o
WILLIAM & MARY
CHARTERED 1693 W&M ScholarWorks

Dissertations, Theses, and Masters Projects Theses, Dissertations, & Master Projects

1961

Angle Sensitivity of a Silicon Cell Solar Sensor

Paul R. Spencer
College of William & Mary - Arts & Sciences

Follow this and additional works at: https://scholarworks.wm.edu/etd

6‘ Part of the Electromagnetics and Photonics Commons

Recommended Citation

Spencer, Paul R,, "Angle Sensitivity of a Silicon Cell Solar Sensor" (1961). Dissertations, Theses, and
Masters Projects. Paper 1539624523.

https://dx.doi.org/doi:10.21220/s2-757g-8d36

This Thesis is brought to you for free and open access by the Theses, Dissertations, & Master Projects at W&M
ScholarWorks. It has been accepted for inclusion in Dissertations, Theses, and Masters Projects by an authorized
administrator of W&M ScholarWorks. For more information, please contact scholarworks@wm.edu.


https://scholarworks.wm.edu/
https://scholarworks.wm.edu/etd
https://scholarworks.wm.edu/etds
https://scholarworks.wm.edu/etd?utm_source=scholarworks.wm.edu%2Fetd%2F1539624523&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/271?utm_source=scholarworks.wm.edu%2Fetd%2F1539624523&utm_medium=PDF&utm_campaign=PDFCoverPages
https://dx.doi.org/doi:10.21220/s2-757g-8d36
mailto:scholarworks@wm.edu

ANGLE SENSITIVITY OF A SILICON

CELL SOLAR SENSOR

A Thesis
Presented to
The Faculty of the Department of Physics

The College of Williem and Mary in Virginia

In Partial Fulfillment
Of the Requirements for the Degree of

Master of Arts

By
Paul R. Spencer

May 1961



ANGLE ESENSITIVITY OF A SILICON

CELL SOLAR SENSOR

A Thesis
Presentea 1o
The Faculty of the Department of Physics

The College of William and Mary in Virginia

In Partiel Fulfillment
Of the Requirements for the Degree of

Master of Arts

By
Paul R. Epencer

May 1961



APFROVAL SHEET

This thesis is submitted in partial fulfillment of
the requirements for the degree of

Master of Arts

ii



ACKNOWLEDGMENTE

The author wishes to express his appreciation to Warren Gillesple, Jr.
for his patience and guidance -~ without which this thesis would not hsve
existed.

The author appreciates the suggestions of Seymour Salmirs, who is
developing the control system to be used with the solar sensor presented.

Gratitude is extended to the National Aeronautics and Gpace
Administration for the support personnel, facilities, and time reqguired
for this project.

The author also wishes to thank Dr. John L. McKnight, Dr. James D.
Lawrence, and Mr. Robert E. Smith for their assistance in prepsring

this thesis.

iii



TABLE OF CONTENTS
Page
ACKNOWIEDGMENTS « o « o o o o o o o s s o s o o o o s o o 114
LISTOF FIGURES ¢ « o o o o o a « o ¢ 5 s 5 s o a s s o o s o \4
ABSTRACT 4 ¢ o o o o s 5 o ¢ ¢ o« o s o o s o 5 s s o o a o o vi
INTRODUCTION « ¢ o« o o s o o o o o s o s s a s s » o o o o o 2

Chapter
I . mm& mocmm . . L] * L 3 . . - [ . - . * - . 8

II . EXPERIWAL RESUI&TS L 4 L4 * - * [ ] . [ ] L) L] . L] - ] . . m
II I L COBCLUSIONS L] - L] . L] - [ ] L] - . L] - L] L - - L] L] ] L ] [ ] 55

m@s L4 o . L L] L] . L - L] L - L . o . L -* L] [ . L L . . 59

iv



Figure

1.

10.

11,

12.

15.

1k,

LIET OF FIGURECD

Photometrical principle of operation .+ . « ¢ ¢ o +
Electrical principle of operation « « « « o & « & «

Difference in illumination of coarse sensor for
various angles of solar cell inclination . . . . .

Shading effect of opaque shield. Dimensions are
shown for the calculations presented . . « o « « &

Effect of shield. a = 80°; shield length, 5 inches;
solar cells, 1 Iinch SQUABYE .+ + 2 o o o « o « o o

Experimental version of s0lar Sensor .« « + o o o 0
Test platform for complete solar orientation system .
Alr bearing support for test platform . . . . . . « .
Experimental version of solar sensor attached to
I-beam for smell-angle calibration. Circular
cells in shield provide a separate signal to
sense angular veloCiLly « ¢ ¢ o o o o o 4 o s s e

Light source for soler sensor calibration . . . . . .

Spectra of soler radistion and sircraft landing
lamp, and solar cell response (from ref. 8) . . . .

Large~-sngle performance of experimental solar sensor.

Light saturation curve for one face of solar sensor.
Ioad resistence, 1,000 ohms « ¢ o « o o & = o « o

tmall-~anigle performance of experimental solar sensor.
Source of illumination, 1,200-foote-candle aircraft
landi.ng;lamp....»..‘.-.ao......

Page

9

12

15

15
19
20

21

25

24

27

351

52



ABSTRACT

The angle sensitivity of a silicon cell solexr sensor of original
design is studied, and initial experimental results are presented.
This solar sensor consists of silicon cells mounted on the lateral
faces of & four~sided pyrsmid. An opague shield was attached to the
sensor to obtain higher angle sensitivity for smell engles. The
effect of varying the sensor parameters which pertain to angle
sensitivity are discussed along with nonlinear characteristics of
the sillcon solar cells used. The effects of gensor operation in
a space environment are slso considered. As a result of the study
presented in this thesis, it is concluded that the solar sensor
discussed will be ceaepeble of reliable, long-term operation in &
solar oriented space vehicle.
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INTRODUCTION

A wide variety of future space vehicles will regquire orientation
with respect to the sun. Some of these will be solar research projects
vhile others will be space vehicles cr satellites which utilize various
solar properties.

Examples of the solar resesrch projects include the following:
studies of the solar spectrum in bands thet are inaccessible below
the eerth's atmosphere; mcnitoring the solar constent to furnish the
meteorologists with terrestrisl-heat-balance data; a solar oriented
telescope to yield information on sunspots, flares, or other aspects
of the solar stmosphere.

The soler applications include on-board power supplies such as
solar cell banks or parabollic energy concentrators to operate thermionic
energy converters or boilers with a working fluid. The former con-
verter ejects electrons from & solar heated emitter to deposit them
on & cold cathode tc produce a current through an externzl load. The
latter converter uses conventional thermodynamic cycles to operate a
heat engine. A second type of application would take advantage of the
intensity and immobility of the sun for use as a beacon for space
navigation. £till another solar property which may be used in space
vehicle operations is the solar radistion pressure for which large,

lightweight "sails" have been proposed as low thrust devices,



In order to orient a space vehicle with respect to the sun, three
basic components are needed: (&) e reaction mwechanism such as gas Jjets
or flywheels to mechanically perform the required meneuver; (b) & control
gystem to activate the reaction mechanism at the proper time for the
required period to realign the vehicle; (c) a solar sensor to continually
provide the control system with en electrical signal which indicates the
attitude of the vehicle with respect to the sun.

If flywheels are used as the reaction meéhanism, they serve to
rotate the vehicle by changing their own rotation rate, employing the
principle of conservation of angular momentum. If gas Jets are used as
the reaction mechanism, they impart a torque to the vehicle by providing
thrust along some moment arm from the center of mass; the basic principle
is action and reaction.

The control system may assume many different forms in the deeign
details, but the principle of operation in brosd form is the following:

A signal is produced by the sensor in the form of a voltege which vanishes
when the solar pointing error approaches zerc, and which changes polarity
vhen the solar pointing error changes sign. This signsl is amplified

and fed to & servomechanism which activates the reaction mechanism in

the proper direction.

Any solar sensor to be used in the orientation of spasce vehicles
must be capeble of operation in two separate pheses. The first phase
called capture refers to the ability of the sensor to view the solar
disk throughout a wide range of misallpgnment errors. The second phase

called fine pointing refers to the ability of the sensor to hold the



vehicle within & very narrow angular confine once capture and preliminery
alignment has been attained.

Solar sensors for spece applications have appesred only within the
last 15 years. Perhaps the earliest, and most common of these ere the
sensors developed by the University of Colcrado Upper Alr Laboratory at
Boulder, Colorado.l One set of these senscors, referred to as the coarse
eyes, served to orient a flight packege to within seversl degrees of the
sun. When this was done, another sensor, called the fine eye, was used
to maintaln the solar pointing of the vehicle within narrower limits.
One set of coarse eyes was used to operate the azimuth servo while
another set was used for the elevaticn serve. The photosensitive unit
for the fine eye was the 1P42 vacuwn phototube. To cbtein the most
stable tubes the 1% best ones were selected from a group of 75. High
leakage sensitivity changes and fatigue drift were the principle disz-
advantages of these tubes at the time. A proposal to overcome the serious
drift error was tc control the balance from the zround with telemetry.

The coarse sensor consisted of three eye cartridges with 925 photo-
tubes mounted behind opal glass diffusers and infrared filters, because
of the sensitization of these tubes t¢ infrared. These cartridges vere
arranged to point out a triangle surrounding the solar disk; each of the
outside cells were combined with the center one to produce each degree
of freedom of information.

The fine eye consisted of four 1P42 phototubes lying on the bottom
of 2 tube contsining a lense to focus the solar image onto four separate

quadrants conteining the tubes.



A poleroid disk was used to reduce the light Intensity to prevent
destruction of the phototube. As soler misaligmment developed, the solar
image chifted off center so as to light two guadrants more intensely and
hence produce an error signal to direct the control system toward align-
ment of both axis. The coarse eyes attained capture for the fine
pointing.

The Kearfott Company has proposed a solar sensor designed to produce
soler direction information toc an accuracy of 0.10.2 This system uses
sillcon solar cellc in & design similar to the University of Coloredo’s.
The fine sensing was done with only three units, which required rather
elaborate circuitry. A continuous‘balancing system was suggested. No
indication was given that the sensor or any of its components had been
built.

The Space Vehicles Group of the Netional Aeronautics and Space
Administration at Langley Research Center has become interested in using
a solar senscr for the orlentation of lerge erectable aluminlzed Mylar
parabolic solar energy collectors. In the time elepsed since the University
of Colorado designed their sensor, many advances have been made in solid
state devices and miniaturization. It was thought that recent technological
advances could be used to arrive at a solar sensor of novel design which
would satisfy preseni needs for many types of space missions. In partice-
ular, greater consideration needed to be given to the following points:
(a) reliable operation for prolonged periods in & space enviroanment;

(b) compactness, low weight, and high strength; (c) low power consumption
(ideally, no power consumption).
To begin to meet these requirements, an investigation was conducted

to select the best, presently available, photosensitive element for use



in & space vehicle solar orientation system. E£ince photosensitive
elements are also used as solar energy converters, literature is abundant
in this ares.

“ilicon solar cells sppeared to be zuperior in many respects to
competing photosencitive devices. A principal advantage of the
zilicon solar cell is its high conversion efficiency, which is defined
as the ratio of electrical power output to lumincus power incident on
the cell. Pesrson, cf Bell Telephone Labor&toriesb, has compared the
conversicn efficiencles of various devices for converting solar radia-
tion directly into electrical energy. In this study, Pearson examined
thermopiles, photogalvanic cells and photovoltaic cells. Thermopiles
use the results of J. J. feebeck dating back to 1823%, when he discovered
that an electromotive force originates fraw & circult containing two
dissimilar metals if one junction is held at a higher temperature then
the other,

Photogalvanic cells were first described in 1839 by A. E. Becquerel
in a paper entitled 'On Electrical Effects Under the Influence of Solar
Radiation.” The device consists of two electrodes placed in an electrolyte
to produce en electromotive force when light is incident upon one elec-
trode. The barrier-layer photovoltailc cell is a true solid state device
which was developed around 1876 when W. G. Adams and R. E. Day found
that in certain cases a selenium cell was found to generate a current
without the aid of an externel battery. (Proc. Roy. foec. len., 1877,
25, 11%.) A more detalled history of photosensitive devices is found
in reference Uu.

None of these devices produced conversion efficiencies in excess of

about 1 percent. In 1954, D. M. Chapin, C. &. Fuller, and G. L. Pearson,



of the Bell Telephone Laborateries, succeeded in raising the efficiency
of the photovoltaic cell tc 6 percent. (D. M. Chapin, C. &. Fuller,

and G. L. Pearson, J. Appl. Phys. 25, 675, 1954). This was about a year
after the University of Colorado published its solar sensor report.

At the time refereance 3 was written, the highest conversion efficiency
for commerclally availeble cells was 1l percent. As of May 1961, con-
version efficiencies of 13 percent are available. (Electronic Design,
New Products Section, May 10, 1961, p. 40.) Other desirable churacter-
istics of gilicon solar cells from the standpoint of operstion in e
space envirocmment are discussed leter in this paper.

Because photovoltaic cells have made such rapid progress since the
first soler sencor appeared, it seemed advisaeble asnd feasible to spproach
the problem of devising a new type of solar sensor with long-term
reliebility as the principal design approach. The conception and develop-

went of this new sclear sensor is given in the next section.



CHAPTER I

EXPERIMENTAL PROCEDURE

Description of Setup

When first confronted with the problem of arranging the solar cells
into & sensor, it was thought that some beam splitting technique would be
advisable. This would have required optics along with the consequent bulk,
weight, and support requirements. A much simpler arrangement was to
utilize the cells as a comperative photometer operating by the principle
shown in figure 1. The basic principle of operation is thet the illumina-
tion of a flat surface is directly proportional to the cosine of the angle
of incidence. The word "illuminstion” is used synonomously with
"illuminence’ to designate the luminous flux per unit ares incident on a
surface and is measured in lumens/ft2 (foot candles) or in lumens/m2
(luxes).

Arranging the cells in the mpanner shown produces & solar senscr that
combines & recently developed device with an ogerating principle that is
several centuries old. The variation of illumination of a flat surface
wvas discussed qualitatively by Leonardo da Vincl in his book on painting
(German edition by Ludwig, Vienns, 1882, p. 308). When Lamberts
"Photometria” appeared in 1760, he presented & mathematicel expression
for the cosine law of veriastion of illuminance with angle of incidence.5

It may be seen from figure 1 that when the sensor is aligned toward

the sun, the incildent scolar radiation is parallel to Np and the cells are
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Figure 1.- Photometrical principle of operation.
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Figure 2.~ Electrical principle of operation.
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equally illumineted to produce equal potentials if their electrical
characteristics are matched. Mismatched cells may be used by placing
a resistor in series with the stronger cell. This balance resistor msy
also be used to point the sensor at some other desired angle to the sun,
The cells are connected in a battery-bridge circuit shown in
figure 2. When the solar sensor is aligned toward the center of the
solar disk, there will be no current through the center of the bridge
which is actually the control system. If, however, the incident radia-
tion forms an angle, 6, with the sensor normsl Np, then the more
illuminated cell will produce an electrical signal through the center
of the bridge. This signal will increase in intensity with increasing
error engle, ©, because the difference in cell illuminstion also
increases with lncreasing ©. The form of this increase can be seen

from the gecmetry of figure 1. The illuminatim of cell 1 is given by

I; = I, coc (a+ 8)

until cell 1 is completely shaded out. This occurs when

g = 90O -

The illumination of cell 2 is given by

I, = Ipax cos (a ~ 8)

until the sun is no longer in the field of view of the sensor. This

occurs when

6 = 90° + a
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Prior to the construction of an experimentel solar sensor, Lwo
inclined silicon cells were taken on the rooftop and aligned in azimuth
and vertical directions. The voltage output was recorded at various
intervals along with the time of reading. The angular positions of the
sun were then computed from the position and time. An increase in
gignal was noted as the pointing error incressed. The data obtained
were not teken upder controlled conditions due to clouds, building
reflections, changes ip solar elevation with consequent change of
cptical depth, etc. From the genersl trend of the dats, however, it was
thought that the sensor of figure 1 could be used, at least for somevhat
uncritical types of orientation applications.

In figure 1 we have only discussed single-degree-cof-freedom orienta-
tion. A second axis of orientation may be obtalned by adding a seccond
set of cells rotated 900 to the first set ebout Ng.

A variable parameter of figure 1 that readily comes to mind is the
angle of solar cell inclination to the base, a. In order to determine
the influence of a upon the difference in cell illumination for various
values of the pointing errcr, figure » was plotted. From this figure one
may see that the steeper angles of cell inclination produce both & high
small-angle sensitivity end & wide angle of solar capture capabiliity.

The complete equations for the curves of figure 5 are as follows:

when both cells are illuminated
AL = Imﬁx[gos(a - 8) - cos(a + éﬂ 0<0<(9° -a)
when one cell only is illuminated

6T = L. cos{a - 8) (90° - @) < 8 < (90° + a)
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Figure 4.- Shading effect of opaque shield. Dimensions are shown for
the calculations of appendix A.
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L4
and when neither cel; 15 1lluminated
Al =0 (90° + a) <0 < 180°

The other two guadrantis are not ncccesary btecouse of symmetry; the roles
of I and Ip would simply be reversed.

Before the actual construction of an experimental version of the
solar sensor, an additional technique was considered which would improve
the small angle sensitivity with no loss of capture capability but with
a slight increase in the dimensions of the sensor. This technigue was
the addition of an opague shield at the apex of the sensor as is shown
in figure 4. From this figure one may see, qualitetively at least, that
the shadow cast by the ehield on cell 1 will cause a greater change in
sensor output for small error angles because the shadow causes the
illumination of cell 1 to decrease more rapidly with increasing 9. This
effect is shown grsphically in figure 5 for which an inclination angle,
a, of 80° was assumed. For this figure, a shield length of 5 inches
wag selected as a reasonable compromise between sensitivity incresse and
additional bulk.

The method of obtaining figure 5 is as follows:

Referring to figure 4, the illumination of either cell may be

expressed as

I =Cw(l - qg)cos B
where
C illumination on a flat surface located in the vicinity of the
cell and normal to the illumineting source

w width of cell
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4 length of cell
q amount of cell's length shaded by shield
B angle of incidence

The area of cell 1 under illumination is
Sl =W(3 - Q)
From the geometry of figure 4
H sin 8

q =
cos{a + 0)

s0 that

Sl =l - H sin 9
cos(a + 9)

Since the illuminetion of cell 1 diminishes as the cosine of the angle

of incidence, this illumination is
H sin 6
I, = Cw cos(a + 8) |1 - ——n—r
cos(a + 9)
Similerly for cell 2
Ip = Cwl cos(a - 8)
Subtraction ylelds
I, - I; =AI = Cw[} cos{a -~ 8) - 1 cos(a + 0) + H sin é]
for the condition

0 E 8 S ecrit
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where @ is the velue of & for which cell 1 becomes completely

crit

shaded and iz given by

- -1 cos @
b‘crit = tan —

H+ sina

For larger values of ©
O = Cwl cos(a - 8)

It mey be noted that the special case of the equation which cccurs when
H =0 1is that used previously for the coarse sensor.
The effect of changing the length of the opayue shield for small

error angles is given when 9 < € From the relationship of H

critg*
and AI, it is seen that the cptimum length of the shield is e more

or less arbitrary parameter which can be decided upon only after con-
sideration is given to structural fectors, missicn requirements, and
space avallable for the sensor.

2till another quantity subject to change 1s the geometric shape of
the cell which maey be used to a limited extent to control the slope of
the c.rve in figure 5 for 8 < 6,.4¢- For most purposes & smooth maxi-
mum slope is desired, which led to the use of rectangular cells in this
discussion.

The calculations showing the effect of the shield have a slight
error since they do not take account of the penumbra due tc the finite
angle (sbout 3= min.) subtended by the sclar disk. Furthermore it must
be noted that figure % and figure $ do not precisely describe the solar
sensor output principslly because of the nonlinear charactericstics of

photovoltaic cells such as the silicon solar cells.
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It is thought, however, that these ficures serve &s a rough guide
to indicate the general effects of changing various parameters, such
as the angle of inclinatlon to the base, the length of the opaque shield,
and the meximum value of the illuminetion. The effects of these factors

are described more realistically in the "Conclusions' section of this

paper.

Apparatus

The experimental version of the solar sensor presented in figure 6
was constructed for use on the single-degree-of-freedom platform shown
in figure 7 which is mounted on the air bearing shown in figure 8 and
oriented toward a light source simulating the sun.

The sensor of figure 6 uses four 0.5-inch by l-inch rectangular
cells connected in series to produce two 0.5-inch by l-inch rectangular
units on each face, which is inclined at an angle of 80° to the base
of the sensor. The opaque shield was % inchee in length with a 1.5-inch
square cross section. The center of the bridge circuit was a 1,000-ohm
precision resistor (1 percent) to simulate the control system impedance,
The circular cells recessed in the opaque shield were used to provide
an independent error angle signsl which provided rate information for
damping of the platform.

Figure 7 shows an early version of the test platform used as a
breadboard version of the solar sensor, control system, and reaction
jete. At the top of the photograph is a makeshift soler sensor used
vhile awaiting construction of the version shown in figure 6. At the
left of the photograpb in figure 7, the solenoid valves end torqgue-

producing jets mey be seen. The compressed nitrogen storage bottle
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appears near the center, and the plunbing and circultry ere to the
right of the bottle and behind 1t. The long verticel bars are used
to suspend and sdjust weights to pocition the center of mass of the
platform.

This platform was mounted on the air bearing shown in figure 8. The
.Temale portion of this bearing shown on the left consists of a hemispherical
socket with an air orifice at the center and 32 other orifices distributed
along the lower portion. Pressurized sair flowing through these orifices
provide the male portion of the bearing (shown in its inverted position
on the right half of the photograph) with a cushion of air upon which to
"ride." This bearing allowed the test platform to rotate with very little
retardation. .

The bearing and platform described were used to test the integrated
solar orientation system. The equipment used to calibrate the solar
sensor separately is shown in figures § and 10.

Figure 9 shows the experimentsl solar sensor mounted on a protractor
head (left end of photograph) clamped to the end of the I-beam. To obtain
angle sensitivity data for large angles (capture phase), the protractor
head was unclamped from the I-beam and rotated through a complete circle
while being illuminated by & fixed light source. The I-besm apparatus
was used to obtain fine-pointing engle sensitivity deta. The besm itself
is 41 inches in length and is supported on one end (left side of photo-
graph) by a vertical torsion bar while the unsupported end (right side of
photograph) was moved in a horizontal direction by a micrometer drive

screw Lo rotate the beam through very small angles.
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The reason for the torsion bar pivot is to eliminate lateral dis-
placements of the pivot end of the beam which would result from bearing
tolerances or eccentricity if & conventionsl bearing support had been
used. Due to the extremely high ratioc of I-beam flexurel rigidity to
tersion-bar torsional rigidity, the I-bteam flexursl rigidity introcduces
virtually nc error. Any lateral motions of the supported end which muy
have occurred could not be detected with & microscope.

The small displaccments of the free end produced by the micrometer
drive screw were read on a microscope relicle attached to the free end.
This reticle consisted of 100 lines per millimeter, and could be read
tv the nearest helf line. Thic corresponds to an angular reading accuracy
of 1 second of arc rotation of the sensor.

The light source used in conjuncticn with the angle sensitivity
weasurewent apparetis is shown in flgure 10. This consists of an air-
craft landing lump (left side of photograph), Westinghouse pumber 4559,
600 watts, operated by a Tabtron DC power supply producing 20 volts.

At 1 inch in front of the alrcraft lendlng lemp is placed 8 circular tube
and dizk (left end center of photograph). The disk and tube were painted
flat black tc prevert stray light retlections and to limit the slze of
the besw. The tube was 36 inches long with & 2-3/4 inch inside diameter.
The solar sensor was placed 60 inches frowm the closest end of the tube.
At this location the light source delivered 1,200-foot condles as
measured by o Wollensall Fastex Foot Candle Meter.

This amount of illuminence is about 9 percent of that produced by
the sun at one astroncmical unit outside of the earth's atmosphere.é

The spectrum of the aircraft lunding lemp is of course shifted toward



the infrared as compared with the sun. Figure 1l shows the spectrum
of an aircraft landing lamp, the sun, and the response of & silicon
solar cell superimposed.7 From this figure it is seen that the solar
sengor response curve peaks in the red region of the solar radistion
and in the blue region of the aircraft landing lamp spectrum so &s
to obtain roughly similar amounts of energy from each of these sources.
As the sensor was rotated in the beam of light from the lemp, output
voltages across the load resistor were read with a Hewlett Packard
Model 425A DC Micro volt-ampere meter. This meter has an accﬁracy of
within ¥3 percent of end scale, and en input impedance of the order
of 1 megohbm. When the small angle sensitivity readings were taken,
room vibrations ceused some difficulty in reading the meter since the
needle executed small vibrations in a random fashion. These veriations
were carefully watched and average readings were taken for each data

point.

Environmental

A solsr sensor must be cspable of relisble;, prolonged operation in
the environment of space. Among the hazards likely to be encountered
are severe particle and electromagnetic radiation, vacuum, and micrometeor
bombardment.

Silicon cells have proven capable of reliable operation in a space
environment by the satellite, 1958 Beta, whose cells have been operating
for an extended period. Come lasboratory tests on the effects of radiation
on silicon cells have been performed,8 and they have been found tc with-

gtand ultraviolet, X-rays, gsmme rays, electrons, protons, and alpha
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particles of moderate energy. The resulis of these tests indicate that
gilicen solar cells decrease thelir output to 79 percent their original
value in about 14 years. Hence the solar sensor eensitivity would have
8 similar decrease. It must be reelized, however, that these values
are extremely rough, and better estimates must await more complete data
concerning the neture of the Van Allen belt and other deleterious
phenomena such as solar proton streans.

Another hazard to the solar sensor is the damage which might be
caused by micrometecrite erosion and puncture. However, present data
indicate that this problem is less serious than 1s radiation damage.g
In order to protect the silicon cells from the sandblasting effects
of micrometeorites, windows of highly resistent fused silice may be
provided.

Although these have favorsble mechanicsl properties, up to 20 per-
cent of the transmitted enerygy may still be lost by the sandblasting
effects.lo This indicates that the sensitivity would eventually be
reduced by about 20 percent due to micrometeorites if windows of
fused silica were used to cover the sensor.

Another environmental effect on the solar sensor sensitivity is
temperature, The temperature coefficient of conversion efficiency is
-0.5 percent per degree centigrade for the range between +20° C and
+175° C (Hoffman Electronics Corporation, Technical Information Bulletin
number TIB 32-58). A 10° tempersture rise in this range would therefore
lower the sensitivity by 5 percent. It is believed that this would not

present & serious problem because of advances made in the thermal control



of spece vehicles, and because of recent knowledge of the probable

thermal environment of a satellite (ref. 11, for example).
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CHAPTER II

EXPERIMENTAL RESULTS

Data

The wide angle calibration curve of figure 12 was obtained by
roteting the solar sensor at various angles to the beam emitted from
the sircreft lsnding lamp. From this curve,; one wmay see the high angle
gsensitivity of the solar sensor for small angles, This portion of the
curve will be shown later in greater detail. The slight essymmetry
results from the initial mismatch of the characteristics of the silicon
cells used, since no belance resistors were employed in the experimental
solar sensor. Another factor contributing to the asymmetry is the
failure to determine the precise null position for the wide angle curve.
A large portion of the wide caepture cepsbility is also shown here. A
conspicucus feature of this wide angle curve is the sharp knee which
sppears just beyond the steep linear portion of the curve. A nonlinear
characteristic of the silicon soler cell is responsible for this.

The nonlinesr characteristic accounting for the sharp knee appearing
in figure 12 is that the solar cells attained rapid ssturation as may
be seen from the gaturation curve of figure 15, This curve was cobtained
by varying the operating voltage of the aircraft landing lamp to reduce
the illuminetion on one face of the solar sensor situated nérmal to the

light source. Measurements were agsin tsken with the foot candle meter

50
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reallzing some inaccuracies may have been introduced by a gpectrum
shift toward the red when the temperature of the tungsten fileanent
decreased.

Cheracteristic curves for silicon cells may be found in reference 12.
These curves indicate that for high values of load resistance and
illumination, the product of the current and load resistance becowmes
consgtant.

The fine-pointing angle sensitivity curve is shown in figure 1b.
This curve was obtained with the method and apperatus described in an
earlier section of this paper. The solar sensor had & load resistance
of 1,000 olms and an illumination of 1,200 foot candles. The linearity
of the curve in the resion shown is desirsble for procescing the
electrical gignal. The fine—angle sensitivity is cobtained from the
slope of the curve. This slope produces & sensor output of 1.2 milli-

volts per second of arc.
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CHAPTER I1II

CONCLUCIONE

The preliminary research precsented in this paper indicates the
feasibility of the conflguraticn studied. Previous sensors have had
more inherent disadventages, particularly in regsrd to continuous,
sccurate soler orlentation of & space vehicle. The two basic factors
contributing to the advantages of the sensor presented are simplicity
of design and the use of silicon solar cells as the photosensitive
elements.

Specific factors contributing to the reliability of the sensor
studied in this paper are as follows:

1. The sensor is able to withstend the deleterious effects of &
space environment. Silicon cells have already performed for prolonged
periods of space.

2. The solar sensor consumes no power. Previous sensors used
phototubes which require external power for their operation. Eilicon
cells, however, are self-powering asnd heve s high conversion efficiency.

4. No optical components are needed. The operating principel is
photometric, Nothing is needed to focus the beam or protect the silicon
cells from optical destruction. Previous sensors employing phototubes
required care to prevent "burning.”

4, The sensor has no moving perts to cause failure or frictional

wear.
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5. For meny applications, such as the orientation of silicon
cell banks toc power a satellite, only one unit is required to perform
the separate functions of initial acouisition of the soler dizk and fine
pointing to hold the solar pointing error within narrow limits for long
periods of operation. Previous sensors used separate units to perform
the operations of initial and final orientation.

6. The sensor is light in weight due to the small number of parts
needed.

7. The sensor has sufficient mechanical strength because it has
no delicate parts.

3. The size of the sensor is reasonable. Without an opeque shield
the solar sensor occuplies sbout a cubic inch. The addition of a shield
will add only several inches to the sensor's length, but this mey be
compensated for by producing greater angle sensitivity for small angles
with no resulting loss of field of view.

9. The sensor is easily and cheaply constructed because of the
simplicity of its component parts. Alignment of cells on the sensor
is not extremely critical since final alignment may be accomplished with
the balance resistors shown in figure 2.

10. The electrical drift of the sensor is very slight. £1licon solar
cells exhibit very little optical fatigue, and will operate as stable
reference stenderds for long periods even under full sunlight. The drift
problem was especially acute for previous solar sensors.

1l. The electrical signal produced by the solar sensor is easy to
process. The cutput consists of a voltaege increasing with error angle
aend reversing polarity es the error angle passes through and beyond the

null. Two-degree~of-freedom orientation uses two independent output voltages.
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12, 7The experimental sensor verified many sspects of the theo-
retical feasibility sitadies.

13. The experimental sensor proved that by using the configuration
presented, it is poesible to obtain ar zngle zensitivity of at least
1.2 millivelts per second of arc through a control system with a
resistance of 1000 ohus.

14, The censor presented iz capable of orienting a space vehicle
to at least 17 seconds of arc. The experimental senscr shown in figure 6
has been ground tested on an air-bearinyg-supported plstform in cone-
Junction with an on-off control system and nitrogen gas jets. This
platform has been shle to capture and hold a test light scurce with
a final pointing error of 17 seconds of arc from an initislly pcinting
error of greater than 900. This is thought to be still a couple orders
of magnitude from the inherent capebilities of the sensor, and reflects
merely the state of development of the control system used.

It has alsc been found thst in order to more closely predict the
output of the sensor at various inclination angles between the cells
and the base, it is necessary to consider the nonlinear voltage output
characteristic as the illuminsticn on & cell is varied. This character-
istic was shown in figure 15 for a particular load resistance and
light source.

Further research is being conducted tc optimize the sensor for
use with various types of control systems. Future experiments with the
solar sencor will use a mercury-xenon vapor lamp Lo more closely

duplicate the sclar intensity and spectrum.



Future experimentation with the solar sensor presented in this
thesis includes a four-stage vertical probe which is now being prepared
tc test the complete solar orientation system st an altitude of

several hundred miles.
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