STELLAR TRACKING ATTITUDE REFERENCE SYSTEM
System Application Study

Author: B. Klestadt

Hughes Aircraft Company

Space and Communications Group
1950 E. Imperial Highway

El Segundo, California

90009

IONT 14T HUnlTILY
(RGLAEL=TY=-¥SYN)

(*0n 11PIDITY sagbnpy)

Final Report =
~<
September 1974 i g_
Contract Ne. 5-21846 s e
LT
> PRGN
v o ? /_f’\T ) ; ",-}\\\
- < 3 N 1’5"\{};‘.
. fe} .~ . 4 y A
s e i
F‘ ; o T /” )
- - ’ RS |
y N
Prepared for -
GODDARD SPACE FLIGHY CENTER N
Greenbelt, Maryland 20771 =
&5 I
O o
c 1
-— —
i [\
<
N
Py






FOREWORD

The study described in this report was performed by the Guidance
and Control Systems Laboratory, Technology Division, Space and Communi-
cations Group, Hughes Aircraft Company, E1 Segundo, California. The
work was accomplished under NASA Contract NAS 5-21846, with Mr. H. Paul
Scherer, Stabilization and Control Branch, Spacecraft Technology Division,
Engineering Directorate, Goddard Space Flight Center, Greenbelt, Maryland
as Technical Officer. The principal members of the project team were as

follows:

B. Klestadt, Project Manager
F. H. Minami

R. J. Roy

J. Schrier

R. W. Wood

i1






PRYC

Preface

This final report documents the detailed results of a system applicatioa
study, involving the =se of the Hughes Stellar Tracking Attitude Reference
System (STARS) as the attitude reference for precision pointing (with .00l
degree accuracy) of an EOS spacecraft. The STARS accomplishes precision earth
pointing by utilizing a single, clustered star tracker assembly mounted on a
non-orthogonal, two gimbal mechanism, drivenso as to unwind satellite orbital
and orbit precession rates.

The fundamental ob jective of the system application study was to explore,
by means of realistic preliminary design, analysis, and simulation, the limi-
tations placed upon STARS performance in a typical low altitude, inclined orbit
earth observation mission by the non-ideal characteristics of the system hardware
and spacecraft behavior. A basic ground rule of the study was that gyros were
not to be used to provide short period stabilization.

The overall conclusion reached in this study is that a relatively straight~
forward precision pointing system design, utilizing STARS on an EOS type space-
craft, and considering the characteristics of real sensing and control components,
c~n achieve the desired 0.001 degree pointing capability. It was found that the
lower limit on long term pointing precision was determined primarily by the
accuracy obtainable from the star trackers. Short term pointing precision
(jitter) was easily reduced to below 0.2 arcseconds by proper control system
design, and both good jitter stability and excellent transient response character-
istics were obtained without the use of gyros. Since all analyses and simulations
so far have shown STARS to be capable of the desired pointing precision and
stability, the next step in bringing STARS up to the level of a flight qualified
system is the development of an engineering model and it is therefore recommended

that this be undertaken next.
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1. Introduction

The requirements of various projected scientific, commercial, and
defense oriented satellite missions indicate a strong need for a straight-
forward, conceptually simple, mechanically and electronically uncomplicated,
and highly reliable attitude reference and precision pointing system, which
has the potential of achieving and the possibility of eventually exceeding
0.001 degree pointing capability. In response to this need, Hughes Aircraft
Company has evolved the STARS (Stellar Tracking Attitude Reference System)
concept which avoids many of the problems associated with the precision
pointing schemes by the use of a compact multistar tracker and a simple,

unconventional two-gimbal assembly. The advantages of this approach are

as follows:

1) The stellar reference is a single, clustered star tracker
assembly on a single gimbal mount, thus providing a uni-
form thermal environment for its components, minimum dis-
tortion, and involving minimum interaction with other space-

craft components.

2) The STARS concept is not dependent upon high precision gyros,

with their attendant reliability and cost disadvantages.

3) The star tracker concept provides a high level of redundancy
in its basic design, being able to track more than the minimum
required number of stars most of the time. In addition, it pro-
vides gradual degradation of performance in case of failure of

one or more individual trackers.

4) The star tracker design and the particular scanning technique
used avoid the usual requirements for critical alignment of the

scanning device to the boresight axis.

S) The STARS concept operates with essentially constant rates about
both gimbal axes, thereby avoiding many of the more significant
sources of angular error normally associated with gimbal systems

and their drives,

6) The STARS concept minimizes the amount of computational capability

required of the on-board computer.

—



FIGURE 1-1. STARS — A GYROLESS INERTIAL PLATFORM
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7) The STARS concept can operate without the conventionally required
on-board star catalog since the locations of only eight preselected

stars are required.

This concept was investigated in NASA funded feasibility study (contract
- NAS 5-21508) which ended in June 1971, The design configuration, developed
in the feasibility study, utilized a clustered set of eight star trackers
mounted on the inner gimbal of a nonorthogonal two-axis gimbal system. As
illustrated diagrammatically in Figure 1-1, the inner gimbal is held essen-
tially parallel to the earth's polar axis, while the outer gimbal is parallel
to the satellite pitch axis. Under ideal conditions, the satellite may rotate
about its pitch axis while keeping the yaw axis pointed precisely vertical,
and the star trackers continue to point at their assigned stars while the orbit
precesses about the polar axis. The star trackers are arranged and their signals
processed so that two are tracking stars at any one time regardless of earth and
satellite body occultation directions. Physical motion of the star trackers in
inertial space to permit the tracking function is accomplished by controlling
vehicle attitude. Precision pointing of the satellite vertical is achieved
by commanding the proper pitch and polar axis gimbal angles, based on ground-
determined and regularly updated ephemeris data. An on-board digital computer
keeps track of local satellite time, calculates and sets proper gimbal angles,
and performs the attitude control signal processing and command functions to

enable star tracking as required.

This one year study showed that STARS appears to be a feasible
attitude reference system and that no theoretical obstacles exist to a
practical implementation. Systems anralysis showed that a set of eight stars
could indeed be found that would provide a continuous attitude reference for
any arbitrary orbit. A straightforward attitude acquisition procedure was
developed, and the on-board computational requirements were established. A
conceptual design and layout of a suitable gimbal system for the star trackers
was devaloped and the availability of the required components was established.
Servo analysis and simulation of the gimbal positioning systems showed that
precise positioning at the required position accuracies and rates is theoretically
feasible. In addition, assembly and test methods for the STARS gimbal system

were explored as an essential part of an overall feasibility study.



A detailed analysis and preliminary design of a star tracker system
was performed in the feasibility study. This involved a system analysis of
the proposed tracker system including optics, signal processing, and sunshade
design. A mechanical design study resulted in a detailed preliminary mechanical
layout of a tracker cluster and verification that the design concept was feasi-
ble. In addition a detailed error analysis of the total system, based on antici-
pated thermal and structural characteristics, showed that the STARS mechanism is

inherently suitable for high precision attitude reference purposes.

An area excluded from consideration in the feasibility study was the
precision pointing capabilityof a real spacecraft employing STARS for sensing,
since such a study is spacecraft configuration dependent. A preliminary,
linearized analysis for a typical spacecraft, performed since the completion of
the feasibility study, has indicated however that under idealized sensing and
torquing conditions, with pure angular rate feedback available, precision verticd
pointing to 0.001 degree is practical. The questions that were not answered
at that time,and that required further detailed study, concerned the limitations
placed on precision pointing by realistic star sensor characteristics, signal
processing requirements, control system bandwidth limitations due to sensor
noise, and the requirement to generate attitude rate damping information from
star sensor signals rather than a built-in gyro. These are the principal

questions that were addressed by this system application study.

The study can be divided essentially into three parts: star tracker investi-
gations, at.’tude control system design, and performance analysis and simulation.

Each of these aitas is discussed in curn on the following pages.



2. Star Tracker Performance

In order to develop more confidence in the ability of the STARS tracker
to achieve the required performance in the postulated enviroament, the tracker
noise model developed during the feasibility study was re-examined. Concurrently,
to provide improved insight into photomultiplier noise characteristics obtained
experimentally on another program, and to confirm the analytical approach, ad-
ditional tests were performed on three photomultiplier tubes. The analysis and

the experimental results are discussed below.
2.1 Analysis

The star detection process basically consists of setting a threshold level
and defining voltages below that level "noise'" and voltages above that level as
"signal"., The determination of the appropriate threshold level setting requires
a statistical evaluation of the probability of a noise pulse being greater than
this level (faise alarm) and a signal + noise pulse being smaller than this level
(missed pulse). This analysis ic based cn the as:umption that a false alarm is
equivalent to a missed pulse in respect to th.o perturbation it causes to the

system's tracking loop.

The STARS star tracker uses photomultiplier tubes as optical detectors.

The model that best describes the pulse amplitude distribution of the photomulti-
plier tube's noise output has been the principal subject of this analysis. It is
this model that permits a determination of where to set the detection threshold and
prediction of the false alarm and missed pulse rates for this threshold. 1In earlier
analyses, gaussian statistics were used to describe both the signal and noise
characteristics of the PMI output. Experience on the Space Precision Attitude
Control System (SPACS) star sensor program found that this assumption yielded

extremely optimistic results in comparison to laboratory measured performance.

The noise output cof a PMI is primarily a result of PMI leakage current, star
background irradiance, and illumination from off-axis bright sources such as sun,
earth or moon being reflected and scattered by the sun shade into the field of
view. Of these, the reflected and scattered solar illumination was considered
to be the dominant performance limiting noise source as discussed in the STARS

final report.

I addition to these sources of noise; space radiation, in particular high

energy galactic particles, may contribute to the PMT :ntput noise.



A study that was performed to explain the discrepancy between the
measured and expected false alarm rates on the SPACS program found that the
amplitude of the PMT output noise pulses exhibited an exponential distribution
rather than gaussian. This distribution results in much higher false alarm

.ates as will be showm.

The present analysis includes an examination of the pulse amplitude
distribution of three representative photomultiplier tubes operated at the
conditions of background illumination and electrical bandwidth anticipated

for the STARS sensor.

The solar irradiance that is scattered and reflected from the sun shade
will result in an average (d.c.) output IB at the PMI anode. This current can

be related to an equivalent signal irradiance at the entrance aperture of the

optics by
.
HB R G Aeff
where R = Photocathode Responsivity
G = Photomultiplier Gain
Aeff = Effective Optical Aperture

The variation of background noise pulse amplitudes is generally described

by a gaussian distribution for which the 15 standard deviation or rms noise is

given by
= .1 Z
i,(lo) /2e = A R Hy 67 Af (amp)
where
§ = average gain of an individual dynode
G = multiplier overall gain

Af = noise equivalent bandwidth

The effective signal irradiance equivalent of this noise current is given
by

(watt cm-z)




The baseline design parameters, applicable to this analysis, for the
STARS sensor are shown in Table 2-1.

TABLE 2-1 BASELINE DESIGN

Photocathode Regponsivity, R = .075 amp/watt

Effective Collecting Aperture, Aeff = 6.4 cm2

Noise Equivalent Bandwidth, Af = 350 hz

Gain of a single dynode, § = 2.5

Background Irradiance, Hy = 1.1 x 10-13 w/cm?

Minimum STAR Irradiance, H .. = 1.1 x 10”2 w/cm?

eff
Pulse Visibility Factor, Vp/Vss = .75

Normalizing irradiance levels and noise currents to the appropriate value
of 5 provides a simplified means of comparing data taken under different con-
ditions and relating it to the analysis using baseline design parameters,

For the above design parameters, it is found that 5 = 6.52 x 10-15 watt

cm'z. The minimum star therefore can be expressed as

Heff + (Vp/Vss) = 12.65q

For a gaussian distribution of noise pulse amplitudes, the probability

of a pulse exceeding the mean value by an amount T can be described by

R | 1 I T [ 17\ 2 i
e exp |- = | =
i 2 Qn o P ! 2&g‘

The gaussian function is generally used to describe noise ampiitudes greater
than and less than the mean value with equal probability. For the purpose of the
analysis of false alarms, only positive amplitudes need by considered, resulting

in the % factor at the beginning of the above equation.

If the output noise exhibits exponential behavior the distribtution of noise

amplitudes greater than the mean level can be described by



A(T) = 1 exp ( !9
g q,

If the assumption is made that the output noise amplitude is greater than
the mean level ualf the time, then the probability of a false alarm as a

function of threshold setting above the mean level can be expressed by

v

L1 T I
Pe. (T)—Z- 2 {‘o exp (_c) dT

In the baseline STARS concept, each photomultiplier tube is only active
during two 90° windows. This results in a factor of 2 reduction in the

number of effective false alarms.

The probability of missing a pulse is described by the probability that
the amplitude of the signal plus noise will be less thaun the threshold level.
One must be certain to include the noise because of the finite probability
that the direction of the noise pulse at the time of a signal pulse will sub-
tract from the signal thus increasing its probability of falling below thres-
hold. Since both positive and negative deviations of signal and noise from
their mean values must be considered in this portion of the analysis, use of
a gaussian distribution is most appropriate. Data obtained on the SPACS

system supports use of the gaussian model.

The standard deviation or rms value of the signal + noise is given by

{7 = /e A= 2
1n =V 28 57 Aegg R Ugpe *Hp) G aF (amwp)

and the corresponding signal irradiance by
i. 4
g’ = A__nR-E (watt cm 2)
eff

For the baseline case in which He

gr = Hp» ol =20

The missed pulse rate is given by

MPR = PMP . N
where N is the normally expected rate of signal pulses which for a STARS

sensor is four per second.



2.2 Experimental Results

A test was set up in which a light source provided a background irradiance
at the PMT photocathode. The d.c. or average and the rms noise currents were
measured at the output of a 300 hz (3 db) cutoff filter. A tkreshold was set
at the average and the number of frequency of pulses exceeding this value were
measured on a counter. This zero threshold (T = 0) level was found to yield

a false alarm rate that could be approximately described by
FAR . 21’fa af

The earlier SPACS study reported a similar finding; however, certain as-
pects of that study appear to indicate that noise amplitudes below the mean
noise level were neglected, which may imply false alarm rates a factor of two

greater than those observed in these tests.

The threshold voltage level was increased and data was collected of the
frequency of pulses that exceeded each threshold level. These frequencies or
count rates were divided by the zero threshold rate to provide the probability
of false alarm as a function of threshold and normalized to a value of .5 for
the Pfa (T =0).

The three tubes used in this test had the sime type of photocathode and
were manufactured by the same manufacturer. One tube, 7762E, has a slightly
larger photocathode area than the other tubes and was manufactured around nine
years ago. A second tube, 13873, was manufactured around four years ago and
has been used quite extensively for SPACS engineering tests. The third tube,
19391, is of very recent manufacture and has not been used other than for

acceptance type tests,

As seen in Figure 2-1, one tube (13873) behaves in an almost perfect expo-
nential manner and the other two tubes are closer to gaussian. PMI 19391 shows

a tendency toward exponential behavior for large amplitude pulses.

The nature of the measurement techniques used to obtain the above data
necessitated using data taken over extended periods, many days in some cases,
This caused some concern over the accuracy of applying the data to short time
intervals. A solution to this shortcoming was found to be through the use of

a multichannel analyzer that samples noise and counts the distribution of samples
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as a function of their amplitude,

A Northern Scientific, Model NS-900-1A multichannel analyzer was employed
for this direct photomulitplier dark and background distribution analysis.
In addition a Tektronix 547 oscilloscope with a 1A7A plugin was utilized to
pruuuce a +B coincidence gate allowing the analyzer to be operated in a multi-
channel A/D conversion mode for analysis of the slowly varying filtered wave-

forms.

An examination of the data collected in this test (See Figure 2-2) con-
firms the previous conclusion that the distribution of large amplitude pulses
differs markedly between tubes of the same family. Even after substantial fil-
tering (300 hz bandwidth) some of the photomultipliers show an exponential
form of tail distribution that is noticecably affecting the background distribution.

The exact cause of this variation in behavior among tubes is not known at
this time. It is speculated that the presence of gas in the tubes may significantly

affect these distributions, in particular, the large amplitude pulses.

12



2.3 Results and Conclusions

Figure 2-3 describes the several probability function distributions
that have been discussed in this report for both the noise and signal +
noise cases. Using these curves, the false alarm and missed pulse rates
were computed for the exponential distribution as a worst case condition
and for PMI 19391 as a more optimistic case that can probably be real ized
through photomultiplier tube selection. Tables 2-2 and 2-3 summarize
the predicted false alarm and missed pulse rates as a function of threshold

setting for the above two cases.

The signal to noise ratio of the STARS sensor as is used in the deter-
mination of its sensitivity and stability is given by

H v /v )
SNR = eff ‘P ss

o,l

For the baseline design parameters, a SNR of 8.95 is obtained for the minimum

required star.

It must be kept in mind that the performance characteristics described
are a function of the angk between the pointing direction of the star tracker
and the location of bright sources, which in this analysis was 15° for the
earth and 30° for the sun, Performance will improve at greater angles until
other sources become the limiting noise factor. In the SPACS program it was
determined that galactic particles probably provide this lower limit.

In the course of the experimental portion of this study, the background
source was turned off and a count was made of false alarms from all other
sources. For a typical threshold setting, the count rate was around two orders

of magnitude lower than that obtained with a bright source background.

In summary, this study indicates that as a worst case situation, a

false alarm and missed pulsed rate of 75 per hour can be anticipated. A more
optimistic, yet realistic condition predicts around 4 false alarms and missed
pulses per hour. It should be noted from the probability values listed in
Tables 2-2 and 2-3 that the occurrence of two consecutive perturbations has
very low probability. It is also very obvious that an order of magnitude
improvement is obtainable if desired (at the expense of electronic complexity)
if time gating of the star pulses is applied as part of the signal processing,

13
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TABLE 2-2

False Alarm & Missed Pulsed Predictions. Exponential
Case
Threshold P FAR, hr - P MPR, hr |
fa ’ MP ’
7o 4.5 x 1074 565 3.5 x 107° .505
80 1.65 x 10°* 208 5.8 x 107 8.35
% 6 x 107° 75 5 x 1073 72
9.2 5x 107 63 7.2 x 1073 104
9.5 3.5 x 107> 44 1.3 x 1072 187
TABLE 2-3
False Alarm & Missed Pulse Rates, PMI 19391
Threshold Pfa FAR, hr-1 PMP MPR, hr-l
60 2.4 x 1077 30 1.0 x 107° .026
7o 6.6 x 10°° 8.2 3.5 x 107° .505
7.5¢ 3.5 x 107° 4.4 1.5 x 1072 2.16
7.7 0 3 x 1078 3.8 2.2 x 107% 3.2
7.80 2.75 x 1078 3.5 3.0 x 107% 4.3
8o 2.2 x 1078 2.8 5.8 x 1072 8.35







3. Attitude Control System Design
3.1 Spacecraft Dynamics

The spacecraft dynamics used in the simulation included nonlinear
dynamics to obtain a more accurate representation o{ the spacecraft dynamics
for the STARS application. The high degree of accuracy desired in the
dynamics model complements the high degree of accuracy expected from STARS.
Nonlinear terms as well as product of inertias are included in the analysis
to formulate a more representative dynamics model of the spacecraft.

The inertia matrix for the spacecraft is shown below. The coordinates,

X, y, z are inertially referenced general orthogonal coordinates.

xX Xy X2z
I = |-1 I -1
zy yy yz
-1 -1 I
zx zy zz
b d
where
I =-j i . j dm
2 2
Iy = [ (7 + k%) dnm
i, j, k = coordinates, origin c.g.
m = mass

The angular velocity and acceleration matrices for the vehicle are

- - _
W, w,
e = fe |, @ = J,y
o |z | 2
\‘\N\b - -
W
e
YA
¥)b
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where wq = EES 8 = angle rotation about q-axis, q = x, y, 2z

The moment torque equation is

Mcg=H+wXH
vhere H =1y

The moment equation for the EOS vehicle can be calculated to be (See Appendix 5-1)

_ i - )
M Ipwg * Ipy wy + Ipy wp wp 4 Iy wp wy = Ip wp wy
Mp = Ipdp - Lyel-Ipw + 1w + 1. wl

PP 7 RY WR T 'y WR Wy T g wp Wy T fpy Wy

" Iy by + Ipy g * Ip wg wp = T wp wp = Tpy wp uy

Figure 3-1 shows the block diagram for the spacecraft dynamics based on
the set of equations above., The torque exerted on the spacecraft produces
roll, yaw, and pitch angles @, ¥, and O, respectively. The torque input is
supplied by the control system that receives attitude error information
from STARS. The spacecraft attitude angles, # ¥, and @ are then reflected
in the errors sensed by the star sensor/telescope.
3.2 Disturbance Torques

Sources of disturbance torques on an earth s-tellite are environmental

(external) or internal. Those sources, due to interactions of the spacecraft
with the environment, are gravitational gradient, solar-radiation pressure,

aerodynamic pressure, meteorite impact and magnetic interaction between the

earth's field and spacecraft electric currents. Internal sources are the

19



expulsion of matter (e.g., thrusters), activation of spacecraft elements
or appendages and interaxis coupling.

Disturbance torques can be either cyclic or secular as referenced from
inertial space. Mor ntum storage devices (e.g., reaction wheels) can be
utilized to accommodate angular momentum due to cyclic disturbance without
requiring unloading and exceeding minimal attitude error. Secular torques
require unloadi 'g of stored momentum periodically because of continuous
momentum buildup.

SOLAR PRESSURE TORQUE

The resultant solar pressure torque is a function of the effective
area of the spacecraft exposed to the sun, the reflectivities of the
exterior surfaces, and the distance between the center of mass and center
of pressure.

The basic equations for solar pressure forces are:

<>
B>

(C . 't\x) Qd Ai (Normal Forces)

A AL A A A
+ f (1 - v )|v: n|l(nxvxn)d Ai (Shear Fox_'ces)
A

(Diffuse Reflection
Forces)

+
oo
win
v---<
-
o
]
¥
o
-
<>
3>
3>
a
>
pube
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where the terms are given as:

Vi T reflectance coefficient over the ith surface

nyg = diffusivity coefficient over the surface (“1 = 1 for specular
reflection)

ﬁ = unit vector directed outward normal to dAi

Po = solar radiation pressure constant for the normal incidence (G.Q)

= 1 and complete absorptivity (v = 0) = 9.4 x 10-8 pound/foot2

A, = the area of the ith surface

<>

it

unit vector directed to sunline

The torque produced by the solar radiation pressure is
T =Zi:‘[LixF1 da,
i

wvhere Li is a vector from the vehicle center of mass to the surface (dAi)
center of pressure.

Normal force effects were considered adequate for the generalized EOS
spacecraft configuration used in the study. The solar pamel is sun oriented
and contributes heavily to the normal force, while the remaining surfaces tend
to produce cancellation of shear force and/or have low effective reflectances.

The maximum solar pressure torque has been calculated to be 1.0 x 10-5
foot-pound for the 9:00 A.M. orbit.

For the computer simulation, the sun line is assumed to be along the
vernal equinox and the spacecraft is assumed to be symmetric about the pitch
axis such that the center of pressure is located along the pitch axis. Torque

about each axis is approximated by a sinusoid based on the orbit rate. The

approximations used are:
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-5
TR011 = 1,0x 10 ~ cos wot foot -pound

TPitch = 0,0 foot-pound

-5
'I‘Yaw 1.0 x 10 ~ sin wot foot-pcund
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where

w, ~ 103 radian/second

The solar torque presented above should provide a representative

disturbance torque for observing STARS performance.

AERODYNAMIC PRESSURE TORQUE

The aerodynamic pressure effect on the spacecraft at am altitude of
1000 km produces a torque on the order of 2 x 10.6 foot-pound, primarily
in the pitch direction for an angle of attack of eight (8) degrees. The

general equation for aerodynaaic torque is

TA = PA AA (xcg B xcp) sin o
where
TA = torque due to aerodynamic pressure, foot-pound
P, = atmospheric pressure, pound/ foot?
AA = surface area exposed to aerodynamic pressure, foot2
a = vehicle angle of attack, radians

Compared to solar pressure torque, aerodynamic pressure torque is small.

GRAVITY GRADIENT TORQUE

A spacecraft with non-equal principal moments of inertia tends to
align itself in the gravity field so that its principal axis of minimum
inertia lies along the gravitational vertical. The torque components due

to gravity gradient are

=23 2 -
‘l‘8 roll - 2 9, (Ip I,) sin 2 ¢
T pltch = =32 (I, - 1,) sin 2 0
g 2% g~ Iy
T yaw = 0
g y
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where wy = 10-3 radian/second orbital rate

I IP’ IY are the vehicle moments of inertia about roll, pitch and yaw,

Ri

foot-pound-secondz; @ and O are the roll and pitch error angles, radians.
The gravity gradient effect produces a torque about the pitch axis

equal to 2.6 x 10‘8 foot-pound, which is small compared to the solar

pressure torque.

MAGNETIC PRESSURE TORQUE

The magnetic field of the earth exerts magnetic pressure on the space-
craft through an interaction with electric currents on the gpacecraft. The

torque applied to the spacecraft is given by

T-68x10°8xF foot-pound
where

magnetic moment, anp-turn-foot2

x|
"

o
]

magnetic flux density due to earth's magnetic field, gauss

The magnitude of the earth's magnetic field can be expressed as

10
B = l4&2—§—lg—— (sin2 y + 4 cos2 1)1/2
r
where
r = distance from dipole center to field point, radius of orbit
(nautical miles)
y = angle r makes with the earth's north-south dipole centerline
(radians) or y = mt vhere w_ 1is the orbit rate.

The distance r is the sum of the earth's radius (3444 nm) and h1 the
altitude of the orbit. For an altitude of 540 nm, tne magnetic flux
density of the earth is 4.6 x 10.3 gauss. Assuming 600 ampere-turns-foot2
for the spacecraft's magnetic moment, the peak value of magnetic pressure
torque is 1.9 x 10 2 foot-pound. The torque varies with nosition along the
orbit,
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3.3 Compensation

The vehicle control subsystem that receives attitude reference data
from the STARS sensor and gimbal subsystems must provide the proper
compensation for the overall STARS attitude control syster~ in order for
the vehicle's response to be stable and have the desired pointing
characteristics. The compensation that provides the control law for this
sfsten has two major tasks; it must hold the vehicle pointing error due to
disturbance torques to within +.20 arcseconds, and it must also attenuate
the STARS sensor noise. The disturbance torques acting on the vehicle
occur at orbit frequency, while the STARS sensor noise occurs at

frequencies a couple of magnitudes higher than orbit frequency.
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A simplified blcck diagram of the overall STARS attitude control

system is shown below.

T
n
c + G T + a
1 + 2
Compensation Vehicle
+
1
+
t
Stars S

n
The requirement that the vehicle pointing error due to maximum
disturbance torques is less than .20 arcseconds; places a magnitude

contraint on the transfer function, 9/'1‘N

0 (iw 10 _ 1 _radiam
T, (G w) 10-5 10 foot=-pound

From the figure
o (iw . G, (Jw
T, (G w) 1+6 (3w 6, (Jw

G, (G w) | - 1

1+6, w6, G w)| 10

|cl Gwi = 10- /|6,

26




This expression yields a gain of 10 for G, at orbit frequency.

1
To reduce pointing error due to STARS sensor noise, the gain of 9/Tn
should be made as small as possible at the higher frequencies. With
these gain constraints and other considerations in mind, the following

compensation was chosen:

K (tr, 8 + 1)2
G, (8) = 1
1 s (1'2 s +1)

K = .01 foot-pounds/radian

T

1

T
2

fl

67 seconds

6.7 seconds

The gain K is chosen, as described above,to achieve the required
pointing accuracy in the presence of disturbance torques. The double
lead is required to obtain sufficient gain and phase margins for system
stability. An integrator was added to alleviate a steady-state error,

a result of the annual precession of the orbit plane about the center of
the earth, which was encountered during simulation. The lag is used to
produce a roll off at higher frequencies to filter out STARS sensor
noise.

3.4 Control System Configuration

The control system torques the spacecraft to produce attitude
changes. Torquing can be produced by momentum exchange between the
vehicle and a momentum storage device, such as the reaction wheel. Three
reaction wheels can be used to handle three attitude angles of the

spacecraft.
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Other means of applying torque are available, but for the sample
example of torquing separately in each of the three axis and of making
use of the cyclic nature of torque disturbance from the environment,
the reaction wheel torquing system is a good candidate. Jet thrusters
are also used, and they transfer momentum from the wheels during the
unloading of the wheel momentum.

The control that produces signals to command the reaction wheel
includes a shaping network or compensation to give good control
characteristics to the control system, The compensation is designed to
attenuate sensor noise and to enable the control system to maintain
+.20 arcsecond vehicle pointing accuracy under the effects of disturbance
torques.

The simulation uses this relatively simple control law, The
results show that this control law is effective in providing good
response characteristics in -ontrolling the nonlinear spacecraft dynamics.
Figure 3-2 shows the control system configur:tion. Included in the figure
is the logic box for unloading the wheels. Various torques that the
vehicle experiences are also shown.

The use of a relatively simple control law was desirable to show
that STARS can operate with a simple control system rather than only
with a limited and/or complex type of control law. The use of a simple
control law also allows for the use of more specific or precise control,
if needed. A more complex control law can be designed to handle more

difficult control problems if such problems should arise.
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4, Performance Analysis and Simulation
4.1 Precision Gimbal System

Figure 4-1 shows the configuration of the precision gimbal pointing
control system. This configuration is identical for both the pitch ;nd
nolar axes.

The command to the gystem (Oc) is a binary number that reprecents
the desired gimbal position which is calculated on board and updated at
predetermined intervals using ephermis data. The actual position of the
gimbal is monitored by use of an Inductosyn. The output of the Inductosyn,
a binary signal, is fedback and a binary subtraction is made between this
signal and the command. The resulting error signal is passed first through
a digital to analog converter and then through a shaping network. The
output of the shaping network is a voltage that drives an Imland brush dc
motor which positions the gimbal shaft. The positioning of the gimbal
shaft by the motor is corrupted by bearing noise, This bearing noise which
is due to mechanical tolerances and some uncertainties is described in
Table 4-1. The other noise source in the gimbal system is on the Inductosyn's
measurement of the actual gimbal position. This is described in Table 4-2.
Both noise sources are assumed to be white with zero mean.

4.1.1 Pitch Gimbal Simulation

The pitch gimbal servo is used to unwind the orbital rate of the space-
craft about the earth; this must be performed in order to maintain the pitch
axig of the telescope fixed in inertial space. The command angle to the
pitch servo is the orbital rate of the spacecraft about the earth, This
command is approximately 240 arcseconds per second and is updated every .015
seconds. Due to this relatively high angular rate and to the high load

inertia of the pitch axis, a stick-slip friction model can be avoided and

P .
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TABLE 4-1

BEARING NOISE

7 B
H Assigned Argulac?®
Value Contribution
Ercor Maximmum, in Assembly,
Item [Clans® | Error Quantity Definition - microinches nuccoradians Remarks
] E L (IRB-IRG)e Eccentricity. laner race 60 Not Each inner race marked with high spot.
‘groove 10 inner race bore applicable High spots of bearing pair aligned, thus
{TIR) causing residual crruy due to a) magaivide
difference between race ecceantricitivs and
2 RE L. (IRB-IRG)e Residual erroc of | 15 15 1.8 b) deviation in truc high spot location and
10 . aligament.
3 ] L (IRB-IRG)e Uncerctainty of 15 15 1.8 Uncertainty in (E) L (IRB-1RC)¢
’ 10 measurement.
4 U L (IRRF-IRGJAW | Orthogonal component (radial 7.5 18 _ 1.8 Axial wobble high spot rarely coincides
direction). Axial wobble of 10- " with eccentricity high spot so that cor-
inner race groove to inner rection cannot be niade simultancously
race refecence face for wobble. Assumed worst case for
opposite bearing pairs diametrically
opposed; however, Mean was assumed
within each bearing pair.
S U L (B-B)V Variaace. Ball.to.ball s 10 _ .00 Assuming: lacger balls (1/2 i the
diameters (for bearing Io*" ™ complement) diametricaily oppose sutaller
’ ball complement) balls. Worst possible casc — both bearing
pairs. »
6 u L PC Size of particulate 45 45 4.5 Assuming: some particles at times enter
contamination 10~ batl te race contact and not necessarily
simultanecusly in both bearings and pairs
in diametrically opposcd locations.
7 E L (SH-IR)( Fit between inner race Inter- L] Interference to exist over cntire opera-
bore and shaft fecrence tional thermal range.
8 E L (H-OR){ Fit between outer race Inter- [}
and housing ference
9 E L(B‘-ﬂz)t.SH Shalt eccentricity between 60 Not Combincd with itemy 1, ruces are angulacly
. bearing locations | and 2 applicable positioned to minimize cifestive toral
{TIR) : eccentricity; i.e., shaft roational axis
dcfined by race grooves.
10 RE L [*i-+9)} e, SH| Residual error of shaft axis n 30 N
definition {] and 9 : 107
combination) ’
¥ y L {(#1-990 ¢, SH | Uncertainty of shaft axis 15 15 s
definition {1 and 9 * [
combination)
12 U L ({*1-#9)) e,SH,] Uncertainty in | and 9 com- 2.5 - 0.59 Thermal diffcrential expangion indiced
TH bination due to ronhomo- 10 change in imtial interference fits aay
geneous rcsponse to thermal not take place cqually evervuhere duc tu
changes®s nonhomogencity of structures and materials.
13 u LBCIIR-OR] e, Ball contact position change .5 5, 0. 50 Even if both inner and outcr races experience
TH due to outer race to inner 10 ‘ identical change in temgperature (no gradirnt)
race thermal condition and if both bearings experienced identical
’ change change, larycr outer race will change at a
higher tate than inner race. Cnntact angle
shifts. Assume: bearing pair (1) exprricnces
thermal shift larger or smaller than that
expiricnced by bearing pair () thiv Tauses
anglc uncertainty (13) due to diffcrence in race
curvaturcs and ball sizes between bearing
pairs (1} and (2).
14 u L {OR-H3G)e, Housing to outer race 2.5 S, 0.0 Original outer race ana housing errurs (as
TH induced eccentricity change fo = ™ assembled) arc lumped in an offsct angle
due to nonhomogeneous error — a constant. However, if changes
interfercnce fit change due occur, the otfser angle changes in an
to thermal variations unpredictable manicr.
1s i} le(LE) Uncertainty due to launch 30 30 3.0 75% Brinell spot depth of indentation in wae
environment caused Brinell T6 7> bearing, taking tsial load in radial direction,
spots (60 g peak acting for > 1 second).

+F: error, RE:
##1 microradian = 0,206 arcsec.

residual error, and U:

uncertainty,

. [ N N . P Q.. .
“riBulk temprratire vaciation limited to » 10°F; radial vradient tirited to 55 raninun..
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TABLE 4-1
(CONTINUED)

Error Quantity,

Quantity
Squared,

Item microradians ‘ microradians Extension
SUMMARY
2 1.5 1.5 Z=5 (errors)
10 3.0 9.0 Rss = 3.24 microradians
~0.7 arcsec
3 1.5 2.25 Xz = 37.8 (uncertainties)
4 1.5 2.25
Rms = 37.8
5 1.00 1.00 Q-1
6 4.5 20.3 ..£=2.17 microradians
"‘“‘0.45 arcsec
11 1.5 2.25
12 0.50 0.25
13 0.50 - 0.25
14 0.50 0.25
15 3.0 9.00

Therefore: Total error and uncertainty contributions (maximum) =

-~

0.70 + 0.45 = 1.15 arcsec

34




TABLE 4-2

INDUCTGSYN ERRORS

A. Errors systematic with poles
(512 per revolution)

B. Errors systems per revolution

1. Centering indication on Inductosyn discs

2. Effect of bearing bias

3. Rotor to housing alignment
4. Stator to shaft alignment
5. Wobble

6. Bearing random effoct

RSS TOTAL

0.45 arcseconds

0.68
0. 50
1.00
1.00
0.20

0.10

1.72 arcseconds
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a conventional coulomb friction model used.

A separate computer simulation of the pitch gimbal servo was per-
formed using the MIMIC language. The computer listing of this pitch
simulation can be found in Appendix 5.2. Because the command angle to
the pitch gimbal is updated every .015 seconds, a very small integratio-
step is required, thus only short simulation runs (approximately 20
seconds) were economically feasible., The pitch gimbal system response is
shown in Figures 4-2, 4-3, and 4-4. 1In all three figures, the independent
axis is scaled to seconds of time and the dependent axis is scaled to arc~

seconds,

Figure 4-2 shows both the command angle (dashed line) and the actual
angle (solid line) as a function of time. Both curves lie on top of one
another, making the gimbal error barely visible on this scale. Figure 4-3
shows the difference between the command angle and the actual angle on a
much smaller scale. The gimbal error is seen to stay almost completely
within a plus or minus two arcsecond error band. The RMS value of the
gimbal pointing error is shown by Figure 4-4 to be 1.2 arcseconds. This
pointing error is obviously well within the 1.80 arcescond error budget
allotted to each gimbal system,

4.1,2 Polar Gimbal Simulation

The polar axis servo is used to unwind the annual precession of the
orbit plane, which must be performed in order to maintain the polar axis
of the telescope fixed in inertial space, The command to the polar axis
servo corresponds to a one revolution or 360 degrees per year rate. This
command is updated only every 90 seconds. Unlike the pitch gimbal, the

slow rotation and small angle incremental motion of the polar gimbal cause
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an elastic behavior between the moving surfaces of the gimbal. As a
consequence, the polar gimbal simulation utilizes an elastic friction
model, based on experimental data obtained on another Hughes program. Figure 4-5
shows the elastic friction characteristics observed on the Hughes 0SO
Program. The STARS polar gimbal operating region is shown in the lower
left hand portion of the figure, For this regicn, the friction torque is
directly proportional to the angular displacement. The elastic friction
model that was used in the sinulation is shown in the right half portion of
the same figure. The elastic friction torque in the simulation model is
equal to K,‘ times A8, when Aé is not equal to zero, and zero when 490 is
equal to zero. Where AQ is the incremental change in the command at each
update interval.

A separate computer simulation of the polar gimbal servo was per-
formed using the MIMIC language. The computer listing can be found in
Appendix 5.2. Figures 4-6, 4-7, and 4-8 show the polar gimbal system
response. In all three figures, the independent axis is scaled to seconds of time
and the dependent axis is scaled to arcseconds.

Figure 4-6 shows both the command angle (dashed line) and the actual
angle (solid line) as a function of time. The gimbal angle is seen to
follow the staircase type motion of the command angle; however, its ampli-
tude is corrupted by noise., Figure 4-7 shows the error between the
commanded angle and the gimbal's actual position. Most of the error is
seen to fal) into a plus or minus 2 arcsecond region about zero. Figure
4-8 ghows the RMS value of the pointing error to be 1.80 arcseconds, which

is exactly the allotted amount of error for the polar gimbal system.
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The pitch and polar gimbal simulations described above demonstrate

that the precision gimbal of Figure 4-1 can meet the high accuracy require-

ments of STARS.
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4.2 Control System

Figure 4-9 shows the control system configuration b’ock diagram.

The command to the control system is the desired spacecraft attitude. The space-
craft pointing error, which is obtained by comparing the reference attitude

to the actual spacecraft attitude measured by STARS, is passed through a

shaping network that commands a torquer to torque the spacecraft in

order to produce the required attitude correction. This system contains

two major disturbance sources; the spacecraft disturbance torques and the

sensor noise on the STARS measurement of spacecraft attitude. The shaping
network is designed to attenuate the STARS sensor.noise and compensate for

the disturbance torques.

The control system of Figure 4-9 was simulated under the assumptions
that the torquer is ideal (no dynamics) and that STARS gives a perfect
measurement of the spacecraf: attitude. The purpose of *his simulation was
to investigate the system's ability to control the spacecraft dynamics and
compensate for the disturbance torques.

Figures 4-10thru 4-12 show the control system response when no distur-
bances are acting on the system. Figure 4-10 shows the spacecraft
attitude over one orbit to be perfect. Figures 4-11 and 4-12 show the
spacecraft's body rates. From the definition of the coordinate systems

(see Figure 4-13), the body rates for perfect pointing should be:

: N arcsecond
myaw =8 sin y sina = .04 sino t second

- . arcsecond
W11 S B sin ycos @ = .04 cos o t secord

wpitch = B8 cos vy + o = 206 arcsecond/second

where & = orbit rate
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From examination of the threg figures, it can be stated that under
ideal conditions and no disturbances, the control system can point the
spacecraft perfectly.

Figures 4~14 thru 4-16 show the control system response when distur=-
bance torques are acting on the system. Figure 4-14 shows the spacecraft
attitude time history for one orbit period. The large peak in the roll
response is an initial transient due to the manner in which the simulation
was initialized. The pointing error caused by the disturbance torque is
well within the prescribed accuracy of STARS. Figures 4-15 and 4-16 show
the spacecraft body rates. The body rates are seen to be unaffected by
the disturbance torques.

It can be concluded from the above simulations that the control system
design of Figure 4-9 can control the spacecraft dynamics and also compensate

for any disturbance torques acting on the spacecraft,

DISTURBANCE a
TORQUE @
&
=
@
REFERENCE + Z
ATTITUDE + =
VEHICLE >
SHAPING TORQUER [ DYNAMICS >
STARS

FIGURE 4-9. CONTROL SYSTEM CONFIGURATION
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4.3 Star Tracker

A block diagram of the tracker model illustrating the relatiomnships of
its component functions is shown in Figure 4-17.

The time interval (At) between a position reference pulse coming from a
pickoff on the optical wedge and the pulse produced by the star image crossing
the recticle slit within the telescope is stored in a register for use by the
tracker system. The register is updated every 250 milliseconds. A sinusoidal
relation exists between the time interval and the corresponding error angle,
given the scan circle radius and its period. Thus, the star line-of-sight
error angle is derived directly from the pulse time interval measurement.

The realistic tracker model includes inputs for the two major disturbances
to the system; missed (or false) pulses and pulse jitter. Both photon noise frcm
the star background and dark current noise of the photomultiplier tube will cause
missed (or false) pulses. This subject was treated in Section 2 of this report.
With respect to this type of disturbance, the following assumptions were made in
conjunction with the simulation model:

1) Missed or false pulses will perturb the system in the same manner.

2) An exponential noise distribution is assumed, yielding the worst case
condition of 72 missed and 75 false pulses per hour.

3) By the use of electronic gating, detection of missed and false pulses
will be possible.

4) 1f a missed (or false) pulse occurs on one of the star signals, the
system will ignore that signal and use the last stored value of error corres-
ponding to this signal.

Resolution of a pulse in time (pulse jitter) and hence the angular error
associated with detection of the signal depends directly on pulse (or slit) width

and inversely on signal-to-noise ratio., Using the baseline star tracker parameter
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values given in the STARS Feasibility Study, the lo value of track loop angle
noise (pulse jitter) is 1.15 arcseconds.

Figures 4-18 thru 4-21 show the STARS system response when the star tracker
simulation model is added to the control system simulation of Section 4.2. 1In
this case, no disturbance torques are acting on the spacecraft and the torquer
is still ideal. Figure 4-18 shows the spacecraft attitude time history for half
an orbit period. A peak to peak error of approximately .20 arcsecond is observed
in all three axes. This is obviously well within the accuracy requirements of
the STARS system. Figure 4-19 shows the star tracker's estimate of the spacecraft
pointing error. If the estimate were perfect Figure 4-18 and 4-19 would be
identical. However, by a comparison, the measurement is seen to be very noisy,
yet the spacecraft error is very small. The important point demonstrated here
is that the error in the star tracker's estimate is filtered by the large inertia
of the vehicle. Figures 4-20 and 4-21 show the body rates. These rates contain
a small magnitude, high frequency component ia aduition to the required perfect
pointing rates.

in conclusion, this simulation shows that the present star tracker design

will provide the required high accuracy performance.
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4.4 STARS System Model

A signal flow diagram of the complete STARS system, illustrating the
functional interfaces between the computer, telescope assemt .y, and the
spacecraft attitude control system is shown in Figure 4-22. The functional
description of the individual components of the system have been discussed

-

previously.

The total system was simulated on a GE635 digital computer using the
MIMIC simulation language. The computer simulation flow diagram is given in
Figure 4-23, The complete STARS system simulation is a combination of the
simulation models of the precision gimbals, the star tracker, and the control
system discussed previously, with some additional modelling added for the
on-board computer requirements. All major disturbances were included. The

computer listing can be found in Appendix 5.2.

Figures 4-24 through 4-27 show the complete STARS system response for
one orbit period. The spacecraft attitude is shown in Figure 4~24 ¢ The
response consists of an error component at orbit frequency due to the disturb-
ance torques and a high frequency error component due to the star trackers
estimate of spacecraft attitude. The maximum peak to peak error in space-
craft pointing is observed to be well less than half of an arcsecond. The
star tracker's estimate of the spacecraft attitude is shown in Figure &-25.
By comparing this figure to 4-25, the filtering effect of the large mass
of the spacecraft is observed once again. Figures 4-26 and 4-27 show the
spacecraft body rates. Thesc rates contain a small magnitude, high frequency
component, due to STARS sensor noise, in addition to the required perfect
pointing rates. This simulation shows convincingly that the STARS system

has the ability of high precision spacecraft pointing.
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Three additional runs were made using the complete STARS system simulation

to investigate the effect of gimbal axis misalignment, the effect of a non-ideal

torquer, and the initial acquisition ability of STARS.

1)

2)

3)

Gimbal axis misalignment

The effect of an error in the built-in angle between the pitch

and polar axis of the telescope assembly was considered. A

three arcsecond error in this angle was assumed to be representa-
tive of this type of an error. The total STARS system simulation
described above was run with this three arcsecond gimbal
misalignment. The system response to this error was not visible,
thus yielding a conclusion that this type of error will not affect

the STARS system performance.

Non-ideal Torquer

A one second deadband region was added to the torquer model shown
in Figure 4-9. The system response to this error is very small.
Figure 4-28 shows the spacecraft attitude for this simulation run.
When comparing this figure with Figure 4-24, an increase in the
peak to peak magnitude of the pointing error of .1 arcsecond is
observea This type of error has a greater effect on spacecraft
pointing than the gimbal misalignment error, however even with
this exror, the STARS control system is well within its accuracy

requirements.

Initial Acquisition

The acquisition problem of the STARS system begins when the star's
image is first seen in the telescope. The image will first appear
when the error between the telescope boresight axis and the line-

of-sight to the star is less than .5 degrees (1800 arcseconds).

09



This condition was simulated by giving the spacecraft an appropriate initial
attitude so that the error in the telescope frame was approximately .5 degrees.
The STARS system response for this simulation is shown in Figures 4-29 through
4-31. Figure 4-29 shows that the spacecraft pointing error is brought to zero
in approximately 300 seconds. Figures 4-30 and 4-31 show the spac.craft's body
rates, which are also brought to their respective perfect pointing values in

approximately 300 seconds.
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4.5 Conclusions

A number of conclusions may be reached, based on the analyses, experi-
ments, and simulations performed in this study. These cover star tracker
characteristics and performance, the capabilities of the precision gimbal
system, control loop design, acquisition perfornmance, pointing precision and
pointing stability,

Star tracker analyses, based on experimental data from several photomultiplier
tubes, indicate that without using elaborate electronic processing, the false
alarm and missed pulse rate to be anticipated lies between 75 per hour and 4
per hour. Even though these rates appear quite acceptable, an additional order
of magnitude improvement is available if needed by applying time gating of the
star pulses as part of the signal processing.

A detailed simulation of STARS gimbal characteristics shows that the gim-
bals may be positioned with a precision of better than two arcseconds, using
shaft angle transducers with a resolutionm of 19 bits. Since the gimbal positioning
precision appears to be limited chiefly by the resolution of the feedback trans-
ducer, the prospects of higher pecision in this area (if desired) are very good.

Simulation of the spacecraft control system shows that a relatively uncom-
plicated control system design can reduce the effect of various external distur-
bance torques on pointing precision to negligible values while simultaneously
keeping pointing jitter due tosensor noise at acceptable levels. It was found
that a pointing error of 0.5 arcsecond due to disturbance torques and less than
0.2 arcsecond jitter due to sensor noise is achievable without placing significant
demands on system gains or bandwidth. At the same time the transient response of
the overall system appears quite adquate, with acquisition from the edge of the
field of view occurring in less than 300 seconds:

The overall conclusion that may be drawn from the results of the STARS
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System Application Study is that a relatively straightforward precision pointing
system design ntilizing STARS on an EOS type snacecraft, and considering the
characteristics of real sensing and control hardware, can achieve the desired 0.001
degree earth pointing capability. The STARS approach should therefore be a

strong contender in any application where a large payload must be pointed earth-

ward with high precision from amy arbitrary orbit.
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5.1 Spacecraft Equations of Motion

The spacecraft angular momentum is
H= Iy
or, in expanded form

He I Ipp Ty Wy
Bl = I Ip Ipy Wp
Hy Im Iyp Iy uy

For the EOS configuration specified by GSFC, the only non-zero crossproduct

of inertia is IRY (=1 Therefore

YR)'

—

_
Tpug * TpyWy

Tpup
_IY'““Y + v |

x|
]

and

F » . h
Tpwg + IpyWy
Ipwp

[ Iywy + Ipyy |

Tl
"

The moment equation is

ﬁ = ﬁ +-; x E
now, ’1 j K
rl) X ﬁ = U)R (DP wY
R
&@)‘@ Hywp - Hpuy
“.s'_,\; Hywg + Hpuy
o | FpoR " R |
.Q,C“
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Thus the expanded moment equations are

Mg = Tpup + Tyt + Tpy wp tp + Ty wp wy = 1p up wy
X 2 2
Mp = Ipuwp = Tpy v = Iy op uy + Ip up wy + Tpy wy

MY'IY‘I“Y*'IRY""R'*IP'“R“’P'IR“’R‘“P'IRY“’p‘”Y
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5.2 COMPUTER PROCRAM LISTINGS
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Swl
Swl
S5w}
SW3

SW3
LW3

200
«01

$

IDENT
LIMITS

366+54790+1087D+78294RNY
30930K9910K991]

PROGRAM RLHSsNDUMP
LIMITIS 30+30000+910000

PERM
TAPE

DTMIN
DTMAX
DT

Swl
KRDA
KS2
OMEG
Sw3
ALPHA
THECOM
THETAC
INDTER
BEARER
EIlO
EIl
P21
P11
€01
0l1

Fl
THETAD
THET A
THITAA
THETB
THEDEL
R

RMS

¢376

1
0
ENDJOB

H®sMIMIC-SYSTEM
09+A25

CON(K]1sKM19KI19KD1)
CON{(TAU1sTAU119sR1sJ1)
CON(THETDOsTHETAO)
oBMITRUE)
1/7(2%%13)
DTMIN
«01
FA"'(T’ZO)
FSAUTsFALSEsTRUESFALSE)
3600#180/3.14159
(KDLl 1#KM1) /R1
(13737%360)/24
FOWIREM(T»e0015)sFALSESTRUESFALSE)
OMEGH*T
ALPHA
ING(KI1*THECOM)
RNG(091e75941)
RNG{(091e137942)
THECTAC-THETB
KS2*EI10
INT(EIL1»0)
INT((10%TAULI+TAUL1)#EI1=-EO1+P21+C)
(1O*TAULI*TAUL1*EI1+P11)/TAUL
{EQ1+F1)/J1
FSWITHETAD»4026909-,026)
INT(GI1>THETDO)
INT(THETADsTHETAD)
KRDA®*THETA+BEARER
ING(KI1#(THETAA+INDTER,)
THECOM-THETAA
(1/T)*INT(THEDEL »0)
SQRICI/TI®INT(THEDEL*THEDEL»O)-R*R)
PLO(T»RMS)
SCL(20+095+-5)
END

0404 6625E-3

13 ie5

PRECEDING PAGE BLANK NOT FILMED

PITCH GIMBAL SIMULAT ION
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$ 1DENT 366954790+1087D0+782949ROY
$ LIMITS 10s30K9910Ks»l
3 PROGRAM RLHSsNDUMP
3 LIMITS 10+300009910000
$ PERM He g MIMIC=SYSTEM
$ TAPE 09sA2S
CON(KF2)
CON(PHIDOsPHIO)
PAR(K29+KM2sKI2sKD2)
PAR(TAU2sTAU129R29sJ2)
PAR{CCUNT s SUM)
DBM (TRUE)
DTMIN 17(2%%5)
DTMAX DTMIN
oT 1
FIN(T»1000)
SwW1 FSW(T+FALSEsTRUESFALSE)
SH] KS (KD2#%K2%KM2)/R2
Sw3 FSW(REM(T590)sFALSEs TRUESFALSE)
3wl KRDA 180%3600/314159
Sl CMEGA 360/1365426%24)
SW3 BETA OMEGA*T
Su3 PHICOM BETA
SKW3 PHIC INGI{KIZ2*PHICOM)

BEARER RNG(0s1e137945)
INDTER RNG(091e759e7)
AR RRRN ELASTIC STICTION MODEL

Sw3 co PHI
SWa FSW(ABS(PHID)~-+000001 sFALSEsTRUE»FALSE)
SW5 COM (SW4)
Swa F2 0
SW5 Cc1 PHI-CO
3w5 F2 -KF2#C1
% % %% %R
EI120 PHIC-PHB
€12 KS#EI20
P22 INT(EI2+0)
P12 INT((10%#TAU2+TAUL2)#EI2-EQ024P22+0)
£02 (10*TAU2#TAU12*EI2+P12) /TAU2
012 (ED2+F2)7J2
PHID INT!CI2sPHIDO)
PHI INT(PHIDsPHIO)
PHA KRDA®*PHI+BEARER
O HB ING(KI2*(PHA+INDTER))
PHIDEL PHICOM-PHA
R1 (1/T)*INT(PHIDEL»O)
RMS1 SCR((1/T)*INT(PHIDEL#PHIDEL+O)-R1%*R1)
PRINT FSWIREM(T»10)sFALSE » TRUE sFALSE)
PRINT OUT(TyPHASPHICOMsPHIDEL yRMS1)

LO(TsPHAIPHICOM)

SCL(1000+0+50+0)

PLO(TSPHIDEL)

SCL/1000+90+10+-10)

PLO(TsRMS])

SCL{100093+5»0)

END
182463

0 0 POLAR GIMBAL SIMULATION
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le5 376 e 404 6.25E-3

«01 1 13 «05
1 0
$ ENDJOB
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STARS SYSTEM MODRL
1GENT 266+ 54750210070 78294 eR0OY
LIMITS 695e30Keei0K sl
PRCGRA RLHSsNDUIWP
LINITS  859300uleelGuud
PER~ rE eI MIC=-SYSTLH
> TAPE 09 ¢A23
A 2TLLLAR TRACKING ATTITUDL REFERINZE oYsSTIDv ———
aruiN GATA INPUT
Chbil CONSTANTS
RS VISTANCE FROM VEHICLED T2 CARTH
v3 MALNLTUDL GF LARTHS VELDCITY ABOUT ul
PI0 Ncobelv STULLAR ASCREATION SET Ro=v0=0)
CBAMMA SPBIT INCLINATION ANGLE
~ . CCRIRD VT GANMA)

wiw0umw~f

‘wldual WGHITANTS

Ki FlTln URIVER i IN

Kitd Pilin M1k GALN

Kid PIT s IabUlTOLYN GAlR

Kl PlTon o/Aa SOhvel3lon GALN

aril iobhoois FRILTILRIFITGY AKX

{Aavl PITOn VIS CONSTART 1

iawll Dliem TIvi (OKRsTANT 2

3 SITur wiRoilhG RESICTANCE

Ji fITCn [Ne= v IA
CoMt ok lonllokblexwri
ColNlTAGIsTALILoRIedl)

Ao rolAR SIvin CAlln

f oy FOLAR LoTui

Aig FobAn Liswul TOSY.,

sAve Polbmin w/A CONTTERSTON

AT & kAT FRICTIL CoefrlvianTiRGLAR XIS

ThAuz POLAR TIa€ CONSTANT 1

inule POLAR TISE CoNOTANT 2

Re FOLAR INSIRG RESISTARCE

CONIK2eK: 2o [29KoZ0KF 2}
CONITAUZ sTAGLI29P2 92}

e -, g s T, . ~ e TR Z
[+ ¥ %Y t.;‘;&:ﬂ‘( LC;‘;P&:;EN:-T;C?\ x._.;SIA;».?a

el Tre PITun GldBal LIAS SRROR

walPrii POLAX BINBAL ©li3 ZRAGR

vl wAl GRIIT IRCLINATION WwlAS C3RCR
DAJ WGLLITLLEeSLORPEICIALS FGR U-5TAR
BAL RILLITELLSLOPRILIAS FOP X~STAR
3YJ YASUToLEsCOPRIEIAS FCR J-3T4AR
oYN YARATELESLGPEIZIAS FOR K=5TAR
odJ PITUSUTELESCGPEIRTIAS TGO J=-2740R
1744 PITOrITELESCCPLIBIAS FTOR K=3TAR

CNIDZLTHL o TLPHI s ZLIAM

CONIAX I CVIoBILeB AN 95T 934K}

TIsz TO ANGLE CONVERSICH (OASTANTS

¥R SCAN CIRCLC RADIUS

P SCANNING PERICL

PR MI3%cw PLUL FALSS PULSE RATE
COR{KX 9B 9. PRn1)

CUNTROL SYSTE: CONSTANTS

K2y CONTROL SYSTE- GAll == YAw

a2 CONTAROL HYSTEY GAIN =-- ROLL

aZP CoMTROL SYSTL GATlNL == PITCH

VOLTLZvULT
FT-Lo/5MF3S
wiTa/nrRlond
VL TS/BLT

S I HROY S S N

sulliivd
52lGLuS
CHME
ShuG=rT#FT

SLCGRELS
SEC
BER HOULR

FT=Lus/RAD

FT-LLS/RAT
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TAJlY LEAD TIME CONSTANT == YAW SECONDS

TAULR LEAD TIME CONSTANT -« ROLL SECONDS

TAUlP LEAV TIME CONSTANT =< PITCH SECONDS

TAU2Y LAG TI4E CONSTANT «- YAW SECLNDS

TAWZR LAG TimE CONSTANT == ROLL SECOILWS

TAuZP LAG TI4t CONSTANT == PITCH SECCNDS

' CONIKZY s TAULY 2 TAUZY 9K 2R s TAUIR» TAJZR)
CONIK 2P TAULP +TAU2ZP)

SPACCLCRAFT OYNAmICS CONSTANTS

IR SPACECRAFT ROLL INERTIA SLUG~FT#FT

iP SPACECRAFT PITCH INERTIA SLUG-FT#FT

Iy SPACECRAFT YAw INERTIA SLUG-FTH#FTY

IRY SPACECRAFT ROLL-YA& CROSS INERT!IA SLUG-FT#FT
CONCUIRYIPOIYSIRY)

INITIAL CONDITIONS

ALFHAD ALPEA iC CEGREES

BETAD BETA IC DEGREES

THeTAQ PITCH GIMBAL INITIAL POSITICHN ARCSECS

THaTo0 PITCri GIHBAL INITIAL RATE ARCSEC/SEC

PHIQ POLAR GIMBAL INITIAL PCSITION ARCSECS

PH1J0 POLAR GIMBAL INITIAL RATE ARCSEC/SEC
CCN{ALPHAG +EETAD)
CONITHETDG»TRETAQOWPHITO»OHIN)

YaadIC YAWCOT IC ARCSEC/SEC

ROLDIC ROLLD2T IC ARCSEC/SEC

PITCIC PITCLRDDT IC ARCSEC/SEC

YAnQ YAS IC ARCSEC

AvlO ROL IC ARCSEC

PI1TO PIT IC ARCSEC
PAR(YAWDICsROLDICHPITOICsYARCsROLLUSPITD)

T SIMULATION INITIAL TIME SECONDS

TFIN SIMULATION FINISH TIME SECONDS

N STEP SIZE = 1/12%eN)

PRINT PRINTING INTERVAL SECORDS
PAR(TOSsTFINsNsPRINT)

STAR SELECTION

DELTAY UECLINATION OF JU-STAR DEGRECS

CELTAK VECLINATICN OF K-STAR CEGRLES

LAIMDAY RIGHT ASCENSICN OF J=-STAR CEGREES

LAMDAK RIGHT ASCENSION OF k-STAR CECREES
PAR(DELTAJLAXDAJIUELTAKSLAADAK)

e TAK X1GAT ASCENSICN OF k-VELESCOPE BOReSIGHT  UEGREES

ZeTAK JECLINATIGN OF k-TeLeSCSPe ECRESIGHT JEGRLES

ETAJ RIGAT ASCENSICN OF JU-TELESCOPE 8BORESIGHT  DEGREE

2ETAJ DECLINATICN OF J-TELESCOPE BORESIGHT CEGREES

PAR(ZETAJSETAJPZETAKSETAK)
PRELIMINARY CALCULATIONS

DBM(TRUE)
SwWl FSwiTsFALSE »TRUESFALSE)
Swl PIE 3414159
Sl R10 180/PIE
Swl C 186000
Swl KRDA 3600%RTD
SwWl KA KR#KRDA
SWwl KP (KD1#K1#KM1)/R1
SWl KS (KD2#K2#%#K421/R2
Swl ONMEG (13e737%3601/(24%3600)
SWl OMEGA 360/(365+26%24%3600)
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awl ALPHAD  OMEG#3600

Swl BETAD OMEGA#3600

Rt 3 ALPHAB 15 k3 S0
o4l SOMEGA  SIN{(GHZIGA*TI/RTD)
owl COMEGA L~ -'ieGARTI/RTD)
awl COSE COS3123.5/7/RT Q)

C ol PSi SAMIA

- 5&l £Psl CUSIPSI/RTL)

el SPsl SINIPSI/RTO)

o oswl CGAMNA  CUSIGAMMAZRTD)
-1} SGANMA SINIGAMMA/RTD)
. owl COELTY  COSUDELTAJ/RTID)
. S«1 SDELTJ  SIN(DELTAJ/RTD)

onl CUELTK COSIDELTAK/RTD)
anl 50cL X SINI(DELTAK/RTL)
-~ aal CLAMuY  COSULLAMNDAJ/RTLD)
T owl CSLARDY  SINILAMDAJI/RTG)
awl CLaisuK COS{LAMDAK 7TV
onl SLANMOK  SINILAMBAK/RTU)
aal CLATAK  COSUZETAN/RIL)
L aw} SLETAK  SINGZETAR/RTUL)
owl CLETAY  COSUZETAJ/RTD)
owl S4eTAJ SINUVZETAJ/RTE)
swl LETAK COSIETAR/RTD)
Sdl SETAK SINIETAK/RTD)
- ! CETAJ CCSIETAJ/RTD)
Sul SETAJ SINIETAJ/RTO)
Sal Il I1Y/KRCA
Sal 12 IR/KRDA
anl 13 IP/KkCA
Swl 112 IRY/KRDA
Kuh CONTROL LOGIC
oal DTMIN 1/702%%y)
54l PTMAX DININ
Swl pT 1
T1 T+T0

FIN(TISTFIND

MEMORY»TIMINGesAND CONTRGL
Sw2 FSSIREM(Tise28) o7 ALSE s TRUESFALSE)
Sw3 FSwlREV(TIGO) o FALSE s TRUEFALSE)
CALPHA COS(ALPHA/RTL)
SALPRA  SIN(ALPHA/ZRTD)
ALPHA  OMEG*T I+ALPHAQ

aw3 BETA OMEGA*TI+BETAQ
aw3 CBETA COSIBETA/RTD)
43 SBETA SIN(RTTA/RTD)

OIMBAL ANGLE CCMMAND GENERATOR
THECOM (ALPHA+DZLTRE)*3600
STHETA SIN(THETA/RTD)
CTHETA COSITHETA/RTD)

SW3 PHICOM (EETA+DELPHI)*360G
o3 SPHI SIN(PHI/KRTD)
543 CPHI COS(PHI/RTU)

PITlH GIMBAL EGWVATIONS
INDTEP RNG(O921e759e])
BEAREP RNG(Q921el379e2)
Swi THETAC ING(KI1#THECOM)
Ello THETAC-THE D



ell
pal
P11
ECL
oIl

Fl
THETAD
THETA
THETAA
THETS

KP#EI10

INTL(EI 10}
INT{(10#TAUL+TAULLI#EI1-EQ1+P21+0)
(10*TAULXTAUL1#EI1+P11)/TAUL )
{EQL1+F1)/J1

FSA(THETADsKF109-KF1)
INT{OI1sTHETDQ)

INT(THETAGSTHETADY
KRDA®THETA+CEAREP
INGIKI1*(THETAA+INOTEP))

POLAR GIMBAL EQUATIONS
®% ELASTIC FRICTION MODEL

Su3

545
owub
subd
ERER

a3

co
Sa5
Swé
F2
C1
F2

BEARER
INDTER
PHIC
€120
El2
P22
P12
EJ2
ol2
PHID
Pl
PHA
PHB

PHI
FSW(ABS(PHID)~e 000001 s FALSE » TRUE »FALSE)
COMLSus)

n
PHI-CO
-KF2#C1

RNG(QOs1e1i37345)
RNG{0s1e75se™)
INGIKIZ®PHITOM)

PHIC-PHE

KS#E120

INTLEL2+0)
INTUL10#TAUZ+TAUL2 I #EI2-E02+P22+0)
(10*TALZ#TAV12#ELI2+P12)V/TAU2Z
(EQ2+4F 21732

INTIOI2+PHILO)
INT{PHIDPHIQ)
KRDA#PHI+BEARER
INGUIKI2®#{PHA+INDTER) )

CPTICAL STAR SENSORS

Sw2
SH2
SA2
5d2
SW2
Sa2
Sw2
5n2
Sw2
542
S5w2
Su2
Sh2
Su2
on2
Swe
Sw2
Sw2
Sa2
5u2
oOng
Sw2
Y s

ABll
Abl2
ABl13
AB21
Ad22

- AB23

AB31
AB32
AB33
EBX
ESY
X-74
RX

RY

RZ

RHHXJ1
RHHY J1
RHHXK1
RHHYK1
RHHXJ
RHHY J
RHHAXK
RHHYK

CTHCETA¥CPRI~STHETA*CPSI#SPH]
~STHETA#CPHI-CTHETA®CPSI #S,H .
SPHI®*#SPS]
CTHETA®SPHI+STHETA®CPS I #(CPH]
=STHETARSPHI+(THLTA%CPSI+(CPHl
-SP5SI#CPHI

STHETA®SPSI

CTHETA#3PS]

c2Ssl

YAW+PIR*ROL-ROR#PIT

~PIR*Y AW+ROL+YAR*PIT

ROR#YAW-YAR*RCOL+PIT
AB11#EBX+AB12#EBY+AB12I*ESZ
AB21#EBX+ABZ2#EBY+AE23%EB2
AB31#EBX+AB32+4EBY+AB33I*EEZ
SZETAJRCETAJHMRX+SICTAJIRSETAIRRY-C™ "AJUWRZ
=SETAJ#RX+CETAJ*RY :
SZETAK®CETAK#RX+SZETAK*SETAK*RY-CZETAK®RZ
~SETAK*RX+CETAK#RY

LIMIRHHXJ19~1800+1800)
LIMIRHRHYJ1+~1800+1800)
LIMI{RHHXK1+~180C»180C)
LIMIREHYK1+~18C091300)

PuLSE INTERVAL TIMING

ow2

TXJ

-P*ASN (RHHAJ/KA) 7L 2#P1E)
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P*ASN{RHHYJ/KA)}/ (24P 1E)
-P#ASNIRHHXK/KA)/(2#P1E)
PRASNIRHHYK/KA}Z7(2#pP1E)

TC ANGLE CUNVERSICN

INGUMPRH®{TFIN=-TO )1/ 236006G)
INGUITFIN=TC) #RNUlU9l e 1) /P)
INGUUTFIN=TO)#RINJID»192)/P)
INGUITFIN=TO)I#RNJ(Ds193)/P)
INGUITFIN-TO)#ENUIDe 1041} /7P)
FSaltPl=-MPN»TRUE»TRUE oFALSE)
Fan{MP2=MPine TRLE»TRUESFALSE D
FowulbPa3=-PNesTRUE S TRUE sFALSE)
FowtMP4= PNsTRUESTRUE +FALSE)
COMtYEST)

ZGMIYES2)

COVIYES™?)

CoMIYESS)

RNG(OslalSe2)

BNGUO91elB9e3)

RNGI0s1al594)

RNG{0O91e1593)
KA2SINU=2#P [ iaTXJI/F )Y +JITXY

NeD R%
KARSIN(2¥P i&.*-‘T\'J/?H-JITYJOaIGRVDUem
Nel “QRZ?
LARL[Nt~2%P Je#TXK/P ) +JITXK QPAG@ > 633%
Ne gp}tla?
KARSINIZ2ECIE#TYX/P)+JITYR
Nel

TOLI{RHGXJeDT N IN75)

le0

TwLIRHCYJswTilive 75

10

TOLIRAGXKILUTMINSGTS)

140

TOL(RRCYKsDTNINGTS)

le0

VELGAA*SLELTY*CLANLY
~DELGAM*SLAMNDY
DELGAL #3DELTXK#CLAYDK
~-DELGANM®SLAADY

=ALPHAG#SALPRAR (CSETARCGAIIA=SDETA*SCARNA)
V31I1-ALPRASHCALPHAR ([ {oLTARSVANAATSLLT A®LGH wink)
=ALPHAB#SALPrAR SSETA#COAMrA+CoLTARSLARIA)
V21-ALPHAZ*LALPAAR(SBeTARSOALEA=CLET AR CAIMLA)
(VORCOSER S EGA+RTG ( =5LACU#VI+CLAND J¥V21 1 /C

T CH#COSERSOMEGA+RO* { =SLAMDK#VI+CLANDKEV21 1/

« {VORCOHEGA+IOMISLOLT JRCLANLJIR¥VI+SDEL TIRILANCIRVZ ) ) /C
—(VO*COMEGA+RO® (SOZLTK*#CLAMOK*V]I+SCELTARSLAMOK®V2) ) /7L

SZETAJRCETAURIXJI+SIETAIRSETAGRBYI=-CLLTAIRELY
=SETAJ#BXJ+CETALREY Y
SZEVAKHCETAK#BXK+SZETAK#LETAKSBEYRK-CZETARRETK

Sng TYd
362 TXK
62 TYk
g r 3
snl MPN
ang MPY
wiid me2
D2 MP3
e KP4
and YEal
Yy YES2
GHi YEL3
and YEo4
casi2 NO1
Swe NOZ
SHZ NC3
S&2 i34
Swd <1TXJ
w2 J1TvJd
sud JITXL
Sag JITYK
~al RAGXJ
Wl FPl
NS2 Fre2
AUl 2HIXR
hNa3 Fp3
NS RHACYK
NC& FP&4
Yesl RHAGXJ
fesi FPl
Yebda RAJYJ
Tead FPe
Yea3 RACXK
Yia3 FP3
Teohk RAAGYK
YES4 Fe4
CRoIT PERTUIBATICNS
anl NUXJ
wwl NUYJ
Sal NUXK
owl NJYK
STeLLAR ABERRATICON
SK3 Vil
Sn3 vi
Sa3 vzl
ow3 ve
5a3 AXJ
S%3 A XN
n3 AYJ
Sa3 AYRK
TELESCOPE BiIASES
oWl XInJ
Sal XiyJ
Swl XIXK
5wl XIYK

BlAS COMPENSATON

5d2

MUXJ

- SETAR#BXK+CETAK* LYK

RHOXJ+{XIXJ+NUX J*AX J) #3600
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RHOXK+ { XIXK+NUXK+AXK ) #3600
RAQYJ+(XIYJ+NUYJ+AY J) %3600
RHOYK+(XIYK+NUYK+AYK) #3800

CUURUINATE TRANSFORMATION AND LRROR cSTIMATION

w2 MUXK
aw? MUYJ
ong MUYK
w2 R11
ang R12
ou2 ]R13
N2 R21
on2 R22
ang Re3

Y P R31
aw2 R3¢
Sw2 R33
w2 R11J
Sad R124
Sel R13J
LY P R21J
Sw R22J
ond R23J
Swe R11K
ond R1leK
ke R13x
Swe R21K
Sag R22K
Sw2 R23K
owe Ali
Sn2 al2
Sa2 Al3
542 A21
owd Al
Sud A23
Y4 A3l
Sw2 Al
Su2 A43
Sn2 DETAl
Sud DETA
Sw2 AllIN
Swe Al2IN
Sn2 “Al13IN
SH2 A21IN
Sw2 A22IN
ang AZ23IN
Swe A31IN
Sw2 A3Z2IN
owd A33IN
Sw2 AS1l1
Swe AS12
Sw2 AS513
Sn2 ASla
Sw2 AS21
Sw2 AS22
Sw2 AS23
onwe ASZ4
Swé AS31
Swe AS532
owl AS533
owd A334
Sn2 EAX1

CALPHA*COETA~SALPHA® St " A#CGAMMA
«SALPHAXCHETA-CALPHA#SBLTA#CGAMMA
SBETA®SGAMMA

CALPHARSLETA+SALPHA® CLe TARCGAMMA
~SALPHA#SBLTA+CALPHA#CDBETA*®COAMIMA
~SGAMMA®CBETA

SALPHA#S0AMMA

CALPHA®SGAMMA

COAMMA
SUELTJHCLANMUJRRII+SDELTI#SLANMDIRRZ21-LoELTI#RE]
SOELTJRCLAMDJ#12+SDELTInSLANLIER22-COELTJ#R32
SVELTIRCLANUJI#RIZ+SOELTI*SLANMDI*R2Z23-CUELTJU*R32
=~SLAMCJ#R11+CLAMDJ*R21

-SLAMDU*R1IZ2+CLAMDJIRR22

~SLAMDJ#R1I3+CLAMDL*RZ23
SUELTA#CLAMOR®RII+SOELTR*SLAMDK®R21-CDLLTR#R2]
SOCLTK#CLANURK#RIZ+SDELTR*SLAMDR*R22-CLELTK®R 32
SDELTR#CLAMOK®R13+SDELTK#SLAMOR¥R23-COLLTK#RI 3
-SLAMOK#R]11+CLAMOK*R21

-SLAMDK®R]1Z2+CLAMDK#R 22

-SLAMDK®R1I3I+CLAMDK#R22
RI1JJER1IJ+R21IUXR2IJ+RIIEK*RI1n+R21IL#RZ1IN
RIJJHRIZJU+RZII#*RZ2J+RIIK#RI2K+R21K®R22K
RITJ#R12U4+R21J#R23J+R1IIK*¥RIIK+R21K*R23K

Al2

RIZUMRIZ2J+RE2IHREZI+HRIZKERIZR+R2ZZK*R2EK
RIZ2J*RIBJ+REZIHRIZI+RIZHNHRIGIK+R2ZK#RI3K

Al3

A23

RIBUMRIZJHRZIIMR2ZI+RIZLKHRIGK+R23K®R23K
All#{AZ2*A3S3-A23%A32)+A12%(AZ53%A31-A21%AL2)
DETAl+Al3n(A21%A32-AZ2%A2]1)
{A22®A33~-A22%A32)/0ETA

{A13%A22-A12%A33)/LETA

(A12%A23-A13%A22)/DETA

LA232%A3]1-A21#A33)/DETA

(Al1#A33-A13#A31)/0ETA
(A13%A2]1-A11%A23)/0ETA
(A21%#A32-A22#A31)/0ETA
(A12#A31-A11%A32)/0CTA
(ALl1#A22-A12%#A21)/0ETA
ALLIN*R11J+A12IN®*R12J+A1ZIN®*R]13J
ALLIN*R21JU+ALZIN*R22J+AL13IN*R23J
ALLIIN*R1IIK+A12IN#R1IZ2K+A13IN#R13K
ALLIN*R2ZIK+ALZIN*®Z2K+A13in#R23K
A21IN*RI1J+A22IN*R12U+A23IN*R13Y
A21IN*R21J+A22IN®R22J+A23IN#R23)
A21IN¥R11K4/22IN*RIZK+A23IN*R13K
A21IN*RZIK+A22IN#R22K+A23IN#R23K
A31IN*R1I1J+A32IN*R1I2JU+AB3IN#R1S5U
A31IN®RZ1JU+A3ZIN*R22J+A33[\#R23 Y
A31IN*R1IIK+A32IN®R1Z2K+A33IN*R1I3K
AS1IN®R21IK+A32IN#R22K+A33IN#R23K
AS11#MUXJ+ASI2¥ MUY J+ASLIHUXK+ASTA#NUYK

91



Lo
T2 P

whe

LAY ]
LAL]

AS21#iUXJ+AG22% Y J#AS238MUXKE+AS242 LY
ASII#MUXIHALIZRMUY JPASIARMUXL+ASTLNUY S

CUTRCL SYSTE! LEADBAND

Jhil
il
JiN3
JFF 1
WFF2
JHF 3
Sw2
Sw2
SN2

CONTROL SYSTEM

vioTuReanN(E

ON1
GNé
SN2
QFF1
GFF2
UFF3
EAX
EAY
EAZ
EAX
EAY
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