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Abstract system$>. Its employment, complex requirements can
be implemented in simpler controllers, of easy

In this paper, we propose the use of genetic dlgns  maintenance and low cost.

(G.A)) for the creation of controllers for the phiy The augmentation of satellite autonomy has beeg lo
phase of a reaction wheel artificial satellite. Wiake pursued with the goal of not only improvement in
use of the simulator previously developed which tes performance, but especially in order to reduce fuel
PD controller for the pointing phase of a satebit@milar consumption. To obtain this autonomy, one apprasch
to the French-Brazilian Satellite, whose contradteyn the use of fuzzy controllers, especially when tredet
is based on the stabilization of 3 axes. is subject to uncertainty ™
A fuzzy controller is composed of a set of ruléshe
Key words: Genetic Algorithm, Fuzzy Control, Satellite. type If <premise then <onclusiorr, which define
control actions in function of some (usually illfohed)
intervals on which the state variables may taker the
Introduction values. These intervals are modeled by fuzzy seds a
called fuzzy terms.

There exists nowadays a technological tendency ofThe main difficulty in the creation of fuzzy coolliers
building small artificial satellites, aiming atis the definition of the fuzzy terms. One way oflileg
guaranteeing a fast and simple means of reachimcesp with this problem is to usenturo-fuzzy’model$™ in
The tendency is to have these satellites equippdd wwhich these parameters are learned through the
highly autonomous systems for attitude, maneuver apresentation of pairs (input, expected output) tearal
orbit control, and to have them developed fastlg ah network with nodes that basically compute the
very low costs intersection and union operations. Another wayetrn

In this work, we make use of a model similar te ththese parameters is to employ genetic algorithms.
French-Braziliah satellite one, currently under In this paper we present two attitude controllins
development at the Brazilian National Institute fothe French-Brazilian satellite, built with the usé
Space Research (INPE). This satellite has its abntrgenetic algorithms. The first one is a PD controlle
system based on the stabilization of three axes amdhose gains were found using a genetic algorithhe T
makes use of a proportional/derivative controlleD), second one is a fuzzy controller of the Mamdanietyp
whose gains have been determined through the polekose parameters have been learned with another
allocation method, and whose sensor measures haenetic algorithm, using however the same fitness
been processed by a Kalman fifter function of the first one.

It is important to observe that in contrast to tigh In the present work, we have used the satellite
complexity of a controller system, it is imperatifeg it simulated model, which has been previously develope
to have the lowest possible cost. For this rea#tois, at INPE using the MATLAB toolkit We have also
important to investigate different techniques ire thtaken the PD attitude controller originally deveddp
development and implementation of a controller. iSucwith the simulator as basis of comparison to astess
innovations can bring versatility in what regarde t quality of the results obtained by the GA based
hardware components to be employed, and in reléion controllers presented here.
the interfaces among controllers, sensors and @actua This paper is divided as follows. In Section Il we

Fuzzy logic is a one of the most well-succeededmt present some fundaments about genetic algorithmds an
technologies in the development of sophisticatedrod fuzzy controllers. In section 11l we present thedebof



the satellite used in our applications, and thginal PD measure of the performance of each solution irtiogla
attitude controller developed for it in the poimfiphase. to the simulation of a complete orbit under a dertd
In Section IV we present the PD and the fuzzperturbation.

controllers developed using genetic algorithms tfar

satellite  model. Finally, Section V brings theFuzzy Controllers

conclusions.
Fuzzy controllers are based on fuzzy sets theory,
Basic Notions which has been developed since 1965 after the sémin
works of Lotfi Zadef’. Fuzzy control techniques were
Genetic Algorithms first developed with the works of E.H. Mamd&t %

and have been gaining increasing importance ower th

Genetic algorithms are adaptive search strategigears, being today the main application of fuzzis se
based on a highly abstract model of biologicatheory. The term fuzzy logic is usually employedhe
evolutiont™. They are primarily used in optimization control field to name the modeling of fuzzy pieas
problems for which one aims to find not necessaaily information and the inference mechanisms that pohu
optimal solution, but at least a reasonably goddtem. them.

In these algorithms, a population of individuals Contrary to what happens in conventional control i
(potential solutions) suffers a series of unarwhich the control algorithm is described analyticdly
transformations (mutation) and of higher ordegalgebraic or differential equations, by means of a
(crossover). These individuals compete amonmathematical model, in fuzzy control logical rulese
themselves for survival, the most apt individuatssdn employed in the control algorithm, obtained throtigé
better chances to be chosen to pass their chasticer synthetization of human experience, intuition and
to the next generation. After some generations, theeuristics, in process contfol
algorithm (usually) converges and the best indigldu A rule in a fuzzy controller is usually of the &/ x;
represents a solution close to the optimum. =A; and % =A, ... and x=A, then ¥B, where the; and

The search for the solution involves an evaluation are respectively state and control linguistic ables,
function (fitness), which vyields a grade for theand theA's and B are linguistic terms. A linguistic
performance of each individual, according to aspecvariable is a 4-tuplex(T(x).2,M), wherex is the name
considered relevant to the problem at hand. Fidure of the variable, is the domain ok, T(x) is a set of
brings an illustratioft of an evolution cycle in a genetic linguistic terms, i.e. a set of names of fuzzy satglM
algorithm. is a function that associates a fuzzy setdrto each

FSTELTURa IT 1 ALCORITMO 4 ENETIOD term in Tgx). prur_e 2 brings |IIustra£es the_ I|ngu_|st|c
variable ‘error” with terms T(error)={negative_big,

Mutagio S negative_small, zero, positive_small, positive_big}
N i rule in a fuzzy controller could be for instance ‘b&
Fapulagia eagia)  DBumea error = small then throttle= big’.
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Figure 1: Structure of a simple genetic algorithm. Figure 2: Linguistic terms of variable "throttle”.

Genetic algorithms have been used in manyThe basic structure of a fuzzy controller is ittated
applications involving fuzzy contrgit®1415-16-17-18 in Figure 3. The main components are the knowledge
inclusive in Brazit®?*%! In the present work, the fithessbase that contains the rules and the descriptiothef

function of the G.A. for the pointing phase is algll linguistic variables, and the inference engine,t tha



allows us to obtain a control action in functiontbé perturbation torque’s. The estimation of the angula
value of the state variables in a given momeninoét speed(w) is determined with:

CORTROLADCR FUZZY

Tase e Conliechueste : wW=0— bk (2)
g i i and the gyro outpuf0) is given by:
; oft) =w+hy +ny; tO[ty; ta) 3)
'-’";"m Viariin s .Fm‘:m:m Saidls f“'::m where b, represents the long period bias (derive) and
H n [ - c H
Po| e e menes | MR Aooreial 3y the short period bias (noise).
From Eq. 2 and Eq. 3 we have:
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Figure 3: Structure of a fuzzy controller. where 0 is the covariance of noise.

The long period bias and its estimation can be

Fuzzy controllers are highly adaptable and capable propagated in time with:
incorporating knowledge that many other systems are
incapable of douﬁ. They are also versatile, especially By = e Mt (b, +n(20\ At Dog
when the physical model is very complex and of R
difficult mathematical reproduction. By = e MRt [h,

In general, they are more useful in non-lineatesys, 1
varying in time or not, support very well perturibat
and highly noisy plants, and are robust even inesys Where A represents the correlation ar@; the long
where uncertainty is intrinsically present. period covariance.

()

Making D, =h, —b,+n(0?), Eq. 1 becomes:
Satellite Model and Original PD Controller

Satellite Model E=w

The French-Brazilian satellite model is a rigiddpo w=-Kp[E-Kyp [ w+D,)+Tp(t) (6)
model where the null inertia product is neglectéde .
control system consisted of a gyro and a star aimd s
sensors plus a PD controller in the pointing phdase & =(w+Dy)
rotational dynamics of the satellite can be represk
by the following differential equations systém The coordinate system for the satellite attitudetiol
adopts an external referential, defined as:

£=0 . . « Zg oriented to the north pole of the ecliptic;
w=-KpE-Kp Oo+Tp(t) @ ° XE pointing to the sun position and

R  Yg pointing in such a way as to form a destrogerous
i-w system.

The simulations made with a PD controller used the
following parameters

N N

where &, @ and Tp(t) represent the respective
estimation of rotation(§), angular speed(@) and 1. Pointing precision:



* 0.5° for axis x; The satellite dynamical equations consider the

» 0.15 for axes y and z. perturbations due to 3 torque’s: atmospheric dsatgr
radiation pressure and magnetic field. These tdsque
2. Stability: originate the errors at the satellite pointing, ahe
e 0.05/s for the 3 axes. function of the controller is to react to the pebpations
sending a signal to the atuactors, which then geaem
The following orbital data has been used: action to correct the pointing along the orbital
trajectory.
« Altitude at apoge@500 km; The gains found in the original model are:
* Altitude at periged00 km; ) )
« Inclination of 7: » Proportional gains for theX and Y axes,
« Argument at perigee of 90 K =0.026;
* Longitude of the descending node of>@@d « Derivative gains for thX andY axes,K; =0.0¢;
* Mean anomaly of -50 « Proportional gain for thg, K, =0.027;;
Original PD Controller « Derivative gain for th&, K,,, =0.1.

In the present work, we have used the satellite
simulated model, which has been previously develope G A. Built Attitude Controllers for the Satellite
at INPE using the MATLAB toolkit We have also Pointing Phase
taken the PD attitude controller originally deveddp
with the simulator as basis of comparison to asiess |n the following we present the G.A. built attiud
quality of the results obtained by the GA basedontrollers for the satellite-pointing phase. Westfi
controllers presented here. present the simulation conditions used in both
In the following we present the he original atiéu developments, to then present the PD and the fuzzy
controller for the pointing phase. It consists oPB  attitude controllers developed using G.A's.
controller for each axis, using the following eqoat

Simulation Conditions

f(t) =Kp De(t) +Kp LAL(t) 7
In order to effectively assess the quality of the
d controllers built with the G.A.'s. severe condisdmave
where g(t) is the signal error ande(t) =—[€gt)], Kp been adopted for the satellite operation mode.hig t
dt sense, the magnitude order of the perturbationbéers
and K are the proportional and derivative gains. incremented in relation to those adopted to astess
In order to determine the gains of this controtfes quality of the original PD controllrThe perturbations
Pole allocation method has been employed, whidfiie to atmospheric drag and solar radiation pressur
through project restrictions such as peak tifig) and Nave been multiplied by constant$, =10 and

accommodation time(Tg), allows us to obtain the Bs =100 respectively, corresponding to the value
. necessary to reach the same order of magnitudeeof t
position gtate vectofé) and the angular spedd) perturbati}(/)ns due to the magnetic field, Whigh bsadar
The gains have then been calculated as a funofion 4 predominant role over the other values (seedgig.
these specifications, which become implicit in tate  The satellite state vectors at the initial moment
vector. Equal gains (proportional and the deriativ represents a zero error condition, in what regaath
have been used foX andY axis, in order to simplify pointing and speed. In the present work, an erasec
calculations. to the limits imposed by the project specificatidres
The PD controller responds proportionally to theyeen adopted for the position of the 3 axes, witked
angular position errof{(t)) and its derivative error, kept as in the original situation. The initial vesufor

which is equivalent to the angular spe@(t)). The the 3 axes areX=0.35, Y =-0.12 andZ=0.12.

tuning has been performed through the selectioth®f The attitude error relative to the control actiomshe
gains which lead to a satisfactory answer, i.ectivérol ~ Simulation of an orbit are shown in Fig. 5 and Fg.

function ought to maintain the controlled variables calculated as the original control lawsTo evaluate
close as possible to the desired values. robustness of the G.A. built controllers, we compar



their results with the ones obtained by the origiPB
controller.
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Figure 4: Perturbation torque’s multiplied by [3
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Figure 5: Reference position errors for the
simulations.
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Figure 6: Reference speed errors for the simulation

G.A. Characteristics

A GAS has been used to built the controllers far t
satellite model in this work. Each chromosome in a
given population is composed of a set of parameters
specifying a controller. In the case of the PDtruller,
the chromosomes will contain the proportional and
derivative gains, and in the case of the fuzzy rcdlet,
they will contain the fuzzy terms employed by thées.

The fitness function of the GAS employed to letima
controller parameters determines a measure on the
performance of the candidate controllers, eachluthv
built using the parameters specified in its redpect
chromosome. This function needs to take into accoun
the relevant aspects in the controller answer riteioto
guarantee performance and stability.

Since the fitness function depends only on theligs
of the simulation of each candidate controller, $hene
fithess function can be used to optimize differgpies
of controllers. In particular, in this work, a sladitness
function has been employed to obtain optimized R® a
fuzzy controller.

In order to simplify the evaluation, only variable

(¢,) are used in the function. Moreover, all candidate
solutions violating a project specification are

eliminated.
1. Position error restriction§) :
+ Eliminate chromosomes for whichy > 05",
or {y >015,0or (, > 015;
2. Angular speed error restriction{s)) :

* Eliminate chromosomes for which
wy >005/s or w >005/s, or
w, > 005 /s.

The performance of the GAS was studied using
different fitness functions. The best results were
obtained using an approximation of the angulartfmosi
error. This is done by functiotrapz.m available in
Matlab, which calculates a numerical integral bg th
trapezoidal sum method. An abbreviated versiorhef t
fitness function is given by:

i(ﬁf f(e)de) *y,
fitness=| 1-1=L : ®)
015'n




where f(6) represents the position error for each of theontroller. The chromosomes then encode the ceaters
the fuzzy terms appearing in the premises and
Eonclusion of the rules.

number of variables (axes) arig is the time taken by  All the fuzzy sets are triangular, except thosetlua
the simulated orbits. extremities, which are trapezoidal in shape. Altziy

In all the tests, the same parameters for the GA®R sets are symmetrical in relation to 0, and thersfonly
been maintained: population composed of the positive centers have to be Iearne_d. To canfee
individuals, p. = 0.9, pn = 0.033 sensibility of 3 smoothness to the control surface, neighborindhey

’ C e} m . . e . .
decimal cases to detect fitness variation andsisstap  SE!S @ré superposed. These resrictions do ndt thi
criteria a maximum number of 35 generations. EadRodel. and have been frequently used in fuzzy
chromosome is represented by a bit vector, with eakontrollers '
gene (parameter) occupying 20 bits. The total size To further reduce the ngmber of parameters to be
chromosome depends on the number of codifidgarned we have used a smgle control for all bkxes_a
parameters. The surface of best Mamdam fuzzy c_ontroller oladin

Each chromosome has been evaluated in relation Wih 3 fuzzy terms for each input variable and 3z

the simulation of 1/4 of an orbit, which correspad t€rms the output variable (torque), is depictedigure
1600 seconds. 8. The results of this controller are shown in F&g8.

three, v; corresponds to weights for each axis, is th

G.A. Built Controllers
R

We have used the simulation conditions and the GA 4
structure described above to generate the gaiasRid “gv’ 0
controller, with a control law for each axis. THere, 8 ~ oos
gains were codified in each chromosome. The GA o
converged after 23 generations; the results of th s
controller are shown in Figure 7.

With the same GAS parameters specification ar
fitness function given above, we have developedyuz
controllers of the Mamdani type, using the fuzzytcol 0Os os
toolbox available in Matlab.

errang

Figure 8: Mapping of the output torque of the fuzzy

controller.
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Figure 7: Errors obtained with the use of a PD ‘ b e = -

controller optimized by a GAS.
Figure 9: Errors obtained with the use of a fuzzy
In this case, the number of fuzzy rules is fixas well controller optimized by a GAS.
was the identity of the terms appearing on each. rul
The rules were built through the observation of B2
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