INPE-5274-PRE/1688

APPLICATION OF SELF-TUNING CONTROLLERS TO A REMOTE
SENSING SATELLITE ATTITUDE CONTROL SYSTEM

Antonio Felix Martins Neto

Orlando Sanches Padilha

INPE

S3o José dos Campos
Junho de 1991



SECRETARIA DA CIENCIA E TECNOLOGIA
INSTITUTO NACIONAL DE PESQUISAS ESPACIAIS

APPLICATION OF SELF-TUNING CONTROLLERS TO A REMOTE
SENSING SATELLITE ATTITUDE CONTROL SYSTEM

Antdnio Felix Martins Neto
Orlando Sanches Padilha

This work was accepted for presentation in Intelligent
Tuning and Adaptive Control Symposium-ITAC/91,
15=-17 January 19%1 in Singapure

INPE
Sao José dos Campos
Junho de 1991
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Abgtract, An attitude control syetem for a remote sensing sateliite is desipgned by
uaing self-tuning techniques. The satellice attitude contrel syotem 1a modelled by a
iinear vector differential aquation which im corrupted by random disturbances, By
employiug a cost function wirh penalized control terms, i1t is possible to find am
implicic gself-tuning controller that will adapt iceelf to 8ll mission phases and will

be gsimple encugh to be ifmplemented with wlcrocomputers, Parameter estimation is
performed by Kalman filtering techniques, The controller performance 1s verified by

numerical simulatfon using a medel of a real

satellite and the results show good

compliance with the satellite polnt requirements,

Keywords. Attitude contrel; Kalman
regulators; adaptive control,

ISTRGDUCTION

The purpose of this werk 1e te design an attitude
controller for rthe 8raziliap Remote Sensing
Satellite that wil) keep {te picture taking comers
aligued with the Ivcal verticai. Yhis system
should have a good performance in alil mission
phages and should be simple enough in order to be
implemented 1n aa onboaxd microcomputer.

The satellite i1in «question has the following
characteristics: the principal moments of inertia
are 30,0 Kegm2, 28.0 EKgm® and 17.0 Kgmw?,
respectively in the roll, pitch and yav axes;
polar synchronous orbit with a semimajor axls of
7,028,120 mw, eccentricity of 7.7 x 1075 ,
laclination of 176.019, perigee argument of 5,199
and wean aromely of 229.77. The employed sensors
are non inertial (horizon sensor and sun sensor}
and inertial (gyroscopes), The actuators are gas
jete and/or reaction wheels.

The approach employed in the design of cthe
attitude control seystems considers that the
attitude dynamics 1o modelled by a linear vectoer
diiferential equation subject to random
digturbancea. Then, following the same approach
proposed by Borieon (1979) and Koivo (1980), a
cost function 15 defined taking into account the
pointing accuracy and the control effort. By
minimiziag thie function a controller is obtained.
Since the parameters of the attitude dynamice
model change with the mission pheses, a parameter
estimation procedure 1 performed using Kalman
filter techmniques, leading ¢to a dlmplicit
self-tuning controller that adapta itself to the
changes. In order to implement the algorithm eo
derived a preprocessing of the pon inertial sensor
measurements 1e performed by wusing the QUEST
algorithim, developed by Shuster and Oh {1981), The
verification of the contreller behavicur is
accomplished by nueerical eimmlatior of the system
controller plug setellite dypnamics 1in e digital
computer.

filters; satellite

control;  self-tuning

DERIVATION OF THE CONTROLLER STRUCTURE

The contreller to be used 18 the one proposed by
Koive (1980}, So the aystem to be controlled is
aupposed to be represented by a linear vecter
difference equation:

Ag~1)y(k) = B(q~Du(k~d) + C(q-1)a(k) + D

(1)

where: y(k) ¢ R 4s the ourput variable vector of
the system to be controlied; u(k-d) ¢ R™ is the
control varimble wvector and d 1is the dimplicit
ayetem delay; e(k) ¢ R™ 4g a disturbance vector
D eR® ie a contant vector corresponding te the
gystein response to a =aull lmput; gq! is the
backward shift operator and A(q™'),B(qg 1)and C(q"
are  polyvomial mxm matrices given by:

A" = I +Aq7l+ L, 4 Anaq““a (2)
B(q~!} = B, + Big7} + ... + B q7Ob (3)

-1y m -1 -
Clq) =1 +C)q + ... +C g0 %)

The eost function to be considered will be given
by: :

Jgou k) = B{ PG )xcma) - R(g | F
+ et Hud) |2}

where: H(k) ¢ R™ is = kpown raference veckor;
P{q~%}, R(g~! ) and Q(q~!) are polynomial mxm

watrices given by:
*

P(a™!) = Po+ Bia + L, + PP {6)
R(q™1) = R, + Ryg=1 + .,. + Rypq~oT (N
Qg4 = Qo + Qa7 4 ... + Qe ™™ (8)

#{.} 18 the expected value operator and ||v|| is
the vector v norm.

The cost function 1is minimized over all admlesible
gtrategies, & control strategy ie admissible if



the value of cthe control eignal at etime e »
u{k}, its- a function of all obeserved outpute up to
time ¢, and all previously applied control
eignala. By uelng au estimator for the futura term
resulting from the P(q”! )y(ktd) product that
appears in the cost function and wmwinimlzing in
relation te u(k), one obtaine the following
expregslon for the optimal strategy:

F{q"Dy(k) + (g7 Huk) + 2(q"HW) + D = 0
(9

where F{q™!), G(q"!} and Z(g"!) are polynomial moxm
matrices givenm by:

F(a™') = Fo + Fig™ # (oo + F_q™f (10)
G(Q™Y) = Gy + Gig7l + L., 4+ G,ﬂgq““g (i)
(g ) = Z,+ 12 @t e+ 25,07 (i2)

The expreaalon (9) can be used to obtain en
lmplticit verslon for a gelf=-tuning controller that
allows the direct estimation of the controller
parameters when there 1ep no complete knowledge of
the system model, So, in this way, the elements of
matrices ¥y , Gy , and 23 , and vector D are
estimated at each sample dintervel and, by the
substitution of thelr estimated values in equation
(9), it 1a possible to obtain directly the value
of the contrel variable u(k} to be applied to the
syatem.,

In order te update the contreller parameter it was
decided to wuse a Kalman filtering procedure
instead of the usual least squatre procedure. The
reason wae to verify the efficlency of thig method
in the case of rapld changes of parameters in the
satellite dynamice.

IMPLEMENTATION OF THE SELF TUNLNG
CONTROLLER TO TBE ATTITUDE CONTROL OF
A REMOTE SENSING SATELLITE

Usually for a remote gensing eatellite the
attitude control aystewm hap to keeop the gatellite
three orthogonal axee (roll, pitch snd yew axes)
aligned with a fixed reference saystem. In the
present situation tha cobjective 1g to maintaia the
reference system fixed 1in the satellite that
colncides with the satellite principal axes of
inextia lined up with the orbital reference system
(gee Fig, 1) in such a way that the angles and
angular rates inm roll, pitch and yaw are very near
zero valuea. Therefore, for a good attitude
control it 4g necessary to have fuformation about
the satellite orientation and angular rates in the
orbital reference system. The information about
orientation that are going to be umsed 1s glven by
the relative quaternions. To obtain them a pre-—
processing of the measuremente wade by the non-
inertial sensore{earth sensor and sun sensore) are
performed ueing the algorithm called QUEST,
QUaternion ESTimator {Shuster and Oh, 1981), This
is a static algorithm employed ugually in attitude
determination, generating an optimum least-square
estimator for the quaternion vector and its ervor
covariance matrix., So the eet of measuremeuts to
be available for the controller will be the QUEST
algorithm output plus the outpute of three
gyrescopaes, each one aligned with one of the
satellite mxes which gives a total of seven
variables te be handled. The number of actuators
eithér in the case of using gas jets or in the
case of using reaction wheele £8 always three (one
actuator per axia), S5ince the proposed contreller,
described above, has to have the number of inputs
equal to the number of outputs, it 1s necessary to
reduce the number of i1nputs by four. This 1s
achieved by defining an artificial three dimenedon

measurement vector y(k}, considered as the output
of the system at time ¢, and defined as follows:

2(K) = K §{k) + Ka(w() = wp(k)) 13)

where (k) 1is 'a three dimension vector whose
components correspond to the vectorial part of the
quaternion repreesenting the satellite attitude at
time ty, 1n relation to the orbital reference
frame; w(k) is the satellice amgular velocity at
time t) measured by the gyroscopes; w (k) 1is the
reference angular wvelocity, 1.e., the wvelocity
that the eatellite should have in order to be
aligned with the local vertical; K, and Ky are 3x3
welghting makrices. It can be proved that the
condition y(k) = Q 1s necessary and sufficient for
keeping the satellite body axes aligned with the
orbital reference frame. Taking into account these
facts, the cost function is defined as:

I(g.u.k) = B{||P(g-Dy(ra) |2 +
+ iqtq Hutky|]2) (14)

with P(q~1 ) = Pos Q(g~1) = @, + Qq74;5 u(k) 1e a
three dimensional eontrol variable corresponding
to torques applied to the patellite either by gas
jets or by reaction wheela; Py, , ¢y , Q1 are 3Ix3
diagonal matrices. After aome experiments it wae
found out that for a good compromise between
control performance and computational requirements
the attitude dynamics should be modelled by:

(T + Mgt + 8,q47)y(k) = {B, + Big™! +
B2q-2)ulk-2) + e(l) + D (15)

For this system the implicit gelf-tuning
controller s of the form (Kolve and Tanttu,
1985) ¢

u(k) = -G, {Fo (k) + Fry(k-1) + ¢ uk-1) +
Gz_%k—z) + K} (16)

where G, ,Fy,Fy ,6,,6; are 3x3 matrices and R ia
three dimensional vector whose values are eatimate
vsing the model:

o (k) = Fox(k-z) + Fiy(k=3) + Gou(k=2) +
18(k=3) + Gyu(k-4) + H an

#{k) being given by:
¢(k) = By(k) + Quu{k-2) + Quu(k-3) {18)

The estimation of Gy .Fo,F; ,G1 ,G2 and H are
performed considering that at each interval of
time thelr wvalues are tandom varisbles with a
prescribed varfance. In this way it i1s possible to
keep tracking of sudden changes In the attitude
dynamics and aleo to use Kalman filter techniques
in the estimation process,
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TESTS PERFORMED USING THE PROPOSED
CONTROLLER

In order to verify the performance obtained by the
self~tuning controllera being proposed , two kinds
of teste were done. First the dinicial satellite
attitude was considered to be outside the range
for the nominal cwde at the inftial time. Then ,
by weing cthe self-tuning contreoller, 1t was
verified the attitude dynamical behaviour, The
second test consldered that the satellite had its
soler arrays retracted at initlel time, with an
attltude outside nominal mode, then the attitude
controller 1 turned on and the atrictude after
some time reache the nominal mode region. After
this moment, the sclar arrays are deployed and the
self-tuning controcller should adapt iteelf to the
new situation, keeping the satellite aligned,

For both teats the following parameters were uged:

1.5 0.0 0,0

K= 00 1.5 0,0 (19}
0.0 0,0 L.5
o 0 0

Ky= | 0 25 0 (20)
0 0 25

Pgo= Qo= ¢, = I (identity watrix) (1)

A sample of the reeulta obtained in the firet test
is shown in Fig. 2 to Fig. 13, The d4initial
position for the attitude 1s specified by a 257 in
roll, 25° 4n yaw and ~25° in pitch, Figure 2 to
Fig. 7 describe the attitude dynamical behaviour,
whereas Fig., 8 to Fig. 13 show the aungular rates
in the three body axes., By these results 1t can be
seen that nominal mode attitude 48 xreached 1n
about 3 minutes in the worst came, The deviations
in anguler displacement and angular rateare 0.5'
and 0.15 /e in the woret case for all axes.

A gample of the resulte obtained in the oecond
type of tests is presented in Fig, 14 to Fig. 25.
The atticwde dnitial value 1is the same &g in the
firat test., The {nitial wvelues for the satellite
moments of inertia are 24.0 Kg.m? 4n roll, 12,0
Kg.m? dn pitch and 24,0 Kg.n® in yaw. After 1000
geconds the wmoment values are changed ko the
nominal ones {28.0 Kg.m® in roll, 17,0 Kg.m® 1a
pitch and 30.0 Kg.n? in yaw).Exanining the results
presented in the figuree, it can be seen that the
propesed controller keeps the peinting precisions
around the values of 0.5%and 0.15%/s in angular
displacement and angular rate respectively.

CONCLUSIONS

Comparing the results from the simulations with
actual remote aensing satellite data it can be
checked that the controller performance is
satigfactory, For instance, the pointing
precisiona for the LANDSAT satellite are (.7° in
angular deviation and 0.04° fe in angular rate
deviation. Using the self-tuning controller, the
deviations achieved were in the range of 0.5° and
0.06%/8 reepectively. The result in angulsr rate
deviatlon can be explained by the fact that the
Brazilian Remote Sensing Satellite has very emall
moments of inertia when compared with  the
LANDSAT,s0  this aatellite  has & better
performaence.
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