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Abstract. Controller synthesis for aerospace applications is tyicaomplex, also said multi-objective. It is not
unusual to combine different design techniques, where eaeimust be tuned appropriately in order to comply with
the required specifications. Furthermore, if one considg® scheduling, then the same set of procedures must
be repeated for each single operating point, with additioz@nstraints on controller interpolation. The resulting
complexity can even increase once that robustness andtfdatince are mostly necessary, which confirms the
challenging nature of the entire conception and develogmésuch systems. By the other side, the combination
of observer-based approaches with intelligent computaimvides some answers to this difficult task, as it will
be shown in this work. Firstly, a robust controller is autdinally designed by computational intelligence, with
a genetic algorithm that searches a parameter space of derable dimensions, according to the ratings given
by a fuzzy system, where the specifications are stored. @udosty, the controller found undergoes an internal
reorganization following its observer-based form, whére $tate variables are meaningful (= physical) estimates.
A faulty operation in a launcher attitude control system destrates the appeal of the proposed techniques.
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1. INTRODUCTION

For aerospace applications, control system design is ngtamatter of satisfying important requirements such
as stability, performance, robustness to parameter i@rs@@and external disturbances, and so on, but there are also
practical issues (as on-board implementation) which dhenattention of the control engineer; it would not be suipgs
if complexity, flexibility, and memory storage could influmnand even decide the choice between rivalling structures.
In such aspect, linear quadratic or PID controllers, whallg on single sets of scalar gains, would be preferabld $o
controllers, the latter ones typically possessing the sansher than the plant model used for design (normally a siiegli
version of a even more complex validation model). By the 0#ide, one may argue if and what additional features
and benefits can be uncovered when using these larger tealzaFortunately, it can be shown that any controller has
an observer-based realization, as demonstrated by therdeigtic separation principle (Schumacher, 1980). Byt tha
principle, controller states can be made to correspondetpldmt states; in other words, the controller is also anrvkse
and provides the estimates of the plant state vector, anbenather desired estimates as external disturbances dtsd fau
A new technique (Alazard and Apkarian, 1999) allows to regfethe controller into its observer-based form, but at first
one must have one. However, the primary synthesis of a demtfor aerospace applications is typically complex, also
said multi-objective. Despite the success of determmistathematical reasoning behind the conventional cortiemry
which guarantees stability and performance bounds, Caatipnal Intelligence (Cl) has been presented as an importan
complement in modern control systemns (Bars et al., [2006).

In this work, one adapts a previous implementation on liggedratic controller Cl-based design (Ramos and Araujo,
2008) also toH ., techniques. At that time, a combination of pre-existentveotional procedures for launcher attitude
control system design with genetic algorithms providedroglity for all linearisation points, as well as gain vector
interpolation, which was validated through hardwarekie-toop simulations. Posteriorly, a fuzzy system replated
original cost function mapping comprising the control sfieations and the gain vector interpolation indexes. Nawe o
intends to produce observer-based structures ffhmCl-designed controllers, yielding estimates of plantesafaults
and disturbances. This work is organized as follog$:section 2 presents briefly the new technique associatedhath
observer-based form (OBR);) section 3 also briefly introduces and describes the gefgrastandard problem adopted
for the VLS launcher attitude control system and the ClI meigma used to tune the various weights during the design;
(#i1) the last section considers fault scenarios and respecBFei@plementation.

2. OBSERVER-BASED REDESIGN

“Almost any system is an observer”, wrote Luenberger imitsiductory article (Luenberger, 1971) about these specia
structures, used during decades not only for full staterobhtit also in disturbance estimation and fault tolerancéct,
even controllers can be viewed as observers. In this sedi@mpresents the resumed procedure (Alazard and Apkarian,
1999) to compute the observer-based realization (thalbhésstiate feedback gal., the state estimator gald¢ and the
YOoULA parametelQ). The general block diagram of the closed-loop system uimglan observer-based controller is
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Figure 1. Observer-based structure usirguUY A parametrization.

shown in the Figl11.

Remark : at first, the inputsug (representing external disturbances and actuator misaggts or faults) angrq
(representing sensor bias or faults) seen in the[Rig. 1 dreamsidered, so thdp = Bp, andCp = Cp,. Consider
the stabilizable and detectablé” order plant modeG(s) (m inputs andp outputs) with state-space realizatiéh (1(a))
and the respective stabilizing/ order controlled(s) with minimal state-space realizatidd (1(b)) :

b'e o AP BP X Xk AK BK XK
slele e eles sl e @
The key idea is to express the controller as arENBERGERoObserver with a state vectar= Tx and thus, we will

denotexx =z = Tx = T%. It can be shown (Alazard and Apkarian, 1999) thaits the solution of a generalized non-
symmetric RccATI Eq. (2):

A

Ap + BpDkCp BpCxk I]
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)

The characteristic matriA . associated with the RCATI Eq. (2) is nothing else than the closed-loop (c.-l.) dynamic
matrix built on the state vectdx” xx?]7. Such a RccATI equation can then be solved | € R™**" by standard
subspace decomposition techniques, that is :

e compute an invariant subspace associated with the seteajenvalues sp¢rF,,), chosen among + nx eigen-
T T
values in spe ), that is,A ¢ [UlT UzT} = {UlT UZT} I',,, whereU; € R andU, € R"5*"_Such

subspaces are easily computed usiagi SR decompositions oA ;.
e compute the solutiol = U, Uy L.

Then, 3 cases can be encountered :

e Full-order controller (2 = n) : one can compute a state feedback dhdin= —Ck T—Dxk Cp, a state esti-
mation gainKy = T !Bk — Bp Dk and a static YULA parameteiQ(s) = Dk such that the observer-based
structure fitted with the YuLA parameter (depicted in the Figl 1) is equivalent to thedhitontroller form ac-
cording its input-output behaviour.

e Augmented-order controllen{ > n) : the YOULA parameter becomes a dynamic transfer of ordern .

e Reduced-order controllern(x < n) : in this case, the LQG structure shown in the Fig. 1 is no longdid.
However, ifng > n — p (p stands for the number of plant measurements), one can beithiered-order estimator
with a static YouLA parameter, involving an estimate= H,Zz + H, y by a linear function of the controller state
z and the plant outpug, with the constrainH; T + H, Cp = I,,. Otherwise, ifnx < n — p, a model reduction
is required to built a (partial) state-observer realizatio
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The separation principle of the observer based realizatiows to state that :

e the c.-l. eigenvalues can be separated into c.-I. statihéek poles (spéd — BK_.)), c.-l. state-estimator poles
(spe¢Ap — K¢Cp)) and the YoULA parameter poles (spehq)),

e the c.-|. state-estimator poles and theLA parameter poles are uncontrollabledyy

e the c.-l. state-feedback poles and theuf. A parameter poles are unobservable fegmThe transfer function from
e to ey always vanishes.

Note that there is a combinatoric set of solutions accorthrtfe choice of, auto-conjugate eigenvalues among- n g
c.-l. eigenvalues. The range of solutions can be reduceatdiog to the following considerations :

e a set of auto-conjugated eigenvalues must be chosen intoréled a real parametrization,

e an uncontrollable (resp. unobservable) eigenvalue inyheEem must be selected in the state-feedback dynamics
(resp. state-estimation dynamics),

e lastly, the state-estimation dynamics (spee — K¢Cp)) is usually chosen faster than the state-feedback dynam-
ics (spe¢Ap — BpK.,)).

Finally, the observer matrice& o, Bo andCgo correspond to the state-space matrices of the on-boartimpladel Go
whenng > n. The on-board model is required in the computation of theenkes form and is built upon the original
plant model where other variables of interest (such asntiahces and faults, represented by the variableandyq in

the Fig.[1) may also be included as states to be estimatedex@onple, on considering the original plant modél (1(a))
and a bias term associated with a single output, the correspondent ondbnadel could be given by the Eql (3).

e Ap 0 BP X X
b|=| 0 olo ||b]|= {%‘BTO} b ®)
Ty Cp 1| 0 u o u
3. H,, CI-BASED DESIGN

Launcher models.The full pitch plane decoupled mod@l, of the Brazilian launcher VLS (Filho and Carfrijo, 1999)
will be chosen to illustrate the design procedure. The gdized model used for thH ., technique is depicted in the Fig.
[2. The following transfer functions are considered :
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Figure 2. Generalized standard control problem for the \dughther.

o Gy andGy, are the transfer functions of the linear rigid body decodpteodel from control inputg, (control
action) andw, (wind disturbance) to the outpdt, (attitude angle).

e (3, andGp, are the transfer functions of tHé! and2"¢ bending modes.

e (g is the transfer function representing the (approximatetiigral of the error signdl,g wy — 6. This transfer
function is required to reduce the steady-state error teep &inction at inputwy (or otherwise reference input
Orcf). The parameted,y is necessary to comply with the properties of the standamtt@ioproblem (., design).

e WV, is the weight on the control signal
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The design procedure.The combination of théd,, technique and computational intelligence is illustratgdhe Fig.

[3, where the genetic algorithm (GA) is the sole responsiplthb generation, combination, mutation and selectionef th
candidatdused in the controller design, according to the engineeeggirements stored in a fuzzy system. Some of
the main characteristics of the GA employed in the Cl-basssiigth mechanism are :

e Each gene is a binary number in the fo2fh wheren is the number of bits.

e Each weightk,, used in thefH . standard problem depicted in the FIg. 2 is composed of twegénthe form
g1/g2 producing a numeric interval frorty2™ to 2™ /1. An entire set of weightings is called an individual, which
in this case is composed of 14 genes, resulting in a hugersspace order of033 for n = 8 bits.

The roulette wheel is used for the reproduction of the irttliais.

Each run is finished by a stop criterion (standard deviatichelastn ratings).

A record of every individual is kept in order to avoid wastedd in repeated evaluations.

The fitness function is a fuzzy system.

| m mm e e e e e e e e e m e e e e o — - -
! Cl-based design mechanism : K
1 1
; Genetic ratings Fuzzy system| 1  Review
! ¢ M
| algorithm \  elements Hlfm?_”
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Figure 3. Block diagram of the Cl-based design mechanism.

The fuzzy system is composed of linguistic variables, fusgaytences and fuzzy rules. The fuzzy sentences adopted in th
work are based on mathematical expressions such as Gaosgialynomial functions, with engineering specifications
as linguistic input variables (rise time;-, settling time -, overshoot -M,,, maximum amplitude of the control signal -
Umag, 9aIN Margin 4n,4, phase margin =, and dynamics of the closed-loop poles.;). The linguistic output variable

is “Rating” (the global rating). Each linguistic variableroprises the respective fuzzy sentences and an universe of
discourse. An hypothetical example according to the spatifin “gain margin” would be : “The linguistic variabig,

is associated with the control system gain margin, wheraritgerse of discourse is [0, 20] [dB]. The fuzzy sentence

{ Unsatisfactorym,} is defined by a z-polynomial function (Ed.1(4)) and the pairb), with a = 0 andb = 6.”

lLx<a
_ ) 1-2[@—a)/b-a),a<z<(a+b)/2
flz) = 2[b—xz/(b—a)]?, (a+b)/2 <z <b *
0,z >0

4. COMPLETE CONTROLLER DESIGN
4.1 Cl-based controller design

The fuzzy sentences adopted in this work represent theafislipengineering specifications: rise time,; settling
time - ¢, overshoot -M,, maximum amplitude of the control signat, .., gain margin -m,4, phase margin m, and
dynamics of the closed-loop polepg. The fuzzy system rules are given by the Eq. (5).

Remark : a further implicit specification is given by the initial uppkeound on the cost used in theH,, design,
associated with system robustness.

E £ (“t, is Satisfactory”) and ¢, is not Large”) and (&, is Satisfactory”)
and (“m, is not Unsatisfactory”) and {f,, is not Unsatisfactory”) and f; is Slow”)
Ry : If Eand ("M, is Satisfactory”) then (“Rating is Good”) )
Ry @ if E and ("M, is not Satisfactory”) then (“Rating is Regular”)
R3 : If not E then (“Rating is Bad”)

1Due to the text limitations, the reader is asked to refer teettisting literature (e.g.|_(Fleming and Pursholise, 2002)he definition of each term
used in this section.
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4.2 Observer-based redesign

In this work, the on-board modéko (Eq. (8)) is built from the balanced realizatidhy, (Fig. [2) added to the
estimateéq (output bias oryz) andw, (formerly disturbance inpub,). It follows thatGo has one state more thag,
the condition “reduced-order controllet & > n — p)” stated at the sectidh 2is applied, and two matriBgsand H,
must be calculated (see Alazard and Apkarian (1999)).

] Ap Bpa 0 Bpu 7

Wy 0 X 0] 0 iy

b, |=| 0 0o x| o " ®)
(j CPq Dqu 1 DPuq ﬁq
0 Cpo Dpas 0 | Dpue i

Remark: The steady state of the variahle cannot be observed, according to the transfer funatign (there is a
zero ats = 0), but it can be replaced by the estimation of the attack angle given by the expressidi — ,) U1,
whereU is the velocity component in the vehicle body aXis (longitudinal axis).

Choice of the closed-loop poles. Once thatK is a reduced-order controller, theo¥LA parameter is static, and no
pole is assigned to it. Therefore, only the controller areldhserver share the poles, and the two uncontrollable ones
(n. 16 and 17 in the tablg 1) are allocated to the state-fexdiiynamics, and also the 7 slowest poles of the remaining
set, forming the option “A” in the tablg] 1; option “B” resulfeom the exchange of one of the slowest poles (no. 15)
with a faster one (pole n. 11). The reason for defining thesedptions will be clarified later. A further point related
to the closed-loop poles is associated with their natuesfencies : sets with faster poles most probably imply eoisi
estimates; that was the reason to add the design specifigatito the fuzzy system (see the secfibn 3), which gives better
ratings to candidates with more compressed sets of poleshesarigin of the complex plane.

Table 1. Closed-loop distribution, options “A” and “B{UC = uncontrollable.)

Closed-loop poles Option

no. Value ‘A "B”
1,2 —1.3887 £80.45537 K. K¢
3,4 —3.2979+£80.5979¢ K; Ky
5,6 —2.3452+29.67517 K. K.
78 —4.1625+29.62900 K; K;
9,10  —5.3201+4.3009: K; K;
11 —4.6420 Ky K¢
12 ~3.4123 K; Ky
13 —0.0062 K. K¢
14 —0.0919 K. K.
15 —0.8594 K. K;
16 (UC) —1.0000 K. K.
17 (UC) 0.0000 K. K.

4.3 Evaluation of the complete design

The validation model used in the simulations includes theaor dynamics, a realistic wind profile, noise sources and
a bias profile applied to one of the plant outputs. The estimmakere produced with the expressions Hy,; 2+ Hoo v
andéq = Hq1 2+ Hgq2 y. There is a reason for using independent matrldgs andH,; : during the simulations, it
was noted that the option “A’ is beneficial to the estim?bqtebut not to& regarding noise levels. By the other side, the
effect of option “B” is opposite. However, on doing the reidesor each option and then composing the matridgsand
H-, respectively for each estimate, it was possible to profiebetise levels as shown in the Fig. 4, where a disturbance
signal (wind gust profile) and a bias level on #e output (combined with noise sources added to both outputsg w
applied simultaneously into the system. The estinﬁ@teould be used in fault detection and isolation (bias fault)e
abrupt variation of the biak, at 10 seconds yields a small and temporary deterioratioheoéstimatey. Finally, the
estimate) is not only insensitive to that variation, but is also verysd to the real attitude angle
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Figure 4.(Left) Estimation of the attack angle. (Middle) Estimation of the bia§q at theqy, output. (Right) Estimation

of the outputé. All sub-figures: grey lines - estimates, black lines - reaiatales; noise sources added to both plant
outputs, with simultaneous occurrences of external distnce and output bias (abrupt variation at 10 seconds).

5. CONCLUSION

As it was shown in this work the controller structure can b@leyed not only in the control action but also to provide
estimates of the plant state variables and other relevgmalsi, as faults acting on the system. The procedure deratetst
here relies on a Cl-based mechanism combined with/ andesign technique with further observer-based redesigh, an
one intends to expand that mechanism to find the best corobinaf the c.l.-poles as well. Non-linear and hardware-in-
the-loop simulations are also previewed in the future warld the same strategy Ramos and Filho (2007) that provided
linear-quadratic gain scheduled controllers will be ergplh that is, to include a specification in the fuzzy systekmta
into account the smoothing of a particular characteridtite controller (for instance: gaids. andKy).
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