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employving pulse torque servo amplifiers for rehalancing,
vell gimbaled telescope. The computer subsystem issues peinting eommands to the teloscope and procesees

measurement data from the star sensor azsembly and the inertial reference unit to obtain an "optimal' estimate
of spucecraft attitude. This paper describes the IBM system configurztion and the performance achieved during

laboratory testing.

I INTRODUCTION

SPARS, a Space Precision Attitude Reference
Syslem, consists of: an Inertlal Reference Unit, a
Star Sensor Assembly, and a Digital Computer .Sub-
system. The Inertial lieference Unft (IRU) effectively
serves as the attitude memory between star sightinge,
It consists of three strapdown gyros employing pulse
torque servo awplifiers for re-balancing. The Star
Sensor Assembly (S84) 1s a two-axis, pitch within
roll gimbaled telescops, Digital readout is provided
by frerements! gimbal encoders and silicon digiral
detectorg, The latter messurcs the position of tha
star tmage within the fizld of view of the telescope,
The computer subsystem Issues pointing commands
to the telescope and processes measurement dats
{rom the 8SA and IRU to obiain an opiimal™ estimate
of spacecraft attitude,

To demonstrate the accuracy of SPARS for a
spacecraft that is controlled to be nominally aligned
to the loeal vertical, an extensive laboratory develap~
ment program wag undertaken ro provide a very aceu-
rate test bed for the SPARS opdpment. The principal
Lihoratory subsystems were a precision rate table
and star simulztors, The IRU und the S§A were
mounted on the rate tizb'e which provided both a velo~
city environmoent and an independent measurenent
of atiitude,

l\k’f:rk deseribed {n this paper was performed under Coatract FO4T01-68-C-0225,

ABSTRACT

SPARS - A Space Precision Attitude Reference System haa three major subsystems: an Inertial Reference
Unit, 3 Star Sensor Assembly, and a Digital Computer Subsystem. The IRU consists of three strapdown £yTros
The star sensor assembly is a two-axis piteh within

man filiering techniques,

Qusteralons or Euler four parameters were
employad to represent attitude rather than divection
~osines or Euler anglea. The attitude integration
algorithm ig paricularly simple in this represenin-
tion. The Kalman filter wos eraployed to procesy the
star sensor data into "opHmal" estimates of gnzce-
craft atltude,

This paper describes the 1B, SPARS configura-
tion and the performance achleved during laboratory
testing, Some qualitetive dats ace included i the
malp text; quantitative test results &nd conclusions
appesr in the classified (SECRET) appendix ¢o this
paper. Loboratory fest equipment sand procedures
arc discussed by Schlee aud Nelsen {n Baference (1).
A description of the IRU used 15 given by Baum nnd
Sheldon {n Refercnce (2).

II. SPARS CONFIGURATION

The IBM SPARS eonfiguration consists of: a
strapdown Inertial Reference Unit (TRUJ, a gimbaled
Star Sensor Assembly (53A), and an onboard compu-
ter which utilizes a seftware package employing Kal-

The IRU Is {deally sulted for orbital opplications
where relatively low angular rates are experienced,
The glmbaled star sensor supplements the inertial
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packuges by providing regular and frequent attitude
updates via celestial “{ixes." High resolution of the
star position is vealized by utilizing a gimbaled tele-
seope withh a small Fleld of View (FOV),

The MY consists of three integrating gyroscopes
operated in a forced limit cycle rebalance loop., The
output cf the gyroscopes is ih the form of pulse counts

. which are proportional to the integral of the body

angular rates,

The SSA featurca gray-coded silicon coordinate
readout devices combined with a pitch within roll glm-
bal design. . The purpose of the silicon coorainate
readout device, which is subsequently referred to as
a digitel readout, is to measure the X and Y coordi-
nates of the star image vithin the telescope FOV.

_ This provides a meagsuroment of the star lae of sizht

rolative ta the telescope axis; orientation of the tele~-
scope relative to the SPARS base plate is provided by
the pitch and roll gimbal encoders. The X and Y
coordinate measurements and the pitch ard roll gim-
bal angle measurements were combined by the SPARS
software info pitch and roll angles which defined tha
stur line of sight crientation relative to the SPARS
base plate. It13 those angles which were input to the
Kalman filter, '

The & 8A was designed to operate in & non-nulling
mode, {.e., the glmbal drive servos wers not driven
sc that the star image lies in the cénter of the tole-
scope FOV, Instead, e telescope was driven so that
the stav image remains within the POV and has o
relative motion, Motion of the star image acroass the
digital Catector would smour the star image and would
result {n X and Y coordinate readout errvors,

The poncnulling approsch was selected to permit
use of & rate servo rather than a position séwo,
thereby minimizing the gimbal servo design and im-
proving stur image cetection, Since the star image
cemaing motionless on the sensitive digital detector
grid, the image signal-to-noise rutlo can be increased
by lengthening the tmags exposure time.

The 8SA developed, fabricated, -and demonstrated
during the SFARS Phase 1A efiort is physically made
up of two compenents: the gimbaled telescope and the
clectronies cabinet, Pigure 1 shows the 85A. The
functional breakdown of these two componants is il-
lustrated in Figure 2,

1. DIGITAL DETECTOR AND TELESCOPE

The digital detectors are silicon photovoltaic
gensors employlng a pray coded binary patiern which
produces a direect digital readout of & line image that
impinges on the paticrn. The line fmage is generaled
Ly the optics which tuclude eylindrical elements,
Pro~ampiification clectronics for digital detcctor out~
puis are contalned in the telescope assembly. Be-

cause the detailed description of the optical pre-
acription, the digital detectors, and thelr vssociuted
slgnal processing clreults are of u preprietury na-
ture, they are not ipcluded in this paper.. The over-
all telescope FOV, which is defined by the opticul
prescription and the digital detector celi dimension,
Is GO0 arc seconds, Arn additional element exists
between the cylindrical lens and the detector cell to
provide star signal modulation,

The overall gimbal agsemhly employs a canti-
lever design ruL‘\er than the conventional gimhal
design, Figure 1 shows the case of the roll gim-~
bal serving as the mounting fixture to the spuce-
craft, The pitch gimbal assembly 18 mounteu on
the roll gimbal shaft and the telescope asgembly
is mouried on the pitch gimhal shaft, Gimbals
were free to rotate through at least 90 degirees.,

PITCH GiMEAL
kADOUY

COMPUTER CONMMANDED PITCH
& ROLL ANGLES ARD RATES

1 77 (IRU DERIVED) FOR $SA GIMBAL
B RATE SERVOS
\__,——’

lOLL GMBAL READOUTS

¢ INSTANTANEQUS TELESCORE
FIELD OF VIEW:
10 ARC MIN x 10 ARC MIN

o TOTAL $5A FIELD OF VIEW
BY GIMBALS: R0° x M°

Fig.1, SSA

Peginning with warmup and star sensor energi~
zation and self-test, an operational seqguence consist-
ing of star search and acquisition is performed.
SPARS is designed to determine precisely the attitude
of a vehicle whose ultitude is already known to an
aceuracy of £2-1/4 degrees per axis., Thus the initial
star acqusition problem [or the SPARS consists of
searching for a star within a cone having a half angle

2-1/4 degrees, Because the probability of the first
three stars falling within the 10%10 arc minute field-
of-view of the star sensor is very low, a search mode
is implemented for acquisition, Following the first
three star fixes, knowledgeof the attitude is improved
to the point that subsequent star sensor pointing com-
mands will assure that the siar falls within the tele-
scope FOV, Subsequent stav fixes at 30 second inter-
vals then are processcd with the on-heard filter to
fmprove the aititude estimate, to calibrate the IRU
gyros, and to estimate star sensor misalignments,
Operational utilization of SPARS requires only 3 sin-
gle Instant{aneous snapshot of a stay once every 30
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Fig. 2. SSA Functional Diagram

seconds. The attitude during the interval between
these fixes is remembered by the IRU gyros, which
will have been calibrated by the SPARS software.
The IRU data s sampled every 125 milliseconds to
provide a relatively continuous estimate of space-
craft attitade, -

IV, SPARS LABORATORY OPERATING CONCEPT

The Phise 1A laboratory implementation of the
SPARS hardware and software required sonme medi-
fications from the orbital cuse in order to accom-
modate the earthbound laboratory environment (e.g.,
the influence of earth's rate on the IRV gyros) and
tiie absedce of the search function in the SSA feasi-
bility model, The laboratory operation therefore
was consirained to initial attitude errors of less than
=5 are minutes as dictated by the S8A telescope FOV,
The arrangement  of the star simuwator in the IBM
SPARS Laboratory was such thut only one quarter
of an orbit could he traversed with a regularity of
star sightings,  Howcever, thig approximately 20
minute test duration was sufficient to demonstrate
optimal filter convergence and steady-state behavior,
Full orbit operation in the laboratory also was per-

3/4 orbit travel wholly dependent on the calibrated
gyro performance.

V. ATTITUDE REFRESENTATION

There are many sets of dependent variables which
can be employed to represent the aftitude of the space-
craft, The most common are Euler angles, the direc-
tion cogine mairix, and quaternions® The kinematic
equations describing the attitude may be writte
as '

(altR = f(p, w)
where p denotes the variables which represent space-
craft attitude and w denotes the vehicle angular velo~
city. Eulev angles have the advantage that only three
pararmeters are required, and the disadvantage that
the vector function f(p, w} is a transcendental function
of p. The direction cosine matrix and quaternion
representation require nine and four Parameters re-
spectively, but have the advantage that { is a linear
function of p.

SPARS employs quaternions to represent the ori-
I3
{rame,

formed with attitude mainfenance Jduring the additicnal entation of the body relative to an inertial

The four parameter

ameter or Cayley-Klein parameters,
ernions,

“Quaterniens are sometimes called Euler four par
ion was first derived by Fuler before Hamilton developed quat
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ences 3 and 4y are:

e f(p, w)is lincar inp

¢ quaternions utilize only four parameters
to specify attitude in contrast to nitie when
direction cosines are used

e _ the time history of spacecraft attitude is
given by the integration of a vector differ-
ential equation instead of a matrix differ-
ential equation resulting in fewer compu-
tations per integration step

¢ . “renormalization" of the quaternions is
much more simply accomplished than the
correspunding oLeration for diraction
cosines, The significance of the renor--
malization operation will ba explained
subsequently when the numevical integra-
tion of the attitude differential equation
is discussed, . . -

" Anaid to understanding quaternions can be de-
rived from Euler's theorem which states that any
sequence of rotations utilized to bring two orthogonal
reference frames into coincidence is equivalent to a
single rotation about some fixed axis. Let u(t) be the
angle of rotation and let {t)y B(t) and y(t} be the dir-
ection cosines defintng the fixed axis.

The quaigrnion elcmerits c:(li';’i,\, i=1,z2,3,
4 are
4 - cosa(t) sin (u(t)/2)
Qo = cos B (t) sin  (u(t)/2)
A3 “cosy(t) sin (u(t)/2)
ayit) - cos (u(l)/2)

The quateraion representation of the kinematic
cquationy becomes

dg 1 .
gzl @)

where  is the skew symmetrix matrix
Q \\'3 ~Wg Wy
Q Wy 0 Wy Wa @)
Wo =Wy 0wy

»\\'l -\\'2 —w.,g (U

and wi denotes the spacecraft angular velocity in body
coordinates,

The solution of (2) {u approximately

q(t) = exp [G(t)I qa) (3)

The reasons for employing quaterniong (seé Refer-. -~

where

O O X N I

* This formulation was an appropriate one to be
employed in SPARS since angular {nerements rather
ihan rates are the outputs of the gyros. The ele-
ments of G(t) are w; (L—t]'(). which is the angular
change about the {th body axis during the time inter-
val (t s t) assuming that rates are constant during
this interval, For the SPARS application, rates are
almost constant except during short attitude control
thrusting intervals,

e A hierarchy of integration algorithms can be
developed by repliacing the exponential by its pover-
series expansion, Such a hierarchy has been con-
structed by Wileox (4), In the SPARS application,
algorithms of higher than second order generally

did not exhibit the aceuracy predicted by theoretical
analysis, This {s because the gyro outpuls are quan-
tized and therefore available only to limited accur-
acy. The 'uccuracy of the second order algorithm
can be improved by replacing it by a "modified
second order* algorithm as suggested by Wilcox

(loc ¢it).  This modified second order algorithin can
be expressed by the equation;

4 i’) T ;
aw={1(1-50) + ¢ TG

where

3

t
c(t) = Z f wi(T)dr
t .

{=1 Kk

and I ig the identity matrix, In the development of
(5), uze has been made of the relation:

G2 -cq)t

The quaternion produced by the Integration algorithm
(53 will gradually depart from normality in the sense
that the scalar

4 ‘
> oqfwm (6
i1

will differ from unity as the integration proceeds,
This effcct can be compensated hy periodic renor-
malization, i,e., by dividing the elements of the
Quaternion produced by (5) by the scalar (G). RBv
utilizing the properties of quaternion norms it is
casy to show that no acecuracy is lost by normalizi-
tion at every Nth step rather than at every step,
Therefore the normalization need be undertaken oniy
when attitude information is needed for calculation
external to the attitude integration,




The simplicity of the normalization‘cor:;e_ctién .
for quaternion integration is quite in contrast to the

- eorresponding procedure for direction cosines, Inte-

gration of the differential equations for the direction_
cosine representation of attitude requires not only a
periodic renormalization of the rows (or columns) of
the direstion cosine matrix, but a re-orthogonaliza-
tion of the rows (or ¢olumns),

VI. FILTER FORMULAT.

The actual orieniaticn of the SPALS attitude ref-
erence frame differed frow. the estimate of its orien~
tation produced by the computer because of ervors
in the initial ertimate of attitude and because of drifts
in the gyres. - Tue objective of the Kalman filter wax
to estimate, by a sequence of sightings on selected -
stars, the attitude error and the biag components of
the gyro drift rates producing these errors. Estima -
tion began with inliialization of the filter to the current
best estimate of the body attitude reference frame and
gyro drift biases, This estimate of attitude was pro-
pagated to the time of the first star sighting by the
integration of the quaternion, At the time of the first
star sighting, the estimates of the pitch and roll ang-
les of the line of sight to the star (computed on the
basis of the computer's estimate of attitude) were com-
pared with the rmessured pitch and roll angles, The
differences were multiplied by the Kalman filter
weighting matrix to produce corrections to the esti-
mates of attitwle and gyro drict biases, Utilizing the
new estimates of attitude, the attitude quaternion was
re-initialized, the gyro oufputs were compensated by
the new estimates of gyro biases, and the attitude
differential equations integraled to the time of the
next star sighting where the update procedure fol-

- lowed at the first star sighting was repeated, This

procedure conginued as long as star sightings were
taken,

The usual formulation of a linear filter problem
requires a lincarization of (2) about the best current
estimate of the atate. Straightforward application of
this technique would result in at least seven state
variablew: four representing deviations in the ete-
ments of the quaternion and three {or the gyro drift
biases. The lilter so designed would have to incor-
pory  a constraint on state variables since the
qua . lon must have unit norm,

To redure the dimension of the state vector to
six clements and to remove the constraint on the
state vector, the very small attitude error was rep-
resented by three (infinitesimal) angular rotations
\P‘ i=1, 2, 3 about the three bedy axes,

+ A 2 A A A T, { - = . . .
Let w-~z (Wi, Wy, Wa )t and wu DN (\\1, Wa, Wil
denote theTngular veloeities of the computed and true
body frames respectively, The circled subseript de-
notes the frame in which the components arce evalu-
ated.  The angular veloeity of the computed frame jn

\/\\®é\v® +\/’f -

éoﬁmonems along thextrue axes i{s’
o e N ; L A .
1 -\Ils . \!/2 1 .-Vi

Yy 3y N
‘_"1’2 ‘l’l 1 _J Wq

Rearrange terms to obtain

¥y o Ry %]y, Wy
: A A A
Yol - “We 0wy llg, Wy ~ Wy
' AT A A
¥ Wy -w, 0 ¥y Wg - wg

Although the gyros are physicaily mounted along the =
true body uxes, they sense a combination of true

rate w plus drift b ard noise 7; the computer assigns

the sensor outputs in the computed body frame; i.e,, .

Q'@ B \\’CD - b® ;;}@ V

Assuming gyro crift is constant and their input axes
ave peifeetly aligned "~ ¢he true hody axes we obtain
the system equation

d ‘r’/ Qx 1 14 m
a@t : N
Sh 0 Sb 0

where £0* denotes the upper (3x3) submatrix of §
and 17 denotes gyro or process noise, Additional
state variables could be ndded to inelude other dvnam-
teal biases and instrument hiases, (See Section 7)

The measurements are the roll q}, and pitch 8
angles of the line of sight to a star. These pseudo-~
measurements are the voll and pitch obtained by comb-
fng gimbal angle encoder and digital deteetor readings
into equivalent roll and piteh angles of the LOS. The
ohservafion errors are related to the state varvishles
by

8¢ | T Iy
Hy 10 [ <u=ut <y (8)
86 ! 8b 8b

where v represents the SSA instrument noise, Under
suitable conditions an the statistics of the state vari-
ables at the initial time, the process noise 7 and the
intrument noisc v we have formulated a canonical
lirear filter problem in equations (7) and (83, In this
formulation, the gyvro frcudi'n'gs- are not considered to
be measurements in the usual filter sense since they
do not appear in (8). Iif the dvnamieal equations of
motion describing spaceeraft attitude were employed
to predict attitude, thea gY1oscone vaiputs could he
emploved as additicnal “filter" rﬁeusu:‘emcnts.

VI, FILTER IMPLEME NTATION

The organization of the SPARS on-board software,
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including .the attitude filter, is shown in Figure 3.
The filter gain matrix computations were based on:
W, = pi -) Hf [ni P; () HT + RJ
P, (+) = (W, H, # pi () (=W Hi)T W, Rw"f

pH() @(tHlt)P (+)¢T(tl+lt)+q

P(~) is the covariance of the state vector immcmabely
before the {th observation, P, (+) I8 the covariance
immediately after the ith observation. Hj 1s the gradi-
ent of the i*? pitch and roll observation relative to the
filter states, R is the covariance of the measurement

_moise, Q; is the covarlance of the noise accumulated

in the interval (& ti+‘) due to random gyro noise.
Finally, (t , tH—l) is the transitioa matrix for the
st._te vector, : . : N e

The Kalman fﬂtef .ést.*.ﬁnates a differeﬁtial correc-
‘tion to the state, i.e.,: :

- Sﬁi E

"/(tl) . ¢
: =Wl ~ A
Sb(c‘) 91 - 8

where the tilde qeﬂotes measured values and the hat
denotes estimates, The estimate y(t ) is transformed

“into an updute of the quaternion by the formula

Q(i )"Q(‘ )- S(t)q(t)

wheve S (t) is 2 eI\c“ symmetrix matrix having same
form as with \vj replaced bqu (t ) I iy easxly

DIGITAL
DETECTOR
- OUTPUTS
—+:COMPUTE LINE
ssa | GIMBAL - THooci g ¢
ANGLES ANGLES 8 ,¢
5 Py

“: or a zero mean random variable.

" filter state,

shown that if ¢ (t ) has a unit norm then q(i ) also has

unit narm, "hc ryro drift bias is updated hy

L o’lb )= b(t )+ Sb(t

The formula belected for the update of the mter

,r-ovariance at star observation tirne differs from the
customary formula which is

p(t;’) = .P(f;) - wiHip' (t:) =(I - Wi”i)'P (t;)'

The selected formulation which can be found

in many references, e.g., In the text hy Bryson and
Ho (3) was chosen for implementation in the filter
since it is iess sensitive to roundoff errors,

VIII.  ERROR MODEL

Errors in the measurements were characterized
elther as a zero mean independent random sequence
The random se-
quences combine to form the measurement and pro-
cess noise errors which were represented in the

filter equations by the covariance matrices R and Q
‘respectively,

Biases were modeled as random varl-
ubles, Certaln bias errors can be included in the
This is discussed further in Sectfon VI
of Referen\.a (1),

Bias errors vere nssociated with alignment cali-
bration. SSA aligument ervors occurred in the mea-
sured (calibrated)alignment of: (1) the piteh und roll
gimbal axes (¥, YRz YPxs Y py) and (2) tele-
scope (optic) axis with respect to the gimbal axes
(YOY 1 Y07 );ydenotes the angular orlentation. The
first subscript refers to either the roll, pitch or op-
tic uxis and the second subscript the axis of rotation,

POINTING COMMARNDS

Fig., 3
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'l‘h(f,'é“x;l;ox's'con'sisl of: (1') bias efror in the instru-

ment Alignment and alibration; (2) eyelic error in
the modeling of repeatable bearing motion; (3) ran-

_dow error in'the form of non-repeatable b 'ilring mo-

tiong and (4} thermal and gravity induced bending,
SSA thermil bending errors were negligibly small fn

-the controlled Iaboratory environment, Gravity in-

duced bending in the lIaboratory was assumed to be
negligible except fer the roll gimbal. However, test
results indicate that this may have been a poor
assumption (Reference 1). The X, Y, and Z gyro
fnput axes were not perfectly aligned with the coor-
dinates defined by the IRU optical cube, However,
uncertainty in these alignments had negligible effcet
on SPARS performance.

‘The noise-like random sequence errors are asso-
ciated with read-out and fabrication errors, The
readout errors include resolution (quantization) and
fiibrication of the readout devices, the gimbal encod-
ers and the digital detectors. Resolution limitations
fmposc uniformly distributed errors with rannima
equal to one-half the magnitude of the least signifi-
cant bit readout. Fabrication errors arire from
tmprecision in manufacture and the resultant inac-
curacies of extrapolation techniques, Fabrication
errors are for the most part repeatable at each read-
out position. However, the likelihood of a particular
readout position recurring with significant frequency
during a test run was sulliciently small to allow
modeting of fabrication ¢rror as a random phenome-
non,

The digital detector error model includes: reso~
lution (guantization) and fabrication, servo-induced
tmage motion, and thermal and gravity induced bend-
ing of the telescope.  Over the long term, the detec-
tor quantization errvor appears to be uniformly distri-
buted with standard deviation of QD/\/fZ-, where QD
is the resolution of the dete ctor, while the normal
error due to fabrication has magnitude of o y An
additional readout-type error source is imposad on
the digital detector by servo-induced image moticn
across the digital detectors. Thig fmage motion re-~
sults [rom servo rate following error and high {re-
quency rate oscillation (jitter)., The scrve errors
cause a smear of the star image on the detectors,
reducing the signal-to-noise ratio and resulting in
a readout of the mean image position, The gimbual en-
coders are modeled by quantizing the gimbal angle
plus fabrication noise, One-half of an encoder big
(EW/2) {s acded (subtracted) to the pimbat encoder
reading foxr positive (negative) gimbal rates to reduce
quantization errors, After compensation, the encod-
er causes errors which over the long term resamble
a uniformly-distributed seurce with a maximum val-
ue of EW/2 combined with a normally-distributed
source of magnitude o caused by fabrication
errors,

Gyro quantization causes a readout error, The
IRU is an angle measuring device with readout con~

sisting of a series of pulses each representing an

" angular rotation about the input axis, The read-out

" error can have a maximum value of one Pylse Weight
(PW) and was assumed to be uniformly distributed

Letween 0 and 1 PW, ) T

In addition to readout crrofs. the gyro dutputs
are in error due to gyro drift and angular noise in the
£yro. Gyro drift was characterized as biag and was
included in the filter state; angular gyro noise ap-
pears in the filter equations as process noise, Be~
cause a statistical description of gyro notse error did
not exist, the IRU vendor was requested to perform a
series of tests on an experimental version of the
SPARS IRU. The data obtained from these tests were
used to establish an empirical gyro noise nodel as
described below, .

Single channel gyro _ulse counts (incremental -
angles) were accumulated over an interval of time anc -
the total number of pulse counts recorded. This was
done for one millisecond and thirty second time inter~
vals. Analysis of the collected data indicates that
each gyro channel presents data containing a one sig-
ma error of less than ore rebalance pulse. Examina-
tion of the data revealed a high correlation hetween
millisecond samples and showed that a second har-
menic of reduced magnitude is alse present. The
correlation function implied a harmonic component
with a frequency of approximately 250 Mz, Thus the
gyro noise (angle error) was modeled ag 2 sum of a
sinusoid and a white gaussian scquernce,

The process noise covariancs matrix Q then
becomes

I (¢}

O e}

where I is a (3x3) {deniity matrix and C is the standard
deviation of gywo noige,

Small ad hoc terms also were added to cach of
the six diagonal elements of Q primarily to increasc
the elements of W relating to gyro drift bigs updates,

IX. TEST RESUL'TS
Static and dynamic laboratory tests are described
in Reference (3). Qualitative test results are des-
cribed in this section and quantative results in the

classified (Secret) appendix to this report.

A. Convergence/Di vergence

The SPARS attitude filter should quickly reduce
large initial attitude cerrors, t.oe., demonstrate inf-
tial convergence, Additionally, once the error in the
attitude estimate converges, it should not exhibit a
secular growth as moce and more observations are
processed by the filter. This section discusses int-
tial convergence ang long-term divergence cf the

oy
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filter, Since there was a comparatively long beriod

between racelpt of the IRU and receipt of the SSA, ini-
tlal convergence and long-term divergence were
briefly studied by employing real IRU data and simu-
lated SSA data. '

An attitude control system was assumed which
slaves the spacecraft to a local vertical forbit plane
coordinate system to within +2-1/4 degrees,

Figure 4 shows the convergence of the attitude
estimate within about five minutes In the face of ni-
tial attitude errors of 2-1/4 degrees per axls. The
first few points are off scale, The dots and asterisks
denote respectively the attitude history just before and
Just after a filter correction,

Long-term divergence of the filter was not fully
examined. There were no known significant, unmod-
eled, dynamlcal blases, a major cause of filter div~
ergence[G]. It had been demonstrated in the SPARS
Phase 0 effort that, if the gyros exhibited a drift
component characterized by a random walk procesd,
the filter would diverge if the alogrithm assumed
the gyro process nolse was white, Static gyro test
data did not reveal a random walk process, The fil-
ter was, however, designed to account for a small
random walk component, The filter also employed
small ad hoc terms {n addition to moding and random
walk to keep the gyro drift components of the filter
galn open, Figure 5 shown no apparent tendency of
the filter to diverge for 6,300 seconds of operation,

B. E.tended State Filter

- The detailed analysis of SPARS and laboratory
errors indicated the desirability of adding more state
variables to the filter to reduce the effect of both sysg-
tem and the laboratory errors on measured attitude,
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The major unmodeled errors wer> six SSA and star
simulator alignment uncertaintics, Provision was
made in the test plan to estimate these blases in the
SSA dynamic calibration test {17+ Theoretically
these biases are observable, Howeve r, simulations
showed them to he poorly observable in the compira-
tively short (twenty-minute) test,

Early testing of the SPARS filter employing six
state variables, three representing attitude errors
and three representing gyro drift biases, indicated
that the unmodeled blases caused attitude errors that
were slightly larger than would be predicted by the
filter's estimate of the error covariance matrix,
This behavier was attributed, at least in part, to the
unmodeled :lignment biases, Furthermore, it was
felt that in urbital flight, calibration oy estimation of
S8A biases might be required. Thercfore, a twelve-
state variable SPARS filter was also designed for the
laboratory testing. .

An analysis showed that only ten of the twelve

* state variables or linear combinations of the state

variable were estimable. The twelvy state filter
was shown by simulation and error analysis to give
modest improvement in attitude over the normal
twenty minute laboratory test,

Direet comparison of the six and twelve state fil-
ters was made for one test, Actuul 8SA, gyro and
rate table data were recorded from a SPARS dynamic
test employing a six state filter, The recorded sen-
sor data was then employed to drive a simulation of
the twelve state filter. The mean attitude error over
the last fiftcer minutes of testing showed an improve-
ment of 33 percent. Using the twelve state filter, a
24 percent improvement in 67 percent point** was
noted. Error analyses predicted a more significant
improvement for longer tests.
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Fig. 4. Convergence from 2~1/4 Degrees Initial Error

TFA test employing only rate table and SSA data, i,e., no gyro data.
**By definitlon 67 percont of the measured attitude errors have magnitudes smaller than th

¢ 67 percent point.
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For orbital applicattons, no more-than 11 state
variables would be employed. Due to the unobserv-
ability of two state variables the filter could be de~
signed for nine state variables without degrading
attitude accuracy, i :

X.  CONCLUSIONS
CONCLUSIONS

This paper has described the conliguration, al-
" gorithmsg and qualitative test results of a precision
attitude reference system. Quantitative results are
given fn the classified {Secret) appendix to this paper.

The outstanding feature of the IBM SPARS design

fs the use of n gimbaled star sengor, The pointing
freedom provided by a gimbaled gtap sensor results

“Ina small star catalog conslsting only of the bright-

est and best located stars, With pointing frecdom,
a star {s almost always available and gighting sched-

" ules can be adjusted to be zs frequent as required to

optimize system performance, Furthermore, the
gimbaled destgn can use a small telescepiec FOV In
order to achieve high resolution with moderate sizo

- optics,

The gimbaled star sensor's abtlity to point to a -
star at any desired time ts particularly significant
during the initin} acquisition phage when frequent
sightings are desired to estimnte attituds and arift
rate parameters, Such multiple sightings could be
used together with a suboptimal filter which is less
sensitive to convergence difficulties than the Kalman
filter: One possible technique fs the deterministic
filter. : i .
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" PREFACE

The Symposium on Spacecraft Attitude Determination was
held at The Aerospace Corporation, El Segundo, California, on
September 30 and October 1-2, 1969. It was coupnnsored by
the Air Force Systems Command, Space and Missile Systems
Crganization, and The Aerospace Corporation.,

The symposium brought together 306 representativés from
44 industrial, governmental, and educational organizations con-
cerned with spacecrait attitude determination,

The purpose of the symposium was in general to present
a broad coverage of the spacecraft attitude determination prob-
lem andin particular toreview the advances in sensing and data
proceésing techaiques related tospacecraft attitude determina-
tion, to assess current capabilities, and to provide an exchange
of ideas among pecple who have an active interest in the fjeld.
The sponsors hope that the symposium has stimulated newz;deas
and will lead to the advancement of spacecraft attitude determi-
nation potentials, .

Symposium cochairmen were D, Evans, Captain, USAF,

L, J. Henrikson, and J. E. Lesinski.
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