-trigger
circuits with a differential input configuration to minimize temperature drift in
the triggering level. Input resistors introduce a small amount of hysteresis in
the Schmitt circuit which is essential for stable operation and noise immunity.

The comparator circuit outputs are fed through level shifters to a reversible

three-stage binary counter based on Fairchildpy L900 series integrated circuits.




Depending on which comparator is activated, a clock pulse is gated to
cause the counter to count up or down. The countex outputs operate three transistor
gates which supply 415 volts to three resistors vhich supply relative currents of 1, 2
and 4, respectively to the summing junction of the amplificr, so that eight different
ofiset currents are supplied to the sun sensor amplifier corresponding to the eight

binary counter states and the eight high resolution ranges.

Also Jocated on this circuit board is a sitaple amplifier which sums weighted
outputs frora the counter gates to give eight output levels corresponding to the eight
high resclution ranges. It also accepts inputs from the comparator circuits on the
Series 400 board to generate four additional levels corresponding to ranges Cl, C2,

L1 and L2. Separation between levels is nominally 0. 4 volts.

Amplifier A401 functions as a firal amplifier for the autocollimator channel,
with frequency and voltage limiting provided by external components. The remaining
circuiiry is associated with the low gain and calibration ranges of the solar sénsor

channel.

System power is supplied through a dc-to-dc converter located on the Series 100
printed circuit board which is housed in a shiclded enclosure. It supplies four voliages,
two at 10 volts and two at 18 volts, to regulators on the Series 200 board. Voltages
for the amplifiers and precise ofiset circuits are regulated at +15 volts and -15 volts
by two NSC LM100's which provide regulation and thermal stability in the order of 0.3
per cent. A simple emitter follower with a compensated zener reference provides 5

volts for the integrated circuits.

A clock circuit which provides pulses at a rate of about 500 pps to the binary
counter circuits is made up of a Unijunction transistor pulse generator. The remaining
circuit consists of an astable multivibrator which switches an LM100 regulator to pro-

vide a chopped voltage to the autocollimator light sources, which consist of Pinlight

type 30-30 lamps drawing 30 Ma with an excitation of 3.0 volts, and having a rated
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life of 1000 houxs at these levels. To ensure that no new failure mode was introduced
by eycling the lamps on and off, two lamps were selected from the batch received

(Lot #6769) and placed on a cycle test in which they were operated at a 50 per cent

duty cycle at one cps for a period of 245 hours, at rated voltage (3.0 volts), The

lamp voltage was then increascd by 20 per cent for 90 hours and reduced to 3. 0 volts for
an additional 73 hours, at which point the lamps were still operating. Since lamp life

is inversely proportional to the 12th power of the applied voltage the equivalent time at
increasad voliage could be considered as 90 x 1. 212 which is approximately 810 hours.
Thus, the total cquivalent time was 1128 hours at a 50 per cent duty cycle. This was
felt to be sufficient indication that no new failure mode was introduécd by cycling the

lamps, and that reasonable life could be expected.

2.4 Solar Cell Experiment Package

Thesolar cell experiment package shown in Figs. 2-12 and 2-13 is divided
into two sections; one half being occupied by the solar cells, filters and heated mount-
ing block, while the second half contains the processing electronics to sequentially

monitor cell output and mounting block temperature.

The electronics for the solar cell experiment are contained on three printed
circuit boards (Series 600, Series 700 and Series 800). The Series 800 boaxd contains
filters and regulators for the various supply voltages required by the clectronics, while
the Series 600 board contains a cominutator drive system consisting of a unijunction
pulse generator operating at about 3 pps, a driver, a three-stage binary counter made
up of integrated circuits, and three relay drivers which function as saturated switches.
The Series 7C0 circuit board holds an eight channel commutator using two pole double
throw relays connected so that each state of the binary counter defines a unique path
through the relay tree. Its output is fed to a conditioning amplificr whose output is
proportional to the product of the feedback resistor, and the difference between a
particular cell current and an offset current. This technique is permitted the determin-
ation of ccll current to better than one per cent because accuracy depended primarily

on the offset current which was measurcd prior to flight. Limiter circuits are provided

to limit the output of A701 between 0 and S volts.,
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In additisz o the six cell currents, two other commutated signals are
generated, the temperature of the block and async pulse.

 An actual telemetry record slloi\fing the cox'npl'cte‘output' format is shown

in Figure 2-14.
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; 3.0 TEST AND CALIBRATION

An extensive test and calibration program was carried out in connection
with the PASS system in order to establish the validity of information obtained during
subsequent operation as a performance payload. Tests were performed under environ-
mental conditions anticipated in an Aerobee flight regime, including shock, vibration,
temperature variation and supply voltage fluctuation. In addition, an elaborate solar

TN e

cell test program was undertaken to provide information for the solar cell experiment

(1NN

package.
3.1 Optical Sensor Testing
The optical sensors were carefully calibrated using an Exotech Model 5-T

Solar Simulator and subjected to qualification or acceptance tests in conformance with
Aerobee 150 specifications. Measurements were performed during and subsequent to

A
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these tests to determine the extent of uncertainty in the calibration due t¢ the launch

and operating conditions. A complete calibration of the sensor transfer function was
performed prior to and subseguent to the test sequence. Operational tests of the sensor
absolute accuracy were performed during the thermal tests. A summary of the sign-
ificant results is given in Table 3-1 and Figs. 3-1 and 3-2 which are typical examples

of the sensor transfer functions.

= TABLE 3-1

£ PITCH YAW

;; Change in Sensor

‘ Absolute Pointing
+ 25°C to +55°C + 5. 8 Sec - 4.4 Sec
Change in Sensor
Absolute Pointing
+25°C to -5°C + 2.0 Sec - 2.6 Sec
Total Change in Sensor
Absolute Pointing At 25°C
Due to Shock, Vibration, - 2.7 Sec - 4.6 Sec
and Permanent Thermal
Effects

3-1




400
Peak Output = 4438 mv
2.78 mv/sec. Avg. -4 300
Peak Output = 4240 mv -1 400
Fig. 3-1 Pitch Sun Sensor Transfer Curve ATP 101 7.2.1.2
3-2 s
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- 400 Test Amp. Gain
6.76 x 10°
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. 761 na/scc

200 m Volts

L +100
|
i Sec
{40 20 30 40 50 o0
b USSR S MIENSI ENSHC SISO SR R SIS ST -
i l\ | | | i |
60 S0 40 30 2 -10 l
. 100__
‘ 200 |
3001
5.00 mv/scc. Avg.
400 . 739 na/sec.

: Fig. 3-2 - Pitch Autocollimator Transfer Curve ATP 101 7.1.2




3.2 Sizmal Processor Testing

The signal processor was tested according to the procedures specicied
in the Acceptance Test Procedure (ATP) and a summary of the important results

is given in the ensuing material.

3095 Sensor Channel Transfer Curve Evaluation

For the sensor channel trausfer curves the maximum output change in the
high resolution range was -0.07 volts in the pitch channel (See Tables 3-2 and 3-3).
Based on an output sensitivity of 0. 09 volts/arc second this was equivalent to 0.77 arc
seconds.

For the low gain region, the maximum shift was 0.01 volts in the output with
a gain of 0. 834 and a full scale input of 3.0 volts. This corresponds to an accuracy
of (0.01/3 x 0.834) x 100= 0. 4%, of full scale.

For the calibration range the maximum output change was 0.1 volts with
an input of 5.0 volts and a gain of 2.91, corresponding to an accuracy of (0.1/5 x 2.91)

x 100=0. 69% of full scale.

3.2.2 Autocollimator Channel Trausfer Curves

For the autocollimator channels, the maximum gain change was 0. 63% which
occurred in the picch channel at 55°C. Limiting took place at nominal levels of +5.0 volts

and -0. 3 volts.

3.2.3 Summary

All of the above results are within the limits specified in the ATP.

(3]
w

Sensor Amplifier Testing

The sensor amplifier was tested according to the procedures specified
in the ATP and a summary of the results is given in Table 3-4. The only major

change in the ATP was to make the amplifier zero-drift test more realistic by

substituting the actual sensor cells for a fixed input resistor. Since the sensor




TABLE 3-2

PITCH SENSOR CHANNEL TRANSFER CURVE VARIATIONS

MAXIMUNM SHIEFT

RANGE -+

High Resolution +0. 04 Volts  -0.07 Volts

Calibration +0.10 Volts  -0.05 Volts

Low Gain +0.01 Volts  -0.00 Volts
*Supply Input Range 28 to 32 Volts
Temperature Range -6°C to 55°C

TABLE 3-3

YAW SENSOR CHANNEL TRANSFER CURVE VARIATIONS

MAXIMUM SHIFT

RANGE +

+0. 06 Volts
+0. 03 Volts
+0. 00 Volts

High Resolutibn

Calibration

Low Gain
*Supply Input Range 28 to 32 Volts

Temperature Range-6°C to 55°C

e s ste st e ste st st ste wte at 4t 8% 8% st 4% % ah fe % sh s gt i ghosh shst b ab e unowunaoano et gt b ot
el de ot s ok s e s s sle sl sle gl o oo sk ol Mookl g e d S N S S E kA

-0. 06 Volts
-0. 04 Volts
-0.01 Volis
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TABLE 3-4
SENSOR AMPLIFIER GAIN

MEASURED FEEDBACK

AMPLIFIER GAIN RESISTOR
Yaw Sun Scnsor 612 611
Pitch Sun Scnsor 586 589
Yaw Autocollimator 829, 000 823, 000
Pitch Autocollimator 828, 000 823,000
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impedance tended to fall rapidly at high temperatures, the effect of amplifier

offset voltages was more apparent.

l 3.3.1 Gain Evaluation

' ; Measured gains and predicted gains based on the specified feedback

resistor are given in Table 3-4. All are in agreement within 0. 8%.

!‘ 3.3.2 Offset Control Evaluation

From inspection of the test records, the offsct resolution was better
: than one arc sccond for both solar sensor and autocollimator amplifiers.
3 The minimum peak offset was 100. S for the pitch solar sensor amplifier,
corresponding to 33.5 arc seconds, which confirms an offset range capability
- of at least #33. 5 arc seconds.
In the case of the autocollimator amplifier the actual voltage offset was

undircctional with a minimum value of -36. 3 millivolts or about 60 arc seconds

nominal. This was sufficient to ensure that the autocollimator reference or 0 level
could be adjusted to +2. 5 volts at the output, assuming the signal processor auto-

“ collimator channel had a gain of -79 as confirmed by previous tests.

3.3.3 Zero Drift Evaluation

From Table 3-5 the maximum solar sensor amplifier zero drift was
equivalent to 0. 087 arc seconds, while the maximum autocollimator zero drift
was equivalent to seven arc seconds. The latter figure of course is a dc shift
that affects both levels of the chopped autocollimator signal equally and does

not cause an error in the autocollimator signal.

3.3.4 Ncise

From the test records, noisc levels were below 0.5 arc sec. peak to

peak.

'WNW““““‘“‘“W“‘“‘“““

|
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TABLE 3-5
SENSCsx AMPLIFIER ZERO DRIFT

AMPLIFIER T= -5°C T= 4+55°C
Yaw Sun Sensor -0.063 scc -0.087 sec
Pitch Sun Sensor +0. 023 sec -0.070 sec
Yaw Autocollimator L. 08ec * +6.8s8¢ec *
Pitch Autocollimator +4.5 sec * +4.7 sec *

*Shifts refer to center of chopped waveform

and do not result in error

e
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3.3.5 Offset Control Stahility
This test was added to the ATP after the first system had been tested

(System No. 2) and only data from System No. 1 are available. An offset was
set on each amplifier prior to environmental testing and rechecked after
The maximum shift in the solar sensor channels was 0.5 millivolts

testing.
corresponding to about 0.17 arc seconds, The autocollimator channel shifts

were negligible.

3.4  Solar Cell Experiment Testing

3.4.1 Electronics Testing
From the electronics test results it is possible to generate a formula

for cqmputing cell current, 1., from output voltage, V,. At 25°C this is:

= ., (Ve ~-2.69) o=
I,=0.861 + 31,2 milliamps

3.4.2 Cell Calibration
The output currents of the cells were adjusted to a uniform sun predicted

output by adjusting the size of the apertures in front of each cell, The standard
cells were used to set up the intensity of a filtered quartz-iodine lamp to simulate

space sun irradiances and a preflight calibration run was performed. The data from

this calibration is included as Table 3-6,

3.4.3 Thermistor Calibration
Thermistor calibration data is shown in Fig. 3 -3 which also shows the

heating rate of the cell mounting block tJ be about 5, 7°C/min, at room temperature.
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3.4.4 .5;‘531_1@1_1}!_9?]1 Calibrution

In order to provide a standard for space sun perforinance ¢valuation of
future solar detectors under laboratory conditions, a set of six solar cells/filters
vere prepered, matched, and calibrated along with the two cell/filter sets to bz

flown on the solar cell experiiaent. Ouiput data was taken for each of three

Exotech cell/filter pairs and three Loclkheed cell/filter pairs along with those to
be flown while being illuminated by the Exotech Model 5-T solar simulator. These
data were filed with the standard cells so that after flight data indicating cell out-
put under space conditions is available, correction factors can be calculated to

cquate the laboratory measurements with the values to be expected in flight, making

possible judicious cell sclection and output level adjustinents.
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4.0 FLIGHT REPORT

The flight report is based on playback number nine of the telemetry
record of NASA rocket flight 4. 202, launched from White Sands, New Mexico, in
March, 1968.

PASS System No. 1 was aboard as a performance payload, in which the
PASS sensors were mounted on an optical reference plate along with the
SPARCS control sensor, the purpose ofthe PASS system being to monitor SPARCS
control performance.

Also included in the payload was a solar cell experiment package, con-
taining three PASS type solar cells and filters and three SPARCS type solar cells
and filters. Its purpose was to provide information on solar cell stability in

space sun conditions with varying cell temperatures.

4.1 Preflight Checks

Several preflight checks were made on the PASS system to verify system
performance on a functional level, and to check sensor output polarities. A
record of these tests is included in Figs. 4-1 and 4-2, whose results may be
summarized as follows:

L. A positive going pitch solar sensor error gives positive

going telemetry output.

2. A positive going yaw solar sensor error gives positive
going telemetry output.

3 If the pitch sensor is forced to pitch up in a positive pitch
error position, the pitch autocollimator telemetry output is
positive or in-phase with the lamp drive signal.

4. If the yaw senscr is forced to yaw right in a positive yaw
error position, the yaw autocollimator telemetry output is

positive or in-phase with the lamp drive signal.

4-1
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Figure 4-1 Yaw Axis Check

- RITCH NULL

Figure 4-2 Pitch Axis Check
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For reference purposes, a diagram of the sensor connections and

the orientation of the sensors in the mounting plate are included in Figs. 4-3

and 4-4, respectively.

4.2 Flight Chroaology

Segments of the flight telemetry record are included to support the

to the launch time.

[
.

4.2.1 Flight Highlights

4.2.1.1Pre-Launch (t= -9)

A record of all PASS outputs is shown prior to launch. The voltage levels

noted compare closely to those measured during set-up by Exotech in November,

Pitch Range

Pitch Sun Sensor

Yaw Sun Sensor

Yaw Range

Pitch A/C 0

Yaw A/C 0

[r—

March 1968

Output Volts

2.0
(Range 4)
0. 61
4.10
2.8
(Range 6)

2.9
A=+ .48V
2.4
A=+.37V

following discussion of the flight. Times indicated on each section are relative

1967, which illustrates the inherent long-term stability of the system.

Nov. 1967

Cutput Volts

2.04

0.62
4.10
2.80

2.80
A= - 42V
2.20
A=+.40V
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Figure 4-4 Seasor Mounting
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4.2.1.2 Launch (t=0)
During the boost phase of the launch the pitch autocollimator output

shifted about ten arc seconds which may have been due to deflection of the reference

mirror or to a small tilt in the optical housing. In any case the output returned to

its preflight value by t = 4 seconds.

4.2.1.3 Acquisition (t = 114to t = 126)

Acquisition of the sun occurred from t= 114 to t = 126 during which time
both solar sensor outputs went through the calibration ranges as noted on the
accompanying records. From peak outputs, accurate calibration constants could be
calculated for sensor gain. It is also possible to see transitions through the high

resolution ranges as noted on the records.

4.2.1.4 Initial Limit Cycle (t =130)

A portion of the record near t = 130 shows the initial limit cycle which is

about 16 arc seconds peak-to-peak in yaw and nine arc seconds peak-to-peak in pitch.

4.2.1.5 Yaw Drift (t = 224)

A slow drift occurred in the yaw sun sensor channel output tiiroughout
the flight, culminating in switching back and forth between ranges 6 and 5 of the

high resolution range.

4.2.1.6 Loss of Lock (t= 347)

Loss of lock is indicated at about t=347, when the pitch channel output again
went through calibration range C2 giving a peak output of 3. 30 volts, corroborating

the 3. 31 volts obtained during acquisition.

4.3 Calibration
The first essential piece of information to be obtained is the calibration
of the solar sensors from their peak space output, as indicated by peak readings in

the calibration ranges.

4-6
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The Space Gain at the sensor amplifier output may be determined from:

_ . Space Peuk
Gspace = Test Galn x —: Peak
From + Peak Space Gain | From -Peak Space Gain Mean
millivolts /sec millivolts/sec Space Gain
. 2.780  _ 2.780 _
Pitch 4,49 x 1,238 = 2.82 4,34 x 7040 2. 84 2.83 mv/sec
2.380 _ 2.380 _ "
Yaw 4.31x 2000 2.56 4.65x 2318 - 2. 56 2.56 mv/sec

Space Gain at the telemetry output may be computed for the fine ranges of the
signal processor through multiplying the above results by the fine range gain constants

obtained from tests on the signal processor.

2.83x 33.4
2.56 x 33.3

1}
]

Pitch Space Gain 94. 5 mv/sec for range 4 at 25°C

Yaw Space Gain 85.3 mv/sec for range 6 at 25°C

4.4 Pointing

After fine pointing control was established, the solar sensor outputs were
determined to be in ranges 4 and 6 for the pitch sensor and yaw sensor respectively.
This was determined from the pitch and yaw range signals, which were somewhat noisy
due to decommutation prcblems with the telemetry record. However, these range values
were verified by keeping track of the ranges on the high resolution channels during
acquisition. Ranges are noted on the telemetry records from t = 120 to t = 126.

Data from the fine sun sensor channels were recorded at 10 second
intervals, for maximum and minimum points in the limit cycle as noted on the records.
From these data mean pointing position and peak-to-peak limit cycle information were

computed (Tables 4-1 and 4-2).

4-8
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Autocollimator information was obtained at less frequent intervals, primarily

' 3 ey it ~ 'l the record: NAAT BT iumps. How-
heacuse of noisy decommutation which caused the record to have frequent jumps. Hoy

ever, auto

collimator shifts were small so that data were taken whencver the decommutation

appeared regular and several points were ay eraged near the beginning and end of the
pea: gular an

. - 9 . ® " > 3 1"._ 3 b L DO o iy £ i 'L' nletes "'S
flicht. Autocollimator gains were ‘obtained from the autocollimator transfer characteristic

and the composite autocollimator channel gains. This is summarized below, and in

Table 4-3.

+O/P -L -O/P+ L Preamp Signal
Gain Gain Gain Proc. +0/P Gain -0O/P Gain
na/sec na/sec ohms Gain - +
Fitch 0.761 0.739 8. 28x1 03 79.0 49. 8my/sec | 48. 4inv/sec
Yaw 0.684 0.823 8. 29);103 79.2 44, 7mv/sec | 53. 8mv/sec

For the output polarities of the PASS System No. 1

pointing position relative to initial positicn were made.

Pitch A/C Gain

Yaw A/C Gain

From Tables 4-1 and 4-2 plots of peak-to-peak limit cycle and mean

48.4 mv/sec for negative outputs
49. 8 mv/sec for positive outputs

53. 8 mv/sec for positive outputs
44.7 mv/scc for negative outputs

These are shown in Fig.4-5

-

which has several features of interest. For example, the yaw axis limit cycle appears

to be very constant in amplitude with an average value of roughly 16 arc seconds peak-

to-peak and 13.5 arc seconds peak-to-peak. The pitch axis limit cycle is somewhat

smaller in amplitude, averaging about 11 arc seconds peak-to-peak but the amplitude

varies frem a maximum of 17. 5 arc scconds peak-to-peak, to a minimum of 3. 7 arc

4-1]
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Figure 4-5 PASS Flight Data
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seconds peak-to-peak.

In the case of the mean pointing position relative to the initial pointing
position as indicated by the solar aspect sensor alone, both pitch and yaw axes
may be characterized by relatively constant pointing for periods of about 40 seconds,
followed by rapid transitions to new mean pointing positions. These jumps were

quite small in the case of the pitch axis, being about 1.5 arc seconds and occurred

- in both directions. However, the yaw axis jumps were unidirectional so that a

total drift of about 10 arc seconds was accumulated over the flight.

4.4.1 Absolute Pointing

Absolute pointing information must be determined separately for each

axis since initial offsets, gains and sensor alignment calibrations vary.

4.4.2 Pitch Axis

Prior to launch, pitch output = 0. 61 volts in range 4 with zero light
input (section 4. 2.1, t = -9).

After acquisition pitch output was still in range 4.

The angle between solar vector and sun sensor axes for any voltage,

Vps’ in range 4 is given by:

Vps =0, 61

0. 0945
where 0. 945 is the pitch channel gain obtained from space calibration.

arc seconds

Lss-sy =

The angle between sun sensor and autocollimator axes was obtained during

preflight testing ATP 101, and is +16. 3 arc seconds.

L ss-ac = +16. 3 arc seconds

The angle between the autocollimator axis and a normal to the reference

surface is given for any voltage, Vpa’ by

L __‘.,L
n-ac = 0484 arc seconds.
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The angle between the normal and the solar vector, i.e. the pointing

error, E , is given by

p
Ep= /. n-sv = L n-ac - [.ss-ac + L ss-sv
v Vps - 0.61
- .__'pa _ps - 0.61
Ep 0.0484 16.3 + —3 695

After initial pointing at t=130, the mean pitch signal is given by

Vpsm = 2. 68 volts

and
Vba
0 0484 = 7.3 arc sec.
2.68 - 0.61
Ep = +47.3-16.3+ 00945
= 47.3-16.3+ 21.9
Ep = 12.9 arc seconds

This is illustrated below:

- Solar
21.9 | 12.9 Sec. (Ep)  J Vector

PITCH
4.4.3 Yaw Axis -

Prior to launch yaw output = 4. 10 volts in range 6 with 0 light input
(section 4.2.1, t = -9),
After acquisition pitch output was still in range 6.
The angle between sun sensor and autocollimator axes is -38. 4 arc seconds.

/L ss-ac = 38.4 arc sec.
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The sun sensor and autocollimator gains are 0.0853 volts/arc second
and 0. 0538 volts/arc second, respectively.
Using a development similar to that for the pitch axis, the pointing

error is given by:

- Vza _ st-4.10
By 0.0533 T84 0.0853

Initial pointing error at t= 130 is given by:

_ 3.35 - 4.10
Ey = -8.1+38.4+ 0 0853
= -8.1+38.4-8.8
= +21.5 arc seconds
Figure 4-7 illustrates the situation. )
SS AXIS 1
— K/ o e Solar

21.5 Sec. (Ey) ¥ector

T~ Ref,
TS _eren
Axgg—2_
\

YAW

4.5 Solar Cell Experiment

Two segments of the solar cell experiment flight record are shown in Figure 4-6

while a record of flight data is given in Table 4-4.
The solar cell mounting block functioned as expected, having a temperature
rise of about 5.7°C/minute throughout the flight. Starting from an initial temperature

of 19°C at t=130 a final temperature of 41°C was achieved at t = 340, just prior to the

end of solar pointing.
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Figure 4-6 Solar Cell Experiment Flight Records
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Data was taken from the telemetry record at 20 second intervals as
shown in Table 4-4, and from these, three pairs of data groups were selected
for averaging and cell current computation, These pairs contained the first two
groups and last two groups and a pair in the middle, as shown in Table 4-5. It
may be noted that cell current changes are less than 1.0 per cent for all cells
over the tempeirature range. This is discussed fully in the conclusion.

The complete PASS flight telemetry record is reproduced in Fig 4-7

for reference purposes,
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5.0 CONCLUSIONS
The PASS program appears to have been highly successful in terms
of its test program, which demonstrated stable performance and in terms of the
rocket flight which provided absolute pointing and limit cycle data. In particular,
the very high resolution of the solar sensor records permits quantitative observation
of control torque and disturbance torque effects. In addition, the solar cell experiment
has furnished valuable data concerning solar cell performance in space sun conditions
and confirmed the benefits of spectral filtering in terms of stable thermal characteristics.

These topics are treated comprehensively in the following discussion.

5.1 Optical Components_

The results of the qualification testing on the PASS sensor are summarized
in Table 3-1. The alignment shift noted is the change in boresight between the auto-
collimator axis and the sun sensor axis. The temperature coefficient noted assumes
a best fit straight line temperature variation and accounts for warping in the test
reference plate during the thermal excursions.

The flight records shows a shift in the sensor mounting of ten arc seconds
in pitch and two arc seconds in yaw during the boost phase. The sensors relaxed after
the boost phase to mechanical shift values of 1.0 arc seconds and 1.2 arc seconds,
respectively. Mechanical drifts following the boost phase, over the remainder of the
flight were 1. 4 arc seconds maximum and 1.7 arc seconds maximum in pitch and yaw
respectively. These shifts were of course detected and compensated by the PASS

sensor, however they indicate very good stability of the sensor in its case.

9.2 Electronics

The electronics system employed to process the basic PASS sensor data
for telemetry transmission has proved to be effective, yielding clear; high resolution
data from the flight record. The confidence to be placed in the flight results is in-

dicated by performance levels noted in the test program. For example, using the

5-1




e . B O

e 0 GEENE NI Smmes e e belew Gl e e e ey

i —

Pitch Axis

Yaw Axis

Peak To Peak Limit Cycle
RMS Limit Cycle

Absolute Pointing Error
At t =130

Absolute Pointing Error
At t =310

Drift
Pass Uncertainty

Alignment

11.0 arc sec

3.1 arc sec

3.3 arc sec

+6. 7 arc sec

-1.4 arc sec

I+

2 arc sec

I+

1 arc sec

16.5 arc sec

4. 8 arc sec

+8. 3 arc sec

+20.0 arc sec

+11.7 arc sec

+ 2 arc sec

I+

1 arc sec

Table 5-1 Flight Performance Summary




results of Section 3. 2 aﬁd 3.3, the maximum electronic drift arising from worst
case effects of thermal drift, shock, vibration and supply voltage fluctuation,
corresponded to one arc second. For this particular flight which had a launch
temperature near 25°C and temperature variations of less than 5°C, the anticipated
drift would be less than 0. 2 arc seconds.

Other uncertainties were introduced by the telemetry accuracy which
we will assume to be 1% or 0. 05 volt. In fact, it was probably slightly better
since the pre-launch voltage levels were in agreement wiil: those levels set four
months previously, to better than 0.0S5 volts. This corresponds to an uncertainty
of about #0.5 arc seconds. In the case of the autoccllimator, the uncertainty in a
set of readings is estimated to be about *0. 6 arc seconds based on the spread of
readings observed. This gives an overall uncertainty of 1. 3 arc seconds, in the

observed values.

5.3 Flight Report

Based on the information computed in Section 4. 0, the flight performance
is summarized in Table 5-1. Since it was not necessary to align the control sensor
to the reference plate for evaluation purposes, initial offset figures of the FSS must
be added to the PASS data, which are referenced to the mounting plate to obtain
absolute pointing information. According to NASA information, these offsets were:
yaw = 13. 2 erc seconds and pitch = -9. 6 arc seconds.

The overall measurement uncertainty is determined by the contributions
of all PASS system elements, plus telemetry and solar sensor gain uncertainty. These
are: (1) sensor unit *4. 6 arc seconds, (2) electronics and telemetry *1. 3 arc seconds
and, (3) solar sensor calibration of +1% with a 20 arc second offset for a 0. 2 arc
second contribution. These sum to a maximum uncertainty of 7.1 arc seconds.

For the particular flight environment the most probable uncertainty is + 2 arc seconds.
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5.4 Solar Cell Experiment

The results of the solar cell experiment are given in Figures 5-1 and 5-2.
The pre-flight data for detectors with filter A is included for comparative purposes
and the spectral characteristics of the filters are included as Figure 5-3. From
this data it is clear that the matching procedure predicted the flight performance
trend accurately though somewhat accentuated any mismatch relative to the actual
flight performance. This accentuation is due to the spurious transmission outside
the bandpass. Filter A had an undesired transmission rise at 1. 05 microns while
filger B had a spurious response at 0.45 micron. These zones caused the detectors
to have a slight positive ana negative temperature coefficient with filters A and B
respectively.

A recommended bandpass for the filter is illustrated in Figure 5-3. If
more careful attention is given to eliminating any spurious transmission outside
this bandpass the cell filter combination should have essentially zero temperature
coefficient. This would eliminate or greatly reduce the need for cell matching. The
tolerance on the long wavelength cutoff is not critical and the filter cutoff could vary
beitween the limits established by those of filters A and B.

The flight data from the solar cell experiment has permitted the performance
characteristics of several standard cells, prepared simultaneously with the cell/filters
for this experiment, to be calibrated to space conditions. These standard cells and
their accompanying calibration data are stored at Exotech and NASA ARC for use on
all future solar sensor programs, thus providing an invaluable tool for cell selection
and output level determination based on accurate productions of the cell's performance

under space sun illumination derived from comparative laboratory measurements.
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APPENDIX

Derivation of the Sensor Transfer Function

If we consider the generalized energy bhalancing sensor as a combination
of a spatial filter, a spectral filter, and two detectors we can base our evaluation

of the transfer function on the following block diagram.

Detector 1
WQTQS, (6)
17 1M
Spectral Spatial
W(O)—= Filter Filter
T W S Detector 2
— WOTMS,® | QW

Simplified Block Diagram Energy Balancing Sensor

Actually, by using this diagram we have restricted the sensor to those systems in
which a single spectral filter and a single spatial filter are used for both detectors.
There are notable exceptions to this procedure, however, the basic considerations
are similar albeit complicated by possible differences in the filters for each detector.

The spatial filter can be a lens and mask, a combination of two masks,
etc; in any case the function is to divide the incoming light between the two detectors
according to the part of the field from which the light originated. The spatial filter
is assigned a characteristic function, S (6) which is some function (depending on the
characteristics of the specific filter) o' rhe angle batween a reference axis and the
line-of-sight to the center of the sun, 6 .

The spectral filter is defined by a function, T (A ), where the value of the
function represents the transmission of the filter.

If each detector has a spectral response characteristic Q()) the overall

response function for the sensor, R (6) can be defined as follows:

, e SRR




R(O =J o WOTQS, OQ,(NdA - J‘o WNTQ)S,(0)Q, (NdX

This function,commonly referred to as the sensor transfer function, provides
a convenient and general basis for analyzing the effects on sensor performance
of spectral filtering, detector characteristics, and parameter changes with tem-

perature.

Effects of Detector Parameters

In order to facilitate a discussion of the effects of detector parameters
and changes of these parameters with temperature on the sensor transfer function

it is expanded as follows:

[' -
R@) = L 51@- 5,0) | .[o WOITOIQOUAA

-52(9) ro WQ)TO) AQMdA

where:
QY = Q W

AQM = Q, W QM

For simplicity the responsivity of the second detector is considered as nearly

the same as the first with some incremental difference, AQQ) .

Differential Detector Response and Solar Simulation

The discussion of detector parameters is initiated with an investigation
of the effect of detector spectral response on the problem of accurately simul-
ating the sun. Assume a sensor transfer function, RT( 6), using a tungsten solar

simulator and a space sun function, RS(O). In order to minimize the alignment

e e e e o - e e ] e e e e e e
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and calibration effort it would be preferable if:

R® = Ry®

However, in general, the less desirable relationship given below is mo.'e descriptive

of the situation,

o

where:
k(t) is a temperature dependent gain

o (t) is a temperature dependent offset (and in general a
function of the particular simulator used).

Returning to the expression for the sensor transfer function it is apparent tha the
conditions for RT (6) and RS(G) to be related by a simple gain constant are:

7 woromian =k [° W TR0

(o)

" W T AQMAN =k Y W, (NTO) AQNAA

(o) o

—

where:
WS(A) is the spectral irradiance due to the sun
WT(A) is the spectral irradiance due to a tungsten simulator.
WSQ) and WT( )\) differ considerably and are not related by any simple
constant (as a matter of fact the sunlight at the earth's surface is not
simply related to that in space, either).

In order to see more clearly just what is meant by the preceding conditions the

expressions are rearranged as follows:

(™ TOQEIWGR - kW Jax = 0

(o)

[ TO0AQM) IWG() kW, ) JdA = 0

(0]

PRV 0 UL 1\ 5L a1 b DR T




Since Wq (\) and W (A) are not linearly related we can replace the term in

brackets by &W() which is in general non-zero. The two conditions then become:

~
|

j“’ TOQMN AWML = 0

[ To) AQAWNAN = 0

Both T () and Q ()\) are positive definite. Therefore AW(A) must take on both
positive and negative values. For any given T (A) and Q (\) there exists a constant
k which results in a AW(\) satisfying the first condition. However, in general, the
second condition would not be satisfied. This ccnstant can be determined by measur-
ing the output of a detector-spectral filter combination in each of the two environments.
The ratio of the two outputs is the value, k. Thus a mathematical condition and a
practical method of negating the error contributions of the first term in the transfer
function exists. The prcblems associated with the second term, i.e., mismatch in
the spectral characteristics of the two detectors are yet to be solved.

It might appear that one could simply narrow the region of transmission
of the filter thereby tending to force the term:

% Ty AQR) AW

0
to smaller and smaller values, eliminating the problem. Unfortunately, this pro-

cedure also reduces the gain of the system since the integral:
@®
[T oW ma
0

similarly is reduced.

The criteria to be used for this discussion will be:
™ T() AQR) AWM

0

" TN Q) Wy () ax

(o]
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CIn order to satisfy this criteria the transmission of the filter is adjusted to

attenuate those regions of the spectrum where the ratio of A GQ) to QM)
is large. In the case of solar cells this amounts to passing the wavelength region
near the peak response (0.8 ) while atteiuating beth the visible and near infrared
regions of the speetrum,
An cxact definition of the optimum filter characteristic requires know-
ledge of the function £AQ0G)  to a degree of detail not presently available. Further,
measurcement of the function, even for a particular pair of detectors, to a degree
of accuracy meaningful for high accuracy sun scnsors (better than one per cent spectral
measurements) is a difficult and time consuming task. A more realistic approach to
the problem is to make a sinall number of relative measurements on two detectors
being considered as potential mates for a sensor detector pair,

The definition of a rcasonable matching program for detector pairs can
be aided hy specific knowledge of the function AW@). Consider the character of the
functions \‘.’S( X, WT (X3, and 2 WQ) as illustrated in Fig. A-1. From this figure
it may be scen ihat a solar environment tends to emphasize the short wavelength portion
of the detector response while a tungsten simulator tends to emphasize the longer wave-
length region of interest by filtering the tungsten illumination with a Corning #1-59
filter., Comparative normalized curves for the solar spectrum and the filtc red tungsten
arc illustrated in Fig. A-2.

The color correction process is accurate enough to guarantee selection of

suitable detector pairs. At null the sensor response function is zero, therefore:
©w

REY= 0 = [5,6)- 5,007 [ WoToma

(&)

[ .
5,00 | WOITR) £QON




Ao =0.75u

Figure A-1 - General Characteristics of the
Spectral Irradiance Function for
The Sun and a Tungsten Simulator
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assuming that the second term is small:
5,0)) ~ S, @)

and 6., will be a small angle.

N If the sensor was aligned in a filtered tungsten simulator, thereby
defining a null position ( ON ) and a reference surface normal was aligned to
the line-of-sight under these conditions and an accurate determination of the
constant k had been made the effects on the first term will be negligible leaving

an error as follows in a space sun gnvironment.

) [ W )TO)AQO
R(eN) o SZ(BN)k J TO‘) MWAQMWd

o

_ W O)TO) QM)A
Sz(q\]) S

=5, @) [ AWQTO) 2Q0)d)

(0]

Generally, SZ( BN) is approximately 0. 1 for high accuracy sensors, i.e. at null
each detector is illuminated with approximately ten per cent of full scale illumination.
(For imaging type sensors this results in best linearity through the null region. ) There-

fore the per cent of full scale offset induced as:

R [ avoyronaQvan

R(QFS) r ©

WOTQ)QM)X




| m— rrem— —— -, a— -~y -

and since full scale corresponds to an angular error of approximately 2000 arc
seconds we have:
™ AWOITIAQ
0

S = -(2000)(0.10) sec.
[ WO)TOQM

o

where: S is the angular error in arc seconds.

In summary, an error of approximately 2 arc seconds occurs if the ratio of
the two integrals is one per cent and in order to realize a fractional arc second
error contribution from this source the ratio must be less than 0.5 per cent.

If the detector responses are matched to within one per cent over the
spectrum of interest (0.65y to 0. 825 u ), the maximum value of the ratio of the

two integrals would be:

[* AqQmawmTaxx

o = 1 E AQ (\i) AW(\)
T QuuwTod T Qawwag)
(o]

R v AWQG)

- n L @.05) Wo\i)1

i

= 0.0025 or 0.025%

where: n is the number of intervals used in the numerical integration.

This is well within the desired limit of 0.5%.
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Changes In Detector Response with Temperature

. - . . ' b .

In generali, the detector spectral response is a function of temperature;
the near infrared response tends to increase with increasing temperature while the
blue response tends to decrease. Since the detectors are expected to operate
" "in sunlight and tungstén illumination, neither of which have equal energies ‘at each
wavelength changes in spectral response w111 result in output current var1ations
: These vartatmns w111 be mamfe ‘e" ina temperature dependent gam constant k

 as well as a temperature dependent n‘rset if dlfferentxal response ShlftS occur.

&g, t oo ~During:1965 Heliotek:. performed an extensive test programto determine. .

the magnitudes of the detector response -variations for several filter bandpasses. The

results of this program were reported by E. L. Ralph in the ' 'Proceedings of the Fifth
Photovoltaic Specialists Conference". ) A short summary of Heliotek's findings is

A sample of 258 cells was subjected to a rigorous selection procedure
which resulted in five gro'ips of matched cells with six detectors in each group. Four
of the five groups were placed under narrow-band filters which divided the
detector spectral response into four equal parts. The fifth group was used as an un-
filtered standard. The spectral transmissions of the filters are illustrated in Fig,
A-3 Each of these matched groups was then tested in simulated sunlight as well as
outdoor sunlight at Table Mountain, California. Figure A-4illustrates the reported
variations in octput for "typical" detectors. Table A-1 is a summary of the actual
data.

At first glance, the data shown in Fig. A-4 seems to indicate that the
temperature dependence of the detector output for group III is verv small, something
less than one per cent over the temperature range 10°C to 90°C However, upon
closer exam1nat1on of the data, comparmg the data p01nts at the various temperatures

. and 111um1nat10n condltlons listed in Table A-l it is apparent that

E. L. Ralph, "Preflight Calibration and Matching of Solar Cells for a

Band Pass F11ter Experlment Proceedmgs of the Fxfth Photovoltalc

P et W Vi vay LM Al ne N m

Spec1ahsts Conference "Vol. III 1965
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1. ‘The change with temperature in the maximum spread of
currcent output for the six carefully selected cells of group
111 was 3.6 per cent, indicating a relative shift between at
least two of these detectors of 3.6 per cent,
2. The maxinumn spread in current output of the detectors in
group 1il changed from 3. 6 per cent at 28°C in the D1203
Solar Simulator to 1.9 per cent under the same environment
in Table Mountain sunlight. This indicates that at least two
of the six detectors would he ve given a differential shift of
i 1.7 per cent had they been used as a matched pair,
Upon a closer «-xamination the data does not bear out a literal interpretation of the
conclusions illustrated in Fig., A-4. Furthermore, the data points taken with
the X-25 simulator differ by one to two per cent from the data with the D1203
simulator. In sumiary, the measurements indicate a tread to the thermal
propertics of the detectors under the various filtering conditions and represent
a marked improvement in knowledge of the behavior of the detectors. However,
the reliability of the data appears to be on the order of *2 per cent which is an

order of magnitude or more greater than the accuracy required to reduce the

tracking error in a sensor to one arc second.




	0008B03.pdf
	0008B04.pdf
	0008B05.pdf
	0008B06.pdf
	0008B07.pdf
	0008B08.pdf
	0008B09.pdf
	0008B10.pdf
	0008B11.pdf
	0008B12.pdf
	0008C01.pdf
	0008C02.pdf
	0008C03.pdf
	0008C04.pdf
	0008C05.pdf
	0008C06.pdf
	0008C07.pdf
	0008C08.pdf
	0008C09.pdf
	0008C10.pdf
	0008C11.pdf
	0008C12.pdf
	0008D01.pdf
	0008D02.pdf
	0008D03.pdf
	0008D04.pdf
	0008D05.pdf
	0008D06.pdf
	0008D07.pdf
	0008D08.pdf
	0008D09.pdf
	0008D10.pdf
	0008D11.pdf
	0008D12.pdf
	0008E01.pdf
	0008E02.pdf
	0008E03.pdf
	0008E04.pdf
	0008E05.pdf
	0008E06.pdf
	0008E07.pdf
	0008E08.pdf
	0008E09.pdf
	0008E10.pdf
	0008E11.pdf
	0008E12.pdf
	0008F01.pdf
	0008F02.pdf
	0008F03.pdf
	0008F04.pdf
	0008F05.pdf
	0008F06.pdf
	0008F07.pdf
	0008F08.pdf
	0008F09.pdf
	0008F10.pdf
	0008F11.pdf
	0008F12.pdf
	0009A02.pdf
	0009A03.pdf
	0009A04.pdf
	0009A05.pdf
	0009A06.pdf
	0009A07.pdf
	0009A08.pdf
	0009A09.pdf
	0009A10.pdf
	0009A11.pdf
	0009A12.pdf
	0009B01.pdf
	0009B02.pdf
	0009B03.pdf
	0009B04.pdf
	0009B05.pdf
	0009B06.pdf
	0009B07.pdf
	0009B08.pdf
	0009B09.pdf
	0009B10.pdf
	0009B11.pdf
	0009B12.pdf
	0009C01.pdf
	0009C02.pdf
	0009C03.pdf
	0009C04.pdf
	0009C05.pdf
	0009C06.pdf
	0009C07.pdf
	0009C08.pdf
	0009C09.pdf
	0009C10.pdf
	0009C11.pdf
	0009C12.pdf
	0009D01.pdf
	0009D02.pdf
	0009D03.pdf
	0009D04.pdf
	0009D05.pdf
	0009D06.pdf
	0009D07.pdf
	0009D08.pdf
	0009D09.pdf
	0009D10.pdf
	0009D11.pdf
	0009D12.pdf
	0009E01.pdf
	0009E02.pdf
	0009E03.pdf
	0009E04.pdf
	0009E05.pdf
	0009E06.pdf
	0009E07.pdf
	0009E08.pdf
	0009E09.pdf



