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3,317,732
CANGPUS DETECTOR INCLUBDING AUTOMOTIVE
GAIN CONTROL OF PHOTOMULTIPLIER TUBE

James E. Webb, Administraior of the National Aero-

navtics and Space Administration, with respect to an

invention of Daryl D. Errett and Evgene W. Peterson,

both of Santa Barbara, Calif.

Filed June 38, 1965, Ser. No. 468,647
11 Claims. (CL 250—203)

The invention described herein was made in the per-
formance of work under a NASA contract and is subject
to the provisions of Section 305 of the National Aeronau-
tics and Space Act of 1958, Public Law 85-568 (72 Stat.
435; 42 U.S.C. 2457).

This invention relates generally to star sensors, and
more particularly to an improved star sensor using sun-
light as a reference for discriminating between stars.

One of the basic requirements of controlling the course
of an unmanned spacecraft or vehicle in space is to con-
trol the attitude of the vehicle with respect to a reference
plane, from which navigational maneuvers can be pro-
grammed. One plane which could be used for such pur-
poses is a plane which includes the direction of the vehi-
cle toward the sun, hereafter referred to as the sun axis
and the direction of the vehicle to the star Canopus, here-
after referred to as the star axis. As is well known, the
star Canopus which is the second brightest star in the
heavens lies about 14° from the perpendicular to the
ecliptic plane which is the plane in which the earth ro-
tates about the sun.

With presently known techniques, sun sensors may be
used to control the pitch and yaw of the space vehicle
about the sun axis. Also, the roll attitude may be con-
trolled by first sensing Canopus with a star sensor and then
tracking Canopus so that the attitude of the vehicle is con-
trolled with respect to the reference plane which includes
the sun and star axes. Once the vehicle is positioned with
respect to such a plane, any navigational manzsuvers may
be performed with respect thereto.

Various devices are presently known which are capa-
ble of sensing and tracking the sun. However sensing a
selected star such as Canopus from the rest of the stars
is quite complex requiring a very precise star sensor which
is capable of discriminating between light from Canopus
and the rest of the stars in the heavens.

Accordingly, it is an object of the present invention
to provide a star sensor which is capable of sensing a par-
ticular star.

Another object of the present invention is the provi- °

sion of a star sensor which is capable of distinguishing
the star Canopus from the rest of the light radiating
bodies in the heavens.

A further object of the invention is to provide a highly |
reliable sensor to distinguish the star Canopus from the *

rest of the stars in the heavens and then track it so that
the light therefrom can be used to control the attitude of
a space vehicle.

Still a further object of the invention is the provision
of a novel Canopus star sensor which senses Canopus and
controls the roll attitude of a spacecraft as a function of
light received from Canopus, the pitch and yaw attitudes
of the craft above a sun axis being controlled by sun
SENnsors.

These and other objects of the invention are achieved
by providing a star sensor which includes a light sensi-
tive element such as a photomultiplier, the output of which
is made a function of not only light received from an un-
known star which is in the field of view of the sensor, but
which is also a function of light received from the sun.
The light from the sun is used as a reference with re-
spect to which the light received from an unidentified
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star is measured. It has been found that Canopus is not
only ideally located as a navigational reference (by being
in a direction which is nearly perpendicular to the eclip-
tic path), but is also the second brightest star in the sky
and differs by nearly one magnitude from the brightest
and third brightest stars.

In the sensor of the present invention, the light from
the sun is used to control the operation or gain of the
photomultiplier so that the amplitude of the output signal
therefrom is related to the ratio of illumination by a star
in the field of view of the sensor and the sun. Knowing
the relative intensity of Canopus with respect to the sun
and the other stars, the expected amplitude of the photo-
multiplier when Canopus is in the field of view of the
sensor is known. Thus, the sensor of the invention in-
cludes a Canopus indicate circuit which produces a pre-
determined signal only when the amplitude of the photo-
multiplier’s output falls between two preset thresholds of
approximately =.05 magnitudes from Canopus’ nominal
intensity, thereby indicating that Canopus is in the field
of view of the sensor. Once Canopus is sensed, the roll
attitude of the vehicle is controlled by maintaining the
light therefrom at a predetermined point in the field of
view of the sensor.

The use of light from the sun as a reference with which
light from unknown stars is compared has greatly in-
creased the reliability with which the star Canopus may
be distingnished from the rest of the stars in the heavens.
Since sensing the sun is relatively easy, once Canopus is
distinguished from the rest of the stars, the desired refer-
ence plane is produced about which selected course cor-
rection maneuvers may be performed.

The novel features that are considered characteristic
of this invention are set forth with particularity in the ap-
pended claims. The invention itself both as to its organi-
zation and method of operation, as well as additional ob-
jects and advantages thereof, will best be understood from
the following description when read in connection with
the accompanying drawings, in which:

FIGURE 1 is a diagram of the optical pertion of the
novel sensor of the present invention; and

FIGURE 2 is a block diagram of the circuitry of the
sensor of the invention.

For a better understanding of the novel star sensor of
the present invention, hereafter, the sensor will be de-
scribed in conjunction with the star Canopus, which is
first sensed and thereafter tracked to control the roll at-
titude of a space vehicle. However, it will be appreciated
that the sensor disclosed herein may be used to sense any
body which radiates light differing by a predetermined
magnitude from light from other bodies, so that when 2
signal between predetermined thresholds is received, it
indicates that the particular body is within the sensor’s
field of view.

As previously indicated, Canopus, which lies about 14°
from the perpendicular to the ecliptic plane, is ideally
suited to be used in controlling the attitude of a space
vehicle in a trajectory in the ecliptic plane. Tt is assumed
that a vehicle includes a sensing system which comprises a
sun sensor used to sense the sun and control the piich and
yaw of the vehicle about the direction towards the sun,
i.e. the sun axis. Once this is accomplished by known
techniques, the vehicle is caused to rotate or roll about
The sensing system is also assumed to in-
corporate the novel star sensor of the present invention.

As the vehicle rolls about its sun axis, different stars
enter the field of view of the sensor. The sensor, as will
be explained hereaffer in detail, is designed to accurately
distinguish between light from Canopus and other stars,
namely, discriminate between Canopus and the other stars.
Once it is determined that Canopus is in the sensor’s field
of view, the sensor tracks or locks unto Canopus to con-
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trol the roll of the vehicle by maintaining Canopus in the
center of its field of view. Any deviation from the center
produces a roll error signal which is fed to a roll attitude
control circuit in order to correct the vehicle’s roll attitude.

ttention is now called to FIGURE 1 which is a sim-
plified diagram of the optical portion of the novel sensor
of the invention. The cover of the sensor is removed
to reveal the internal structure thereof. As seen, the
sensor of the invention includes an optical telescopic-like
tube 11, with a sunlight filter 12 positioned near one open-
ing thereof. Sunlight designated by solid arrow 14 enters
the tube 11 through the filter 12 which may include a glass
diffuser to allow for small variations in the incidence
angle of the sun’s rays. Lenses 16 and 18 focus the sun-
light unto a pinhole exit 24 through a color correction
filter 22. The sunlight emerging from the pinhole exit 20
passes through a chopper disc 44 and is directed by means
of a fiber optics light pipe 24 to a select incremental area
26 of a photomultiplier 38. The function of filters 12
and 22 is to control the intensity and color of light from
the sun which is directed to the area 26 of photomultiplier
30. The intensity and color of the sunlight are controlled
to equal that of the light from Canopus in order to mini-
mize shotnoise of the photomultiplier 30 and further
insure that any gain changes of the photomultiplier will
equally affect the sun and star signals.

Light from the star Canopus is directed unto the in-
cremental area 26 by means of an optical assembly which
includes an adjustable acquisition mirror 32. As previ-
ously pointed out, Canopus is at about 14° from the per-
pendicular to the ecliptic path or plane. By coincidence,
the maximum angle between the direction to the sun and
Canopus of 104° occurs at approximately the winter sol-
stice and the minimum angle of 76° occurs at the sum-
mer solstice. Knowing the position in space at which
navigational maneuvers are to be performed, the angle
which Canopus makes with the direction to the sun is
known. Prior to the mission, the mirror 32 is adjusted to
be at such desired angle with respect to the sun sensors
of the sensing system so that after the sun is sensed and
the pitch and yaw of the vehicle are controlled, light from
Canopus may be directed thereto. In FIGURE 1, the
angle 0 represents the possible adjustment of the mir-
ror 32.

Light designated by arrow 34 from Canopus or any
unidentified light radiating body is reflected by the mirror
32 to scan mirror 36 and therefrom to a folding mirror
38 through a lens 40. The function of mirror 36 will
be explained hereafter in conjunction with tracking the

star Canopus to provide roll attitude control signals. The

function of lens 40 is to focus the light from an uniden-
tified body through an aperture 42 in a plate 42x placed
upon the chopper disc 44. The focused light is then
guided by a pair of lenses 46 to the incremental area 26
of photomultiplier 30.

As is known in the art, the photomultiplier 3¢ produces
an output which is related to the intensity of the light
directed unto the incremental area 26. Since in the
present invention the light at area 26 is from both the
sun and an unidentified star, it is necessary to provide
means to separate the effect of the sunlight on the photo-
multiplier and that produced by the light from the star.
This is accomplished by means of a pair of light choppers
5% and 54 on the chopper disc 44 rotatably driven by a
chopper motor 36 in a direction of arrow 58. In one
embodiment, the sunlight is chopped by chopper 52 at
2.3 kitocycles (kc.) and the light from the unidentified
star is chopped by chopper 54 at 3.9 ke.

Reference is now made to FIGURE 2 which is a block
diagram of the circuitry of the novel sensor of the present
invention, used to analyze the output of photomultiplier
30 in order to produce the desired control signals. The
block designated by numeral 18 represents the arrange-
ment shown in FIGURE 1. As seen, the output of tube
30 in response to sunlight (arrow 14) and light (arrow
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34) from an unidentified star is supplied to an amplifier
62. The amplifier 62 is connected to filters 64 and 66,
the respective outputs of which are connected to ampli-
fiers 74 and 76. The function of filters 64 and 66 which
are centered at frequencies 3.9 kc. and 2.3 kc. respec-
tively, is to separate the output of the photomultiplier 30
into two signals related to the light from the sun and the
unidentified star respectively. Thus, the amplitude of the
output of amplifier 74 is related to the intensity of the
star and the output of amplifier 76 is related to the
intensity of the sunlight.

The output of the amplifier 76 is supplied to the bias
supply 30x of the photomultiplier 3¢ through an auto-
matic gain control (AGC) amplifier 78. The function of
the sunlight is to control the gain of the photomultiplier
39 by controiling the high voltage or bias of the photo-
multiplier by the output of the AGC amplifier 78, which
in turn responds to the sunlight signal of amplifier 76.
In one embodiment of the invention, the sun channel is
maintained at 5.4 volts peak-to-peak by the AGC ampli-
fier. Once the sunlight controls the gain of the photo-
multiplier, the output of amplifier 74 is directly propor-
tional not merely to the intensity of the starlight but rather
to the ratio of the illumination of the star and the sun.

As previously stated, the brightness of Canopus rela-
tive to the brightness of the sun differs by approximately
one magnitude from the brightest and third brightest
stars. Thus, by determining the relative brightness of
Canopus with respect to the sun, the expected output of
the amplifier 74 when Canopus is in the sensor’s field of
view is determined. The sensor of the present invention
includes a threshold circuit 8¢ to which the output of
amplifier 74 is supplied. The circuit 80 includes conven-
tional threshold circuits which are set to produce a par-
icular output signal, such as --10 volts D.C. only when
the output of amplifier 74 is between two preset threshold
levels of --0.5 magnitudes from Canopus’ nominal in-
tensity. Since the relative brightness of Canopus differs
by approximately one magnitude from the brightest and
third brightest stars, only when Canopus is in the field
of view of the sensor will the output of circuit 80 be 10
volts. Light from any other star, whether brighter or
dimmer than Canopus by approximately one magnitude,
will cause amplifier 74 to produce outputs which fall
below or above the threshold levels, causing the threshold
circuit to produce an output signal which differs from 10
volts, such as 0 volts. Thus, as long as the output signal
of threshold circuit is zero volts, the light in the sensor’s
field of view is not from Canopus. Only when Canopus
is in the field of view does the output signal become 10
volts, thereby indicating that Canopus has been located.

It has been found that the use of sunlight to control
the gain of the photomultiplier and therefore the output
signal from amplifier 74 is particularly significant in dis-
criminating between Canopus and other stars. In es-
sence, the sunlight is used as a reference to discriminate
between light from a particular star, such as Canopus, and
the rest of the stars. In fact, any star whose brightness
differs by known magnitudes from other brighter or dim-
mer stars may be detected by adjusting the thresholds (in
circuit 80) so that when the output of amplifier 74 falls
between such thresholds, it is known that light from the
particular star is received.

It sheuld be appreciated that the precision with which
the sensor can discriminate Canopus from the other
stars is primarily determined by the accuracy with which
the ratio of Canopus’ intensity outside of the atmosphere
and that of the sun can be determined and set into the
threshold circuit 88, in the form of the threshold levels.
Unfortunately, Canopus is only barely visible in the
Northern Hemisphere, but it is visible in the Southern
Hemisphere where measurements on its relative brightness
with respect to the sun and other stars, such as Sirius,
can be made to determine its relative brightness.

Reference is again made to FIGURE 2 wherein the
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novel sensor of the present invention is shown including
a roll control circuit 90. The function of circuit 90 is
to control the roll of the vehicle about the sun axis by
maintaining the star Canopus at the center of its field of
view. As previously pointed out, the sensor includes a
scan mirror 36 which reflects the starlight to the lens 40.
The mirror 36 is coupled to a scanning driving circuit
36s (FIGURE 1). Circuit 36s is assumed to include a
synchronous motor to provide the mirror, by means of a
coupled cam, an angular motion which is constant except
in the vicinity of maximum amplitude where the direction
of motion is changing. The motion of the scan mirror
36 causes the image of any object viewed by the lens 40 to
move in the roll direction indicated in FIGURE 1 by
arrow 36x slightly more than #+2.0°. The dimension of
aperture 42 in the roll axis is limited to 4°. A star will
pass in and out of the field of view during portions of each
scan mirror cycle depending upon its direction relative to
the roll axis of the optical system.

In synchronism with the scan mirror motion, the angle
of the mirror 36 with respect to its center position, is sensed
to energize a reference signal detector 92 to provide a
“plus” or “minus” gating signal depending upon the angle
of the mirror with respect to its center position. The
plus and minus gating signals which form a reference
square wave signal is supplied together with the modulated
starlight from amplifier 74 to a modulation phase de-
tector 94. The detector compares the modulation en-
velope of the starlight signal with the reference square
wave signal and delivers a D.C. output proportional to
the position of the star along the roll axis. The phasing
may be controlled so that detector 94 produces an out-
put voltage of 0 to *=4 volts D.C. as a function of the
position of the star in roll axis with respect to the center
of the field of view. By controlling the sensor so that
the output of detector 94 is zero, the star is always in the
center of the field of view. The roll control circuit 90
also includes a source of blanking pulses 96 which are
generated in response to the square wave signal from
detector 92 to inhibit the detector 94 from responding to
the output of amplifier 74 when the motion of the scan
mirror is reversed.

From the foregoing, it should thus be appreciated that
the present invention provides a novel star sensor which
uses sunlight as a reference to discriminate between light
from a particular star and light from other light radiating
bodies. The sensor comprises a sun channel which is used
to control the gain of a photomultiplier which produces
an output to a star channel which is directly proportional
to the ratio of illumination by the star and the sun. By
properly attenuating the sunlight, shot-noise of the ampli-
fier is minimized. Further, by equating the intensity and
color of the sunlight to the expected light from the par-
ticular star and by directing the sunlight and starlight unto
the same incremental area of the photomultiplier, any
gain changes of the photomultiplier equally affect the
star and sun signals.

The sensor includes a thresholding circuit which pro-
duces a particular output (10 volts) only when a particular
star, such as Canopus, is in the field of view. The sensor
also includes a roll control circuit which produces an
output which is useable to control the roll attitude of the
space vehicle about the sun axis by detecting deviations
of light from Canopus with respect to the center of the
sensor’s field of view.

In additicn to the foregoing, the output of amplifier
74 may be supplied to an amplitude detector and filter
circuit 110. The output of circuit 110 is controlled to be
a D.C. signal, the amplitude of which is at all times re-
lated to the intensity of the light from any star in the
field of view of the sensor.

There has accordingly been shown and described herein
a novel star sensor which is capable of accurately dis-
criminating between light from a particular star and light
from any other light radiating bodies. Sunlight is used
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as a light intensity reference to control the sensitivity of
the sensor to light from unidentified sources so that only
when light from a particular source which varies by a
known magnitude from all other light sources is in the
sensor’s field of view is a particular output produced.
Although the invention has been described with specific
examples, it should be appreciated that those familiar with
the art may make modifications in the arrangements as
shown without departing from the spirit of the invention
which is claimed in the appended claims.

What is claimed is:

i. A star sensor for discriminating between light from
a selected star of a predetermined brightness and light
from other light radiating bodies, the light from said
other bodies differing from the light from said selected
star by a predetermined magnitude comprising:

light sensitive means;

sun means for directing sunlight to said light sensitive

means;
means for controlling the output of said light sensitive
means as a function of said sunlight directed thereto;

optical means having a predetermined field of view for
directing light from a light radiating body in the
field of view thereof to said light sensitive means; and

means including threshold means for providing an out-
put which is directly proportional to the ratio of the
illuminations of the sun and the light radiating body,
said output being between predetermined threshold
levels when said selected star is in the field of view
of said optical means.

2. The star sensor of claim 1 wherein said threshold
means include means for providing a signal of a prede-
termined amplitude only when said output is between
predetermined limits.

3. A sensor for discriminating between light within a
predetermined intensity range and light outside said in-
tensity range comprising:

light intensity sensitive means;

reference means for controlling with reference light of

a predetermined intensity the sensitivity of said light
intensity sensitive means to intensity of light directed
thereto, said sensitive means providing a signal which
is related to the intensities of said reference light and
the light directed thereto; and

means for producing a first output signal in response

to light directed to said light intensity sensitive means
of an intensity within said predetermined range
when the signal from said sensitive means is within
predetermined levels and for producing a second out-
put signal when the signal from said sensitive means
is outside said predetermined levels indicating that
the light directed thereto is of an intensity outside
said predetermined range.

4. The sensor of claim 3 wherein said reference light
is sunlight, said reference means including means for ai-
tenuating the sunlight, and means for directing said at-
tenuated sunlight to said light intensity sensitive means.

5. The sensor of claim 4 further including for modu-
lating said attenuated sunlight and light directed from an
unidentified light radiating body; and means for separat-
ing the output of said seusitive means into a first cutput
related to the attenuated sunlight and a second output
which is directly proportional to the ratic of the intensity
of light from said unidentified body and the attenuated
sunlight.

6. A star sensor for discriminating between a selected
light radiating star and the rest of the light radiating stars
in the heavens by discriminating between the relative in-
tensity of light received from said selected star which is
within a predetermined intensity range and the relative
intensities of light received from the other stars com-
prising:

light intensity sensitive means;

means for receiving sunlight;

means for attenuating the received sunlight to be of

a predetermined intensity;
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means for energizing said sensitive mean with said at-
tenuated sunlight to control the sensitivity of said
sensitive means to the intensity of light directed
thereto from an unidentified body;

means having a selected field of view for receiving light

from an unidentified body;

means for energizing said sensitive means with the light

from said unidentified body to provide an output sig-
nal which is proportional to the ratio of the intensity
of light from said unidentified star and the sun, said
sensitive means providing an output signal of an am-
plitude within preselected levels when the intensity
of light from said unidentified body is within said
predetermined range; and

thresholding means responsive to the output signal of

said sensitive means for providing a signal of a pre-
determined amplitude indicative of said selected star
being within the field of view of said star means
only when the amplitude of the output signal of said
sensitive means is within said predetermined levels.

7. The star sensor of claim 6 further including means
for modulating the light received from said star; and

means responsive to said modulated light for providing

a signal related to the direction of light from said
star and the center of said field of view.

8. A star sensor for sensing a selected star out of the
rest of the stars in the heavens by discriminating between
the light from said star which differs in intensity by a
predetermined magnitude from the intensities of light
from the rest of the stars comprising:

light sensitive means;

means for receiving sunlight including filter means for

attenuating said sunlight to be of an intensity related
to the expected intensity of light from said selected
star;

means for enmergizing said light sensitive means with

said atienuated sunlight to provide an output related
thereto;

means responsive to the output of said light sensitive

means which is related to said attenuated sunlight
for controlling the sensitivity of said light sensitive
means to light;

means having a predetermined field of view for re-

ceiving starlight from any unidentified star in said
field of view;

means for energizing said light sensitive means with

said starlight to provide a starlight output from said
light sensitive means which is proportional to the
ratio of the intensities of the light from said uniden-
tified star and said attenuated sunlight the magnitude
of said starlight output being within predetermined
levels only when said selected star is in the field of
view of sald star means; and

threshold means for providing an cutput signal indica-

tive of said selected star being in the field of view of
said star means in response to a star output of said
sensitive means which is within said predetermined
levels.

9. The star sensor of claim 9 including means for pro-
viding an output signal as a function of the relative po-
sition of said selected star in the field of view with respect
to the center of said field of view, the magnitude of said
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output signal being related to the deviation of said star
from the center of said field of view and the polarity of
said output signal being related to the direction of devia-
tion from the center of said field of view.

19. A star sensor for sensing the star Canopus from the
rest of the stars by discriminating between the light from
Canopus which differs in intensity by a predetermined
magnitude from the intensities of the rest of the stars com-
prising:

photomultiplying means for providing an output as a
function of energizing light directed thereto;

a first optical channel comprising means for receiving
and attenuating sunlight to be of an intensity related
to the expected intensity of light from Canopus;

a second optical channel having a predetermined field
of view comprising means for receiving starlight from
an unidentified star in said field of view;

means for modulating said attenuated sunlight and the
starlight received from said unidentified star;

means for energizing said photomultiplying means with
said modulated sunlight and starlight to provide an
output from said photomultiplying means which is
a function of the modulated sunlight and starlight;

means for separating said output into first and second
signals, said first signal being related to the intensity
of said attenuated sunlight;

means for controlling the sensitivity of said photomul-
tiplying means with said first signal whereby said sec-
ond signal is directly proportional to the ratio of the
intensity of the modulated starlight and the modu-
lated sunlight, the magnitude of said second signal
being within predetermined levels only when Canopus
is in the ficld of view of said second optical channel;
and

threshold means responsive to said second signal for
providing a Canopus indicating signal only when the
magnitude of said second signal is within said prede-
termined levels,

11. The sensor of claim 1§ further including means for
detecting the relative direction of Canopus with respect
to the center of the field of view of said second optical
channe! and providing an output signal the magnitude of
which is related to the deviation of the direction of Cano-
pus with respect to the center of said field of view and
the polarity of which is related to the direction of devia-
tion with respect to the center of the field of view.
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