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An Automatic Instrument for the Determination
of Astro-Azimuth

JOSEPH E. CARROLL*
Control Data Corporation, Minneapolis, Minn.

Evaluation of future inertial equipment will require test pad azimuth much more frequently
than is possible with existing theodolites. The present paper proposes a completely auto-
matic instrument for impersonal astronomic observations, which can monitor azimuth
motion over periods as short as a few minutes. The instrument is composed of a wide-angle
optical system, vertically oriented and rigidly attached to the Earth, which scans the night time
star field by virtue of the Earth's rotation. A fixed multislit reticle positioned at the
focal surface interrupts the star image illumination to produce electrical pulses from a photo-
detector. These pulses are timed and processed by a central computer which performs the
tasks of star/slit identification and position and azimuth computation. An analysis is pre-
sented of the application of such an instrument to the rapid determination of precise azi-
muths for a permanent test pad facility. Instrument design and data processing concepts
are described. Simulation data are presented in the areas of star availability (data rate) and
error analysis.

Introduction

THE determination and monitoring of north azimuth is fre-
quently required for inertial component testing in specially

built facilities. As such, the increasing accuracy of inertial
sensors during the coming decade will stretch current azimuth
determination techniques beyond their point of practicality.
Indeed, in a few cases, this has already occurred, since some
sensors (such as the advanced ESG free rotor) are capable of
operation in the sub-arcsec region.

Although azimuth determinations to a fraction of an arcsec
are possible with present theodolite methods,1 they impose re-
quirements in terms of operator skill and observation time
that make them impractical for a continuing program (e.g.,
every clear night and all night long), In addition, the several
hours of sightings necessary to achieve reliable azimuth can
subject the result to systematic errors if azimuth shifts occur
during this time, which are by no means unlikely.

To answer the question "How much time can one allow for
the measurement of azimuth?", we note that in one instance, a
slab rotation of 22 arcsec in 3 hr was observed.8 This is ex-
tremely rare, however. Most peak motions do not exceed
0.25 arcsec/hr.f To observe these and slower rates, a 30-min
observation time should be considered as an upper limit unless
azimuth drift is incorporated in the mathematical model.

We propose a fundamentally different approach that is im-
personal in both measurement and data reduction and is there-
fore inherently free from human mistakes and body heat dis-
tortions. The sensing instrument is simple and has no moving
parts. This will significantly enhance calibration stability
and should lead to very repeatable results. The time re-
quired to obtain a "fix" is usually in the range of 10-20 min,
depending upon the zenith sky star density. This is suffi-
ciently short that rate terms in position (level) and azimuth
are not required in the mathematical model. However, no in-
strument change is needed should it later prove useful to ex-
pand this model.

The permanent installation of such an instrument requires
(besides the usual weather enclosures and stable pier) that the
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astronomic position of the site be surveyed to within 0.28 arc-
sec in longitude but only 2.3 arcmin in latitude (Appendix).
This task, which need only be accomplished once, permits sig-
nificant simplification of the instrument and data processing
over what would be required should position be unknown.

Basically, the concept relies on timing the transits of star
images as they cross a fixed slit pattern as illustrated in Fig. 1.
Such photoelectric registration of star transits dates from the
20's. The first successful use of these transits was made in
Russia in a series of clock-correction experiments from 1937 to
1941.2 Not until the 60's, however, were such detections
applied to geodetic astronomy.3-4 Currently, the Air Force
Cambridge Research Laboratory (AFCRL) is modifying a T4
theodolite for such work.5

A previous paper by the author6 presented many of the con-
cepts and analyses employed in the current instrument but
concentrated on the determination of astronomic position in
field situations. Only slight mention was made of azimuth.
The current paper extends the design to incorporate azimuth
readout and also presents new material in the areas of star
availability, error analysis, and instrument design.

System Configuration

The heart of the new proposed scheme for determining and
monitoring azimuth is composed (see Fig. 1) of a wide-angle
optical system with a radial pattern of slits located at its focal
surface and a photodetector located behind these slits. If
such a system is rigidly fastened to the Earth and is directed
overhead, the pattern of zenith stars will move across the slit
reticle creating pulses at the photodetector output. These
pulses each represent the transit of one star across one slit
and can be timed (by WWV, call letters of the National
Bureau of Standards, for example). The transit time pat-
terns thus generated are fed directly into a computer or re-
corded for later processing. In any event, an appropriate
computer program can identify the transits and determine
from them the celestial pointing direction and north azimuth
of the sensor.

To make use of this information in determining the north
azimuth of a test pad reference mirror, the star sensor should
be located (see Fig. 2) sufficiently far from the main building
to afford an unobstructed view of the zenith sky (including the
avoidance of atmospheric disturbances caused by building
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Fig. 1 Schematic component arrangement for photoelec-
tric star detection.

temperature) and at an elevation so as to permit approxi-
mately horizontal azimuth transfer. (See Appendix).

For the basement facility shown, the star sensor resides in a
well of its own, having a removable cover just above ground
level. A plane-parallel plate of glass provides a quite stable
atmosphere near the aperture as well as protecting the sensor
from dust and debris. The sensor well is connected to the
main test room via a walkway for maintenance and an evac-
uated port (or one filled with neon) for azimuth transfer.
Actual azimuth transfer is accomplished using theodolite
sightings on both the star sensor azimuth mirror and the fa-
cility reference mirror, the results being corrected by the
computer output. An alternative method would employ an
automatic autocollimator switched periodically from the star
sensor mirror to the facility mirror (e.g., via a pentaprism
swung into place). This fully automatic approach can be
generalized to have the star sensor mirror normal pass by a
number of inertial test stands into an autocollimator. A se-
ries of pentaprisms (one for each test stand) could then be se-
quentially switched into the beam. Either arrangement,
with all information fed to a central computer, would provide
nearly continuous and automatic monitoring of north azimuth.

Simplification of instrument design requires that the astro-
nomic position of the star sensor be known to permit correc-
tion of the computed azimuth (see Appendix). If position
were not known, the star sensor would have to contain a re-
versal bearing and level sensor such as is proposed in Ref. 6.
Because of the permanency of the sight, a significant degree of
instrument simplification can thus be effected.

The principal advantages of such a method for automatic
and precision azimuth determination are tabulated in Table 1.

Table 1 Advantages of the new method

Features Advantages

Automatic
operation

Instrument
isolation

Rapid data
accumulation

Zenith sky
Radial slit pattern

Insensitivity to level
variations

No precision manual measurements re-
quired (except for azimuth transfer).
Elimination of personal equation and
mistakes.

Environment can be tailored to instru-
ment rather than operator. Elimina-
tion of operator as source of heat.

Rapid tracking of test pad azimuth varia-
tions. Quick recovery after occasional
cloud cover.

Minimizes refraction effects.
Focal length not required to be known or

remain constant. No need to correct
for vertical refraction. Effects of op-
tical aberrations minimized.

No requirement for level control, stability
or precise knowledge (see Appendix).
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Fig. 2 Exterior sensor location facilitates zenith operation
as well as transfer into the test room.

A typical operational sequence might proceed as follows: at
sundown, the hatch is opened, the sensor approximately lev-
eled, and the computer/electronics system checked out.
When sufficiently dark, the system is turned on and begins to
accumulate transits. Depending upon star pattern density, a
complete determination can be made in a few minutes.
Each transit thereafter serves to increase accuracy, until the
point is reached at which the oldest transits are deleted from
the solution (depending upon the length of time over which
the math model is valid and the desired accuracy). For the
rest of the night (unless observing is interrupted) the solution
is based upon only the latest transits (e.g., over the last 15
min) and a continuous azimuth value is printed out.J At
the approach of dawn, the system can be shut down in the re-
verse order of its set-up.

Instrument Design

The star sensor (Fig. 3) is of simple design, having no mov-
ing parts except for the coarse level adjustment screws. The
optical design is somewhat unconventional in order to assure
high quality images over a wide field of view. As discussed
later, the tradeoff between field of view, number of slits, and
limiting detectable star magnitude is not clear-cut. The de-
sign shown in Fig. 3 possesses a 16° field of view, has 13 slits/
fan in the reticle, and detects stars down to 5.6 magnitude.
All surfaces (including the focal surface) are spherical and con-
centric to the aperture, except that the interface between the
two types of glass in the meniscus corrector (which is spheri-
cal) is not concentric with the other surfaces. The primary
mirror suffers from spherical aberration which is removed at
one wavelength by the corrector. This refractive element in-
troduces chromatic aberration, which is minimized by the use
of glasses of differing index of refraction separated by a non-
concentric interface. Optimization of the optical design re-
quires careful consideration of the response of the photo-
detector, choice of glasses, and many computer ray-trace
runs.

Two potentially serious problems arise from a) defocusing
of the image caused by a change in the primary mirror-focal
surface distance (the back focus), and b) tilting of the instru-

t Or used to correct some other automatic device.
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Fig. 3 Simple sensor construction promises ultimate
accuracy and stability.

ment axis caused by thermal gradients. In the present appli-
cation, little chance will exist for a thermal gradient to appear,
since the instrument remains undisturbed in its well except for
the slow effects due to external conditions. Furthermore, if
the gradient were permanent (not a likely event), and the tilt
did not exceed a few minutes of arc, no azimuth error would
result (see Appendix). It is important, however, that the tem-
perature gradient environment, if present, remain stable.

The design shown in Fig. 3 employs Invar (coefficient of ex-
pansion 0.9 X 10~6/°C) for the housing. Ultra-low-expan-
sion (0 ± 0.03 X 10~6/°C) glass is used for the mirror, but the
glasses used for the meniscus corrector have an average ex-
pansion of 8.0 X 10~J6/°C. The focal surface is attached to
the meniscus corrector, and the latter makes contact with the
housing at its upper surface. As temperature increases, there-
fore, the housing expands, pulling the corrector away from the
primary mirror, but the corrector itself expands, pushing the
focal surface towards the mirror. These two motions can be
made to cancel exactly, as shown in Fig. 4, if the distance be-
tween the glass lands L and the distance between the focal sur-
face and the corrector land / are in a ratio inverse to that of the
coefficients of expansion of Invar and glass. Such cancella-
tion is necessary to maintain the back focus (BFL) constant.
That the scheme works has been demonstrated in a recent pro-
gram where an optical system designed as above (smaller field

INVAR
0.9 x IO~6 /°C

MIRROR LAND

Fig. 4 Layout of star sensor mounting surfaces maintains
back focal length (BFL) constant over a wide temperature
range if l/L = (0.9 X 10-6/8.0 X 10~6). (Housing material
must have expansion coefficient smaller than that for the

corrector.)

Fig. 5 System
block diagram
shows real-time
azimuth compu-
tation capability.

of view) was focused at a laboratory ambient of 25°C and was
then taken outside into — 26°C for tests with real stars. No
refocusing was necessary, and no image degradation was
noticed.

The focal surface is a sphere of 4-in. radius. Each slit is 5-
/xm wide (10 sec of arc) by 1.4-cm long (8°). The slits are
arranged as shown in Fig. 1 into two fans (one north, the other
south) of 13 slits each. Starlight focused on these slits passes
through and is collected onto the cathode of a photomultiplier
tube—one tube for each fan of slits. These tubes are of the
miniature type, e.g., EMR Model 531N-01-14.

The block diagram in Fig. 5 shows the recommended signal
processing technique. The photomultiplier output pulse is
^1-sec wide. This pulse is sampled and digitized ten times/
sec for presentation to the computer. These samples are
then fitted in the computer, and the peak time is taken from
the fit. (The details of this are presented more fully in ReL
6.) A local clock synchronized with WWV provides the time
base.

Star Availability

In Ref. 6, the tradeoff between number of star transits in a
given interval, field of view, number of slits per fan, and limit-
ing detectable star magnitude was analytically based on an as-
sumed uniform star distribution. Recently, more exact work
has been possible using the actual star distribution from the
SAO catalog.7 A computer program scanned the slit reticle
through the celestial sphere counting the star transits of var-
ious magnitudes. The program reviewed only the sky over-
head at 45° north latitude and started at 100 locations posi-
tioned uniformly around the pole. Representative results are
shown in Figs. 6-8. (In this section, 20 transits has been
chosen as a desirable number, based on the results presented in
Fig. 9.)

Figure 6 shows that the time required to accumulate 20
transits is inversely proportional to the number of slits in the

100 1000

TIME (sec.) TO ACCUMULATE 20 TRANSITS

Fig. 6 Cumulative probability of acquiring 20 transits for
a randomly directed sensor.
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Fig. 7 Dependence of star detection requirements on
allowable measurement time and number of slits.

reticle. Figure 7 shows that doubling the number of slits is
almost equivalent to decreasing the limiting detectable mag-
nitude by 0.5. The 80% sky coverage was chosen somewhat
arbitrarily as indicating wide applicability while not requiring
excessive time to reach the remaining portions.! Figure 8,
compiled from Fig. 7 and its counterparts for the other fields of
view examined, shows that a 4° increase in the field of view is
approximately equivalent to a star magnitude decrease of
about 0.25.

The design chosen in Fig. 3 (16° field of view, 5.6 limiting
star magnitude, 13 slits/fan, and 80% coverage in excess of 20
transits in 15 min) represents the compromise between a) try-
ing to minimize the fabrication problem by keeping down the
field of view, number of slits, and star magnitude^ and b) try-
ing to accumulate enough star transits in as short a time as
possible. Another tradeoff parameter is working here too;
pulse overlap or contamination due to slightly dimmer stars.
Approximate analysis shows that, for transits accumulated in
15 min, for the present design, about 20% of the desirable
transits will be contaminated by stars which are 2.5 magni-
tudes dimmer than the limiting magnitude (about 10% in-

§
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Fig. 8 System tradeoffs between star detection, reticle
complexity, and optical field of view.

§ Almost half of the sky is scanned during any one night.
^ This influences aperture size via signal-to-noise considera-

tions.6
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Fig. 9 Position and azimuth RMS uncertainties as a func-
tion of measurement time for four positions around the

celestial sphere.

tensity). If the 20 transits were accumulated in 7 min, 40%
would be contaminated; if accumulated in 30 min, only 10%.
In dense regions of the sky it will be operationally advisable to
raise the threshold to maintain the detection rate at 20/15
min.

Error Analysis

Each star transit pulse is about 1 sec of time wide. Ex-
tensive analysis and measurement experience indicate that the
determination of the center of this pulse can be accomplished
to about a factor of 8 for limiting magnitude stars. Since,
for photomultiplier tubes, the noise is dominated by that in the
signal itself (random arrival of photons), transit pulses for
stars brighter than the limiting value can be interpolated by a
factor greater than eight by the square root of the ratio of in-
tensities I

8[/(mag = m)//(mag = 5.6)]1/2 = 8 X 10-0-2("-5-6>

so that for a star of magnitude m = 5, the interpolation factor
is 10.6, for m = 4, it becomes 16.7, and so forth.

These individual transit time errors can be combined
through the real star and slit geometry in an error analysis
program, the results of which are shown in Figs. 9 and 10. The
slit pattern is scanned through the star catalog starting at four
right ascension values (to obtain a representative sample
around the sky). From the individual transit errors are com-
puted the position and azimuth one-sigma uncertainties.

The factor of 10 relation between azimuth and position un-
certainties is just the sine of the mean off-axis angle: sin
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Fig. 10 Demonstration that RMS uncertainty depends
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(8°/21/2) = sin 5.66° = 0.099. This shows the dependence
of azimuth accuracy on field of view. The accuracy of azi-
muth will always be less than that for position, however, since
to be equal would require a 180° field of view, clearly not very
practical in the present application.

The data of Fig. 9 are replotted in Fig. 10 using number
of transits rather than time as abscissa. Only the longitude
component is shown, but comparison of the two figures clearly
indicates that accuracy depends more strongly on the number
of transits than on star density. Stated in another way, by
the time 20 transits have been accumulated, the transit geom-
etry has become quite uniform, independent of sky quadrant
scanned.

Summary

An alternative approach has been presented to the current
theodolite method of determining the north azimuth of a ref-
erence mirror. It incorporates photoelectric detection of star
transits past slits in a reticle located at the focal surface of a
wide-angle optical system oriented in the vertical. Analysis
shows that a determination can be accomplished in about 15
min with 16°-field-of-view optics using stars down to 5.6
magnitude. This results in a practical optical design and
photomultiplier tube detector. The proposed concept repre-
sents a fundamental break with past methods and thereby
opens up a potential for application to other areas besides the
monitoring of test pad azimuths. Some of these are: astro-
nomical surveying, star catalog generation, atmospheric stud-
ies, measurement of polar motion, and motion dynamics of
extra-terrestrial bodies.
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Fig. 12 Movement of mirror normal for nonhorizontal
azimuth transfer.

Appendix: Effects of Errors in Level, and
Required Positional Accuracy

Tolerable Error in Level

If the instrument is misleveled by rotating about a horizon-
tal axis A by an amount e (see Fig. 11), then the azimuth of
the mirror will change by an amount e(0), where

tane(0) = (1 - cose)/(cot#

For small angles

cose tanR) (Al)

e(0) = (€2/2) sinft cosfl < e2/4 (A2)

Thus, if we want e(0) < 0.2 arcsec, we can allow misleveling up
to 7 arcmin. Therefore, no special knowledge of level is re-
quired, nor does the instrument have to be precisely leveled
prior to operation.

Nonhorizontal Azimuth Transfer

If nominal azimuth transfer is inclined by angle R (Fig. 12)
to the horizontal, then level errors are more critical. From
the figure, we can again compute

tane(0) = sine tan#/(l - sin2e sin2fl)1/2 (A3)

which becomes e(0) = e-R if both e and R are small. If, for
example, a nominally horizontal transfer is desired, then for
c(0) < 0.2 arcsec, both e and R should be less than 3.3 arcmin.
If, on the other hand, transfer is nominally at R = 10°, then
we must have e < 1.2 arcsec, which is a reasonably stringent
requirement. One can see, therefore, a rapid increase in sta-
bility and level problems as the transfer angle deviates appre-
ciably from horizontal.
Azimuth Correction due to Level Error

Although small errors in level will not significantly affect
the actual azimuth of the mirror (as seen earlier), the com-
puted value based on star transits will be erroneous because
the computed optical axis direction does not coincide with the
zenith. Correcting the computed azimuth 0' (Fig. 13) for
this error involves transferring (X',<£') into (X,<£), wherein the
angle A remains constant, thereby causing a change in azimuth
to 0. It can be shown from Fig. 13 that

tanA0/2 = (cos<£ + sin<£ tanA<£/2) tanAX/2 (A4)

where <£ = latitude and A$ and AX are the differences in lati-
tude and longitude, respectively, of the known and computed
site positions. For small angles this reduces to

A0 = AX cos</> (A5)
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accurate to 0.27 arcsec as long as A$ and AX are each less than
7 arcmin. Thus, level deviations (<7 arcmin) in latitude can
be ignored and the correction for longitude level effects is quite
simple.

Required Positional Accuracy

From the preceding paragraph it can be seen that to the azi-
muth uncertainty derived from individual star transits will be
added errors caused by lack of positional knowledge in apply-
ing the correction there derived. From Eq. (A5), the variance
e2(A0) in the correction A0 is

2(A0) e2(AX) + (AX)2

Let us take the second term first. As said above, AX has a
maximum value of 7 arcmin and 0 ~ 45°. For the second
term to contribute less than 0.2 arcsec to A0, e($) cannot ex-
ceed

0.2 arcsec/ (7 arcmin X 0.707) = 2.3 arcmin

Thus, latitude of the site need only be known to about two
miles.

The first term is due to longitude uncertainties. Again,
for 0 ~ 45° and e(A0) < 0.2 arcsec, e(AX) cannot exceed
0.2/0.707 = 0.28 arcsec. Thus, longitude must be known to

better than 30 ft, and corresponding clock errors must be kept
below a similar number of milliseconds.
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Reaction-Boom Attitude Control Systems
W. W. HOOKER,* I. P. LELIAKOV,! M. G. LYONS,J AND G. MARGULIES§

Lockheed Missiles & Space Co., Sunny vale, Calif.

Active gravity-gradient stabilization systems are shown to permit significant improvement
in the stabilization and maneuvering capability of Earth-pointing satellites compared to more
conventional momentum storage and mass expulsion techniques. The proposed configura-
tion consists of the pay load body and a properly arranged array of gimballed "reaction
booms." The appropriate boom gimbals are torqued on the basis of pay load attitude and
gimbal sensor data. Qualitatively, the system may be viewed as a hybrid that derives rapid
momentum transfer and payload maneuvering capability from active torquing between the
component parts of the satellite, while obtaining the necessary momentum dumping from
gravity-gradient torques acting on the over-all configuration. The number, geometry, and
hinging of the booms is dependent on the specific control or maneuvering requirements;
therefore, three distinct system types are proposed. Procedures for selecting control laws are
developed on the basis of simplified dynamic models, and the expected system performance is
verified through simulation of both linearized and full nonlinear system models. The ob-
served payload response resembles that of a fast reaction-wheel system. Low-frequency,
gravity-gradient modes are effectively decoupled from payload motion and boom oscillations
are satisfactorily constrained even for large-angle payload steering maneuvers.

Nomenclature
d = damping coefficient
Ei = orbiting reference axes, i = 1,2,3
ei = payload body axes, i = 1,2,3
f}g = 4ft2 and 3ft2, respectively
&i = main body roll, pitch, yaw angles, with respect to the

orbiting reference axes, i = 1,2,3
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cti,Pi = relative roll and pitch boom gimbal angles for the iih

boom, i = 1,2,3,4
Hi — momentum of reaction wheel aligned with e%, i =

1,2,3
/ = payload moments of inertia
J = reduced moments of inertia of one boom (about axis

normal to boom and relative to composite system
CM)

k = spring coefficient
Ti = torque on reaction wheel parallel to ei, i = 1,2,3
Tai'jTpi' = torques on the a and /? gimbals of the ith boom,^

i - 1,2,3,4
ft = mean orbit rate
un = natural frequency
f = damping ratio

For configurations A and B, i = 1.


