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The International Ultraviolet Explorer is a geosynchronous orbiting telescope launched by NASA January 26,
1978, and operated jointly by NASA and the European Space Agency. The spacecraft was built with six
gyroscopes to provide an inertial reference system for spacecraft attitude and control and with prime and
redundant mechanical panoramic attitude sensors for coarse attitude determination. Following the failure of the
fourth gyroscope in 1985, a new attitude control system was uplinked to the spacecraft using a fine sun sensor
and the two remaining gyros for three-axis stabilization. By 1985 both panoramic attitude sensors had failed,
and an alternate method developed for coarse attitude determination was not applicable to the newly installed
control system. We present here a new method of attitude recovery that uses the relative motion of the sun with
respect to the inertial reference provided by the remaining two gyros and that has been employed since 1985. This
general technique should be of use to other spacecraft where weight is critical or there is a desire to avoid

mechanical devices.

1. Introduction

HE International Ultraviolet Explorer (IUE) is a geosyn-

chronous orbiting telescope launched by NASA January
26, 1978. The telescope is operated in a real-time observing
mode for 16 hours a day by NASA from the Goddard Space
Flight Center in Greenbelt, Maryland, and for eight hours a
day by the European Space Agency (ESA) from the Vil-
lafranca del Castillo Satellite Tracking Station near Madrid,
Spain. The spacecraft was originally built and is now jointly
administered by NASA, ESA, and the United Kingdom’s Sci-
ence and Engineering Research Council (SERC). A descrip-
tion of the spacecraft and science instrument is given by
Boggess et al.1»2 A discussion of the science instrument charac-
teristics and the processing of the raw science data is given by
Turnrose et al.3* A complete description of the spacecraft’s
mechanical and electronic systems is found in the System
Design Report.*8 A general history of the spacecraft has been
written by Boggess et al.” and a description of observatory
operations given by Filker et al.?

During the 15 years that the spacecraft has been on station,
four of the original six gyroscopes, designed to provide the
inertial reference required for pointing and slewing the tele-
scope, have failed. Since the failure of the fourth gyro in 1985,
an attitude control system has been employed that uses a solid

. state, two-dimensional fine sun sensor (FSS) to provide the
third axis of stabilization. The locations of the gyroscope
package at the base of the telescope tube and the FSS arrays
on the sunward side of the spacecraft are shown in Fig. 1. A
discussion of this two-gyro/FSS control system has been given
by Femiano.? By 1985, both externally mounted mechanical
panoramic attitude sensors (not shown), designed for coarse
attitude determination (i.e., to within a few degrees), had
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failed. An alternate method for coarse attitude determination,
then in use, was not applicable to the newly installed two-
gyro/FSS control system. A new method, which was devel-
oped and is presented as follows, has been tested and success-
fully used for more than seven years.

II. Astronomical and Spacecraft Coordinate Systems

The standard astronomical coordinate system for expressing
positions of stars, planets, and other astronomical sources is
the celestial equatorial coordinate system of right ascension
and declination («, 8), which can be pictured as the projection
of the Earth’s system of longitude and latitude onto the celes-
tial sphere of the sky. There is a celestial equator and north
and south celestial poles. The zero point of declination is the
celestial equator. The zero point of right ascension is the
ascending node of the sun’s apparent yearly orbit among the
stars (i.e., the ecliptic) as it crosses the celestial equator and is
called the First Point of Aries (y). There is also a second,
similar astronomical system that uses the ecliptic equator and
ecliptic poles with the corresponding coordinates of ecliptic
longitude and latitude (A, 3). Since the 8 symbol has a differ-
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Fig. 1 Control axes of the International Ultraviolet Explorer and its
main attitude control sensors. The control system holds the sun in the
X-Z plane at all times.
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Fig. 2a Relation between the gyro input axes (i.e., direction of max-
ium sensitivity) and the spacecraft control axes. All gyros are tilted
20 deg with respect to the Y-Z plane to allow moderate sensitivity to
roll motion of the spacecraft. Gyros 4 and 5 are still operational.
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Fig. 2b Relation between the fine sun sensors and the spacecraft
control axes. There are four sensor arrays. Each two-dimensional
solid state sensor array can sense the solar direction within a square
field of view 64 deg on a side centered on the solar normal direction
in the Y-Z plane. The directions of the centers of fields of view in the
X-Z plane are shown.
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Fig. 2c Relation of the fine error sensors’ (FES) fields of view and
the directions of stellar motion as the result of motions about the
spacecraft control axes. The optical axis of the telescope coincides
with the + X control axis. The sensors are designed to simultaneously
detect small motions about either the Y or Z spacecraft control axes.

ent meaning in the IUE coordinate system, the symbol b is
used for ecliptic latitude throughout this paper.

The IUE spacecraft can move about any one of three inde-
pendent axes of pitch, yaw, and roll. The system is local and
defined in terms of the structure of the spacecraft (see Fig. 1).
However, zero points of the IUE system are defined in terms

of the position of the sun and the north celestial pole (NCP).
Pitch is measured in terms of the beta angle (8), which is 0 deg
at antisolar point and 180 deg when pointing at the sun. Roll
is measured eastward from the projection of the NCP onto the
roll plane of the spacecraft to the positive yaw axis, which
always lies in the roll plane and points in the sunward direc-
tion. The zero point in yaw is the current pointing of the
spacecraft with the sign of the yaw determined by the
righthand rule about the positive yaw axis. The orientation of
the six gyros with respect to these axes is shown in Fig. 2a.
Gyros G4 and G5 are still operational. All gyros are mounted
at an angle of 20 deg with respect to the normal of the Y-Z
plane to allow moderate sensitivity to motion about the roll
axis of the spacecraft. The orientation of the FSS arrays is
shown in Fig. 2b. There are a total of four arrays, two prime
and two backup. The FSS registers nominal sun presence in
the 8 range of 13-137 deg. The current operational range is
28-135 deg. The arrays are two dimensional. At a 8 of 90 deg,
the sensors can detect sun presence =+ 32 deg from the X-Z
plane.

III. Maneuvering the Spacecraft

Standard transformations may be made between the space-
craft and astronomical coordinate systems using Euler angles.
These transformations along with the input of a solar em-
phemeris (i.e., required due to apparent solar motion as IUE
orbits the sun) provide the basis for the IUE ground system
computer to convert the difference in right ascension and
declinations of the current and desired telescope targets into
appropriate differences of pitch, yaw, and roll, which are then
uplinked to the spacecraft. Because of the slow motion of
Earth’s axis of rotation (i.e., and thus the NCP), the particu-
lar equator and epoch of the equatorial coordinates used in the
calculations must be specified. The IUE uses epoch 1950.0
coordinates. For a thorough discussion of spacecraft attitude
control and determination see Wertz.!”

Until recently, earth-based telescopes were built with one
axis of the telescope aligned with Earth’s axis of rotation.
Such telescopes can be moved in the declination axis and set to
the particular value of the target. Motion about the polar axis
then allows for setting the right ascension and tracking the
target star as the Earth rotates underneath the telescope. Since
the implementation of the IUE two-gyro/FSS control system,
which requires that the FSS face the sunward direction at all
times to allow for attitude control, ITUE maneuvers from tar-
get to target have been made in an analogous manner.

The calculated 8 of the next target (i.e., a measurement of
the pitch angle) is determined and the telescope maneuvered in
pitch until the FSS heads read the appropriate value. The
telescope is then rotated simultaneously in the yaw and roll
axis for the second ‘‘leg’’ of the maneuver such that the 8
remains constant until the target is reached. The axis of rota-
tion for this ‘“sunline’’ slew lies about a line from the space-
craft to the sun. The pitch and sunline legs of slews may be
done in either order. These maneuvers are generally accurate
to within several minutes of arc. Thus the fine error sensor
(FES), which in camera mode produces a 15.8 arc minute
square image, is all that is needed to confirm final spacecraft
attitude and select the actual target by comparing the FES
image with a standard star chart of the area.

The FES cameras are located below and to the side of the
aperture plate of the telescope, which in turn is located just
below the primary mirror (see Fig. 1). FES No. 2 is the prime
camera, and FES No. 1 is the redundant camera. Light from
the aperture plate reaches the cameras via a passive beam
splitter. In camera mode the FES functions as an image disec-
tor with a resolution of = 8 arcsec. In tracking mode, used
during final target acquisition and as an offset guider, the FES
has a resolution of 0.25 arcsec. Motion about the control axes
of the telescope as seen by the FES cameras is shown in Fig.
2c. The different axes orientations are due to the beam splitter
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and differing camera alignments with the optical axis of the
telescope.

Other than the FSS and several other emergency sensors, the
IUE spacecraft has no star trackers or other direct means of
measuring absolute position. Infrequently, due to errors in
either the onboard or ground computers, spacecraft attitude is
lost and an attitude recovery is required. In such cases, al-
though the 3 of any target may be calculated, the target’s
position on the sunline circle is unknown. Without a means of
determining the coarse attitude pointing to within a few de-
grees, it would take several days of performing small sunline
slews at the current 3 of a target and taking FES images until
the target could be unambiguously located and attitude con-
firmed.

IV. Methods of Attitude Recovery

The original PAS used the positions of the sun and Earth
for coarse attitude recovery and required up to 24 h to per-
form. It was first replaced with a method that relied on the
relationship between the spacecraft axes of pitch, yaw, and
roll as well as the celestial equatorial coordinate system of
(a, 8). No bibliography exists for this method, developed by
Albert Holm and Francis Shiffer, since at the time it was never
written down but simply ‘‘taught’’ during the training of new
resident astronomers. The method involved pointing the
spacecraft to the antisolar position. This position in («, 6) can
be calculated from a solar ephemeris. The (3 is zero, as is the
yaw. All uncertainty is confined to the roll angle (i.e., the
direction of the NCP). By matching an FES image of the area
to a standard star chart, the roll angle can be estimated. Next
a small slew of a degree or two is made to another target, an
FES image and star chart are used to locate the target and
refine the estimated roll angle of the spacecraft. Finally a slew
is made to a third target at a 8 of 15-20 deg to confirm attitude
recovery. The method required several hours to execute, and
since attitude was recovered by pointing to the antisolar posi-
tion, it was named the Betazero method. With the introduc-
tion of the two-gyro/FSS control system, the spacecraft could
no longer be pointed toward the antisolar point due to lack of
sun presence on the FSS heads.

Therefore a second method was developed that also relied
on a relationship between the spacecraft axes and the astro-
nomical coordinate systems, but that could be performed at
any pointing direction. Since this new method measures the
rate of change of 8 of target stars due to solar motion, it was
named the Betadot method. The method typically requires an
hour for coarse attitude determination followed by a few more
hours of performing small sunline slews and taking FES im-
ages until the FES image can be matched to a standard star
chart and exact pointing confirmed. The only general require-
ments are an ability to track the sun, an inertial reference (i.e.,
at least one good gyro sensitive to pitch), and an imaging
camera to identify star fields. All computations are performed
by the ground computer, and the final attitude is uplinked to
the spacecraft at the end of the recovery.

The method may be of use in spacecraft where weight is
critical or there is a wish to avoid mechanical devices for
determination of coarse attitude pointing.

V. General Solution for the Betadot
Attitude Recovery Method

The general solution involves the measurement of the solar
motion as seen by the spacecraft with the solar position and
relative motion expressed both in the ecliptic coordinate sys-
tem (A, b) and in the spacecraft’s coordinate system of pitch,
yaw, and roll. A subsequent standard transformation converts
the resultant attitude determination from (A, &) into equato-
rial coordinates («, 6) used in star charts and the IUE ground
system computer.

The initial problem of solar motion and position in the
ecliptic and spacecraft coordinate systems is similar to that of
the rate of change of zenith distance and azimuth of a star as
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Fig. 3 Ecliptic and spacecraft coordinate systems.

seen by a terrestrial observer given by Smart.!! Using this as a
guide to the IUE problem, we have the following:

Let the position of the sun on the celestial sphere as seen by
the spacecraft at point C be point O (see Fig. 3). The motion
of the sun is assumed to be eastward along the ecliptic (i.e.,
counterclockwise as seen from the north ecliptic pole, point
P). In time ¢, the sun moves a small distance along the ecliptic
to position S. The spacecraft is pointing at a star at point 7.
In ecliptic coordinates, the sun’s position at S is (\g, bs),
where Ag is the ecliptic longitude in the range of 0 to 360 deg
measured eastward from the First Point of Aries (y) and bg is
the ecliptic latitude in the range of =+ 90 deg. Since the sun
moves along the ecliptic, bg = 0. The original solar position at
point O is (As — 8\, 0), where 6\ is small. The target star of the
spacecraft, point 7, has ecliptic coordinates of (Ar, by).

In the spacecraft coordinate system, the star at point 7 with
the sun at point O has a beta angle of 8 — 63 where 63 is small.
The projection of the NCP onto the roll plane is point PP.
Measured counterclockwise to the positive yaw axis, which
always lies in the sunward direction, the roll angle is R — 6R
where 0R is small. At time ¢ later when the sun is at S, the
corresponding values are § and R. Yaw is held constant over
the time interval # and need not be considered.

Let T be the pole of a spherical coordinate system with the
roll circle serving as the fundamental circle and point PP as
the zero point of the system. Arc 7S lies within the telescope
pitch plane and is therefore equal to (180 — (). The height of
point S above the roll circle can then be expressed as (3 — 90),
and its distance along the fundamental circle is R. The corre-
sponding coordinates at point O are (8—66—90) and
(R — 8R).

Because the change in position of the sun from point O to
point S is small, triangle OXS can be considered a right
180-deg triangle with sides of 83, 6\, and small circle arc XS.
Let @ be the angle TSE. This is then also the angle XOS. With
these relationships, let us express the unknown ecliptic tele-
scope coordinates (Ar, by) in terms of 8 and its derivative 8.

The length of small circle arc XS is given by

XS = 6R cos(B — 90) 4))

and can also be expressed for small triangle OXS as

XS = 6\ sin(f) 1)
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Combining Egs. (1) and (2) we have
OR cos(f — 90) = 6 sin(f) 3)
Also noting that for small triangle OXS

68 = 6\ cos(h) (C))
and that
sin(180 — B) = sin(B) )

and applying the sine formula to spherical triangle 7SE, then
sin() = sin(b7)/sin(B) 6)

Taking the derivative of Eq. (3) with respect to time, using Eq.
(6), and noting that

cos(B — 90) = sin(B) 7
we obtain for R
R = \g sin(b7)/sin%(B) ®

Next, using the cosine formula for spherical triangle TSE we
have

cos(180 — B) = cos(br) cos(Ar — Ag) 9)

Taking the derivative with respect to time and again applying
Eq. (5) yields

B = Ag cos(br) sin(\r — Ag)/sin(B) (10

With Egs. (8) and (10), we can now solve for the position of
the spacecraft in ecliptic coordinates (Ar, b7) and obtain

br = arcsin[(R/Ag) sin%(8)] 68}
and
Ar = As + arcsin[(8/As) sin(8)/cos(br)] 12)

One problem remains in that to avoid ambiguity, we need to
have |\y-Ag] lie in the range of 0 to 180 deg. Thus we need an
expression involving the arccosine. Note that the sun always
moves eastward along the ecliptic so that the derivative of Ag
will always be positive. Using this and Eq. (12) implies

INr = Asl/Or = Ns) = |B]/B (13)

Solving Eq. (9) for Ar, applying an angle difference relation,
and uvsing Eq. (13), we finally obtain

A = As + (|B|/B) arccos[ — cos(B)/cos(br)] (14)

Equations (11) and (14) represent the general solution to the
problem. The solar position in ecliptic coordinates (\g, 0) and
the solar rate Ag can be determined for any date to sufficient
accuracy (i.e., 0.01 deg) by using the low-precision formulae
for the sun given in the yearly astronomical almanac.'? Both 3
and R are directly measured by the spacecraft.

VI. Solution for the IUE Spacecraft

Although fairly accurate measurements of 3 and 3 can be
made using the JUE, measurements of R yield only its sign due
to the coarse resolution of the measurements. Equation (11)
must be rewritten in terms of B and the sign of R. Again, since
As is always a positive quantity and using Eq. (11), we have
that the sign of by is given by

lbr|/br = |R|/R (15)

Applying an angle difference relation to Eq. (9) and squaring
the equation we have

c0s%(B) = cos2(by) cos’(Ar — Ag) (16)
Solving Eq. (10) for sin(8) and squaring
sin?(8) = (As/B)? cos®(br) sin?(Ar ~ As) an
Combining Egs. (16) and (17), noting that
sin?(A\y — Ag) + cos’(Ar — Ag) =1 (18)

and solving for b7 yields

by = arccos[v(B/As)%sin3(8) + cos?(B)] 19)

The quantity under the square root is always positive. How-
ever, we can combine the relation from Eq. (15) with Eq. (19)
to remove the sign ambiguity and obtain

br = (JR|/R) arccos[V(B/As)*sin’(B) + cos*(B)] 20

Thus Egs. (14) and (20) represent the general solution for TUE.

VII. Conversion of Solution into Standard
Astronomical Coordinates
Once the ecliptic coordinates (Ar, br) have been obtained,
one can apply a standard transformation to obtain equatorial
coordinates of («, 8). The following are taken from Smart!®:

sin(8) = sin(by) cos(e) + cos(br) sin(e) sin(Ar) 1)
cos(8) cos(a) = cos(br) cos(hr) 22)
cos(6) sin(a) = — sin(b7) sin(e) + cos(br) cos(e) sin(Ar) (23)

where ¢ is the obliquity of the ecliptic.

VIII. Effects of Measurement Errors and Some
Practical Aspects of Attitude Recovery

At 8 =90 deg, § = br and the solution for the ecliptic coor-
dinates [i.e., Eqgs. (14) and (20)] simplifies to

br = (JR|/R) arccos[B/As] (24
and
A= Xs + (|B]/B)yx/2 25)

One can use these formulas to assess the accuracy of the
Betadot method. Consider the magnitude of the error on by
due to the error in the measurement. of 8 (Ag can be calculated
to desired accuracy and is not a source of error). Taking the
cosine of both sides of Eq. (24) and derivating, one obtains

o(br) = o(B)/[As sin(br)] (26)

from which it can be seen that the error in the ecliptic latitude
determination becomes large for small values of bs. Figure 4
shows the behavior of o(b7) for an uncertainty in 8 of o(8) = 1
arcsec per hour. This result also suggests a practical attitude
recovery strategy. In fact, from Egs. (24) and (25) it is clear
that working at 8 = 90 deg offers a clear advantage (i.e., the
ecliptic longitude is immediately derived). Moreover, since for
small b7 8 will be approaching As ( ~ 145 arcsec per hour), a
short measurement of 3 at the beginning of the recovery will
show immediately if 3 = Ag. If this is the case, then o(b7) will
be large. A simple sunline maneuver of ~ 30 deg will take the
spacecraft out of the high error zone and also offer an inde-
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Fig.4 The behayior of o(b7) as a function of br for an error in the
measurement of 8 of 1 arcsec per hour.

pendent indication of which ecliptic hemisphere the spacecraft
is pointing, thus eliminating the sign ambiguity. Experience
over the past seven years has shown that the actual error in by,
and thus the attitude determination, is typically 1-2 deg, with
marginal conditions as large as 3 deg. While the sign of R can
be measured by tracking a star with the roll axis on gyro
control, a much faster method is to cycle the S-band antennas
during the intial determination of Betadot. The variation in
signal strengths normally allows a quick general determination
of how the spacecraft is oriented. Also in practice, successful
Betadot recoveries with errors in the range of 1-2 deg have
been performed at 8s ranging from 60 to 105 deg.

IX. Conclusions

We have developed a new method of attitude recovery for
the TUE spacecraft that is based on the measurement of the
sun motion as seen by the satellite, and does not depend on
any auxiliary hardware. This method can be applied to any
spacecraft possessing an inertial frame and the ability to track
the sun and to image star fields. The particular formulation
for the measurement of solar motion most useful for a partic-

ular spacecraft will depend on the hardware configuration of
its attitude control system.
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