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Fuzzy Gain Scheduling: Controller and Observer
Design Based on Lyapunov Method
and Convex Optimization

Petr Korba, Robert Balska, Henk B. Verbruggen, and Paul M. Frank

Abstract—This paper addresses model-based fuzzy control. A« Basic properties such as stability, performance or robust-
constructive and automated method for the design of a gain-sched- ness of the closed-loop system can only be investigated
uling controller is presented. Based on a given Takagi—Sugeno via extensive tests or simulations.

fuzzy model of the plant, the controller is designed such that . .
stability and prescribed performance of the closed loop are guar- These drayvbacks are o_ne reason for the recent interest in
anteed. These properties are valid in a wide working range around MBFC techniques. In the literature related to MBFC, the fol-
an equilibrium without restrictions to slowly varying trajectories.  lowing control schemes have been reported.

The synthesis is based on linear matrix inequalities and convex « Control via inversion of the fuzzy model—either in feed-

optimization techniques. If required, a fuzzy state estimator f d trol th h direct d . i
and an extended controller can be included, providing a zero orwara controf through direct dynamic compensation, or,

steady-state error in the presence of disturbances and modeling in the case of a considerable model-plant mismatch, in
errors. The proposed method has been applied to a control of a feedback control within the internal model control scheme
laboratory liquid-level process. Hence, the performance has been [1], [4].

evaluated in simulations as well as in real-time control. « Fuzzy model-based predictive control—used when it

Index Terms—Fuzzy gain-scheduling, linear matrix inequality is not possible to invert the model (e.g., the model has
(LM1), model-b@sed fuzzy contrgl, performance, quasi-linear a nonminimum phase behavior) and in the presence of
parameter varying systems, stability, Takagi—Sugeno (TS) fuzzy

constraints [3].
e Fuzzy gain-scheduling methods—typically based on
slowly varying scheduling variables that capture nonlin-
[. INTRODUCTION earities and parameter dependencies; the global control
law is obtained by means of fuzzy logic as an interpola-
tion between a number of locally valid linear controllers

models.

ATELY, many publications oimodel-based fuzzy control

(MBFC) have appeared; see, for instance, [1]-[4], among
many others. MBFC can be seen as a modern class of fuzzy [11, [5], [6]-
control techniques, which are fundamentally different fronhhe common drawback of the inverse and predictive control
heuristics-based fuzzy cont@iBFC). In the latter method, it Mmethods is the lack of techniques for analyzing the stability, ro-
is implicitly assumed that there is no model of the process to Bestness and performance properties of the closed loop system.
controlled and the controller design is therefore based on thevell-known limitation of classical gain-scheduling methods
knowledge of an experienced operator and his/her linguistfcthe fact that only slowly varying trajectories are admissible
description of the given problem, expressed by means of fuz#j the controller to work as desired in the closed-loop.
rules. In contrast, MBFC is always based on a model of the plantn this paper, a fuzzy controller and observer design for the
under control. Such a model can be obtained from measurkakagi-Sugeno (TS) type of fuzzy model [7] is proposed. More-
data (black-box modeling), from first principles (white-boxover, the goal was to develop an automated design procedure.
modeling), or by combining the two approaches. An advantafi@te that it is quite easy to devise a numerical scheme to assess
of HBFC is that no mathematical model of the process is neede@ntroller performance but much harder to rate a design method.
to design a controller. This method, however, has two significaR€sign methods can be assessed as follows.

drawbacks. « How are the requirements translated into a set of design
« Systematic and formally tractable design and tuning tech- ~ parameters (e.g., how many parameters are needed)?
niques are lacking. * How does the adjustment of each design parameter affect

the closed-loop system? (e.g., do the parameters have un-
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guarantees stability and performance requirements for téh w;(6(t)) = aggop[Mi:(61(t)), ..., M;;(6;(t))] where
closed loop system. Not onlgtate-feedbackbut alsooutput w;(8(t)) > 0 is the degree of fulfillment of rulé, aggop(-)
feedbaclkcontrollers with prescribed performance and trackinig the aggregation operator (for instance, the product or the
control problems are considered. In this paper, performaneenimum), >/, w;(6(¢)) > 0 foralli = 1,2,...,r. With
specifications for TS fuzzy control systems are introduced i< 7;(8(t)) = (wi(8(t))/> 25—, w;(8(t))) < 1, (2) and (3)
location of eigenvalues of the underlying local linear time-incan be written as

variant (LTI) subsystems given by the rule consequents, and r
an extended fuzzy gain-scheduler based on parallel distributed (t) = Z hi(6(t))[A;z(t) + Bu(t)) 4)
compensation (PDC), known, e.g., from [9], is developed. The i=1
proposed techniques are validated by means of a laboratory r
experiment; a second-order liquid level control system where y(t) = Z hi(8(t))[Ciz(t) + Diu(t)]. (5)
only one state is measured. i=1

The paper is organized as follows. Standard notions, suthe TS fuzzy model can also be regarded aguasilinear
as the TS fuzzy model with a PDC controller and the resultingstem i.e., a system linear in botl(t) and u(t) whose

closed-loop description, are recalled in Section Il. A brighatricesA(-), ..., D(-) are not constant, but varying:
review of the stabilizing fuzzy control synthesis techniques is

given in Section Ill. New enhancements of these techniques x(t) =A(6(1))x(t) + B(6(1))u(t) (6)
are introduced in Section IV. They include an extended fuzzy y(t) =C(8(¢))z(t) + D(6(t))u(t). (7

scheduler, fuzzy state estimator and performance specifications

in terms of linear matrix inequalities (LMIs). Section V isFrom (4) and (5), one can see that for all possible values of
devoted to a laboratory application of the described methétt). which are assumed to be known online, these matrices are
to a two-tank system: the design procedure, simulations ap@unded within a polytope whose vertices are the matrices of
real experimental results are presented. Section VI conclud@8 individual rules:
this paper. In Appendix, we show that, starting from the[ A(s(t)) B(8(t)) A, B;] .

formalism of Lyapunov function stability, it is quite straight- icw(t)) D(6(t))} € Co { [Ci Di:| i=1,2,... ,r}
forward to prove that with the presented design metho (8
bounded-input—-bounded-output (BIBO) stability is guarante&ghere

as well.
Co{S;:i=1,2,...,7}

Il. Fuzzy MODEL, CONTROLLER, AND CLOSED-LOOP SYSTEM - {Z hi(t)8,: Z hi(t) = 1,hi(t) > 0}
A. TS Fuzzy Model

The controller design procedure is based on the represer‘?tﬁ‘-jI
tion of a given nonlinear plant in terms of the fuzzy model given A; B;
by (1). The antecedent part of each rilide contains fuzzy lin- i

guistic descriptiong\/;; of the scheduling variables;(¢) and o ] o ]
the consequent part contains a local linear model of the nonFor the sake of simplicity, the direct transmission matrices
linear system D; are considered to be zero here. This can be assumed without

any restrictions to real systems because they have dynamic parts
between their inputs and outputs. Note, the presented design

R;: IF 6, is My; and ... and 6;(t) is Mj;, then method is particularly intended for control of nonlinear systems.
%;(t) = A;z(t) + Biu(t) Hence, the scheduling variables are usually a function of the
y,(t) = Ciz(t) + Dyu(t). 1) sttate; i.e.6(t) = 8(x(t)) and (6) yieldst = A(z)z + B(z)u,

etc.

The entire fuzzy model of the plant (1) is obtained by fuzzy Definition .1 Wide Working Range (WWR): The WWR
blending of the consequent submodels. For a given pair of vé&t& defined around one equilibrium point by the _anFecedent part
torsz(t) andu(t), the final output of the fuzzy system is inferredPf the fuzzy rule base. It corresponds to all admissible values of

as a weighted sum of the contributing submodels the scheduling vectdi(t) a_nd it can be regarded as an extension
of the termsingle operating poinknown from the theory of

linear systems (represented in the TS fuzzy model structure by

T

S w; (6(t))[Aiz(t) + Biu(t)) a single fuzzy-rule). For the analysis and synthesis of TS fuzzy
z(t) —=1 (2) Systems, the relevant properties are considered throughout the
S wi(8(1)) corresponding WWR.

B. Fuzzy Controller

(1) i ' 3) The controller design by means of the described method
= iw-(6(t)) begins with the determination of the linear submodels in some
= operating regions of interest of the nonlinear system to be
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controlled; for more details see, e.g., [10]. Then, convex opthe extended system matrix having for the integrative prefilter
mization techniques are used to design local controllers withitkee form (35). Using this approach based on substitutions like
fuzzy gain-scheduling scheme with the desired overall behavi{®27)—(29), one can work with the same sets of LMIs to deal with
In this way, a wide-range stabilization and control problem®oth system stabilization and tracking.
can be solved. In the continuous-time case, the simplest TRecall that the reference signals are not constrained to be
fuzzy control rule being considered here, has the form: slowly varying. However, the control system is assumed to

exhibit its behavior only in the considered WWR according
R;:IF 6,(t) is My; and ... and §,(t) is Mj;, to Definition I1.1.

thenw;(t) = —F;z(t) + V,r(t) (9)
[ll. STABILITY : LMI T ECHNIQUES FORANALYSIS AND

where r(t) is a stepwise reference signal. The controller's SYNTHESIS

is inf h igh
output is inferred as the weighted mean A. Closed-Loop System

XT: w; (8(1)) [~ F;z(t) + Vir(t)] The cIosed-IO(_)p system consisting_of t_he fuzzy model and the
u(t) = i=1 (10) fuzzy controller is obtained by substituting the controller (11)
oo 5 to the state equation of the fuzzy model (4). The closed-loop
> wi(6()) S
i=1 system is given by
which yields ) L
B(t) =Y > hi(8(1)h;(8(t))
" i=1 j=1
u(t) =) hi(@(t)[~Fia(t) + Vir(t)] % [[A; — BiF;|z(t) + B;V r(1)]. (13)
=1
=—F(8(t)=z(t) + V(8(t))r(t). (11) 1tis assumed throughout this paper that the weight of each rule

, ) . in the fuzzy controller is equal to that of the corresponding rule
If the scheduling vecto?_(t) |safl_mct|on ofthe state vecta(t), i, e fuzzy model—we call this thehared rulesprinciple.
u(1) represents a nonlinear gain-scheduled control law. This assumption is easy to satisfy since all weighting factors of

The goal of the controller design is to determine the CORsg coniroller can be simply taken over from the known fuzzy
stant matrice#’; andV; such that the desired dynamics of th‘?‘nodel. Then, (13) can be rewritten as

closed-loop system and some desired steady-state input—output
behavior are obtained. Designing the state-feedback déins . -
requires dealing with the system dynamics and hence ensuring (1) = Z hi(8(t))hi(8(1))Giix(t)
stability. This problem is solved by means of LMIs. For the TS =t .o . .

i - ij T Gji
fu;zy controlle_r (9), the best values for the static feed-forward +2 Z Z ha(8(t))h (8(t)) L0 (1)
gainsV; are given by i

Vi=(Ci(-Ai+ BiF) "B~ 12) S RGO BBV (4

These ensure for each closed-loop subsystem a unit steady-state ==t

gain. However, a reasonable requirement for the controller @jth

based on (12) is rather to satiséyt) — 0 whent — oo. This

implies thestabilization problenof the control system where Gij = Ai — BiF;. (15)
r(t) = 0. In other words, this TS fuzzy controller cannot usuall

) o ; . ¥or the particular case of common matri i.e.,B; = Bfor
be used satisfactorily imacking control problemwhere a given P aes ¢

all submodels = 1,2, ...,r, and for the shared rules, the fol-

reference trajectory(t) # 0 is to be followed. The reasons, " o . :
; . lowing simplified description of the entire closed-loop system
for this are the ever-present mismatch between the fuzzy moge .
cdn be derived:

and the real plant and also the dynamic of the reference signa
resulting in steady-state errors.

An extended fuzzy scheduler (EFS), which tackles the
problem for tracking of stepwise constant reference signals via
an additional feedback with an integral action, is introducethe terms known from standard PDC controllers [11] are given
in Section IV-A. In the EFS control scheme, the’s become by (15). They are responsible for the stability of the control
integration constants that must be automatically calculategstem—matriced”; are calculated via LMIs such that an
within the LMI-based design as a part of the entire closed-logppropriate quadratic Lyapunov function can be found. The
controller. remaining terms given by the product$;V; do not affect

For other types of tracking signals (e.g., ramps), the dynaniiee dynamics; they are in the feed-forward channel. They
prefilter used as an extension of the open-loop system is torlepresent the steady-state gain of the control loop With
changed correspondingly (e.g., double-integrator) to filter osimple calculated as shown in (12) so that the unity steady-state
the deviation between the actual output and the desired rg&in is ensured for the dynamic fuzzy system (3) to follow
erence signal. This only leads to a corresponding changetioé reference signat(¢) as closely as possible.

=3 hi(8(1) (4 — BF)a(t) + BVir(t)].  (16)
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Fig. 1. Closed-loop system with a dynamic output feed-back fuzzy controller and an additional integral action.

B. Stability Conditions for Closed-Loop TS Fuzzy System The problem of checking the stability of a fuzzy closed-loop

The considered systems are characterized by matric¥Sem is to find a matriP that satisfies (17) and (18). Based

A(-),...,D(-), F(-) andV(-) bounded in polytopes like (8). on this stability test, more involved algorithms for constructive

There is no need to distinguish between external and interrqg@gn O(; d|fferent fuzzé c_ontrlcg)lle_rsl,garfe prﬁ/s.e_ntle(;.

nature of the time-varying parametef$:) (internal stands onsicering commow, I.€.,b; = B, foralle = 4, 2,..., 7,
for §(z) wheres depends on some state variablesnaking the stability conditions of Theorem IIl.1 can be simplified as
the problem nonlinear) used for scheduling if the contr(];?”F(;WS' KL If B — Bforalli — 1.2 hen th
system exhibits its trajectories within the considered polytopic emark fil. L: i = orals = 1, ".'"Tt en_t €
differential inclusion (PDI) which corresponds to the WWR?qwhbnum of the fuzzy control system (14) is stable if there

for details see e.g [12]. The main idea is based on the fact tﬁ§5ts a common positive definite matksatisfying (17).

every trajectory of the considered system is also a trajectorg/-rhIS remark directly follows from Theorem Il.1 if (16) in-

of the PDI for which some properties can be guaranteed if> ead of (14) is _considered. In general, the prob!em_ of finding
common Lyapunov function is found. Then, every trajectory common matrix? for the problems of commoB is simpler

our (possibly nonlinear) system has these properties as well! rimhthel gen(ta)ral case dilﬁzrﬁ§’s-l find itive—defini
Furthermore, starting from the formalism of Lyapunov func- thas long been considered difficult tofind a positive—definite

tion stability, it is quite straightforward to prove that using thénatrlethatsatlsfles the conditions of the above given theorem

presented design method for the considered class of control d characterizes that way the common Lyapunov function.

tems, BIBO stability is also guaranteed; see the Appendix. trial-and-error prqcedure was _f'rSt used [13]._In _[14]' a
Theorem 11l.1: The equilibrium of the continuous-time procedure for analytical construction of a commBris given

closed-loop fuzzy control system described by (14) is asymg’-r second-order fuzzy systems (the dimension of the state

totically stable within its corresponding WWR, if there existsPf Iocg: sutf)mC}deIs IS tv;/o)l.l H(cajre,. as in [}1],dthe comrr;lcm
common positive definite matri® such that problem Tor fuzzy controfler design IS solved numericatly,

i.e., the stability conditions of the theorems are expressed
in LMIs [12]. The LMIs can then be solved to find
Lp(Gij) <0, i=7 (17) or to determine that no suck exists. These is either the
Lp(Gy;) <0, i < (18) convex feasibilityproblem or thegeneral eigenvalugroblem.
Numerically, these problems can be solved in polynomial time
forall 4,5 = 1,2,...,r except for the pairgi, j) that imply by means of powerful tools that_ became available lately. This
V>0 hi(8(t)h;(8()) = 0. The linear operatof p(G;; ) is Worl_<_can be seen as an extension _of [9] and [11_]. Introducing
defined forG;; = A; + B,F; by additional constraints on the locations of the eigenvalues of
the underlying subsystems, some other useful performance
criteria can be satisfied, e.g., the suppression of overshoots.
Gi;i+Gj T Gi;+Gj Furthermore, in many applications, not only stabilization, but
T) P+P (T) - (19 ai50 tracking problems must be considered. Hence, an extended
controller is proposed with an integrator in the feed-forward
Proof: See [11]. channel for tracking of stepwise reference signals.

Lp(Gij) = <
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C. LMI Techniques for Synthesis where

Theorem Ill.1 can be used only as a stability test. For the de- z(t)
T, (t) = [ } (26)

sign of stabilizing fuzzy controllers, it must be slightly modified z.(t)
to be linear in all optimization variables to be calculated by an

LMI-solver [11]. th [ Aé,l 8] =3 hi(8(1) AL, 27)
Theorem |[II.2: The equilibrium of the continuous-time T ;

closed-loop fuzzy control system described by (14) is asymp- B; ;
totically stabilizable within its corresponding WWR, if there th [ ol|= > hi(8(1)B, (28)
are a common positive definite matifx and a set of matrices =1
K,forj=1,2,..., such that - i
P T et Cu) =3 m6(0) (G 0] = Y hi8()C,  (29)
Lq x, (A, B;) <0, 1= (20) ‘ '
Lk, (A;, B;) <0, 1< j (21) andwu(t) is the control signal generated by the EFS controller.
o o The EFS controller consists of two parts; is based on the
for all i,j = 1,2,....r except for the pairg(,j) that gtate variables of the controlled system ands based on the

imply V£ > 0 : hi(8(t))h;(6(t)) = 0. The linear operator aqgjtional stater, ():
L k,(A;, B;) is defined for any matrix variableQ € R"*"
andK; € R™*™ as shown in (22) at the bottom of the page. -
The desired fuzzy state-feedback gain matriggsare then = Z hi
given by F; = KjQ_l, j =1,2,...,r. The common matrix
P can be obtained a8 = Q 1. Z hi(8(0)V iz (8). (30)

Proof: It follows from Lp(G;;) for G;; = A; — B, F,
F;=K,Q', Q=P

Unllke (17) and (18), (20) and (21) are LMIs with respect td he entire gain-scheduled control law is then given by
variablesQ, K ;. It is easy to findQ > 0 and the corresponding
K; or to determine that no suct), K; exist. LMI-based
techniques can be used for systematic analysis and also for _Zh N [=F: Vi] [ z(t) }
the design of TS fuzzy control systems. Section IV presents ‘ e(t)
some extensions of the above basic algorithms.
_Zh NF! 2, (t) = Fou()zw(t) (31)

u —'u,g(a:p) — u (x)

IV. ENHANCEMENTS

A. Extended Fuzzy Scheduler with F, Zh ) [=F; V] (32)
Based on the fuzzy scheduler described in Section II-B, which
is forr = 0 also known as PDC [11], [13], an EFS can be deas the extended-state feedback-gain matrix.

rived. The purpose of introducing the presented controller is tOSubstnutmg (31) into (24), the closed-loop behavior of the
ensure zero steady-state tracking error for stepwise refere eneEnded fuzzy system is then given by

signals; also in the presence of disturbances or model uncertain-
ties. Its principle is based on the well-known procedure of intro- . - 0

ducing an integral action in the forward channel. This synthesis Ew(t) = Auw()zw(t) + {1} r(t)
problem has been recast here as an LMI problem for the fuzzy _
gain-scheduling design. A new state variablés introduced to with the time-varying system matriA,, (-) satisfying
integrate the tracking error, see Fig. 1 as well. It is defined as:

(33)

Aw(t)eP::Co{Afj,i:m,...m} Vi (34)

T (t) = 7(t) — Z hi(8())Ciz(t)  (23) i
where the matriced, are formed as follows:
wherey(t) is given by (3). Then, the entire extended fuzzy A9 — g + B Fi
system can be described as: v 'L”A‘ wo v B.
0 -| %, 0}+[0’L}[—FJVJ1
Ty (t) =Aw()Tw(t) + Byw(-)u(t) + [ } r(t) (24) !
1 _[A;-B;F; B;V; (35)
Yo (1) =Cu ()T (t) (25) Tl G 0
Ay - {AQ-BK;+QA] ~K/B], =]
L., (Ai, Bi) = { AiQ-B,K;+A;Q-B,K,+QAl — KBl + QAT — K] B], i< j. (22)
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Equation (35) gives the transformatiofd’ , B’ | F ) for the they reside in different regions, the problem is much more dif-
synthesis problem of the controller with the integral action ificult—the discrepancy becomes unstructured. The separation
the forward channel (denoted here as EFS) into the standarthciple holds only if the scheduling variables do not depend
problem (A;, B;, F;). Therefore, (33) can replace the correen the estimated state [15]. The above fact is a difficult problem
sponding (14) in all theorems to design an EFS instead of PD&hd there is no clear solution yet. For the sake of simplicity, it
When solving real-world control problems, wherds assumed thai(t) = &(¢) for V ¢. In other words, the state-es-

model-plant mismatches inevitably appear, the EFS schetimeation is required to converge fast enough such ihedin be
(33) has proven to be superior to the PDC scheme, whichréplaced by in the control loop. This fast convergence can be

equipped just with a simple feed-forward channel (14). achieved by a suitable choice of the state-injection mdi(i,
which is responsible, similarly to the controller design, not only
B. Fuzzy State Estimator for a convergence, but rather for a convergence with some min-
In Sections lI-1I, differentstate-feedback controllefsave imal decay rate. This decay rate should be slightly faster than

been employed in the rule consequents. Hence, all states oftftedesired performance of the control loop.

plant have been implicitly assumed to be online available. How-Bearing in mind the previous assumptions, the stability

ever, in real processes, this is not always the case. To overcaf@lysis of the augmented fuzzy system containing the fuzzy
this problem, a fuzzy observer can be used both for FS and EPgserver (36) and aestimated-state based extended fuzzy
Based on the plant's inputs and outputs, the observer estimaelseduler(39) (see Fig. 1) becomes straightforward

the states. The augmented fuzzy system that contains the ob-
server and the controller is regarded adyaamic output-feed-

u(t) =us(z.) — w1 (%)

back fuzzy controllerThe demand for fuzzy observers is thus XT: w;(8(t)) [-F:Vi] . _
well motivated. Observers are known to satisfy the requirement _i=1 { z(t) ]
thate(t) — 0 whent — oo, wheree(t) = z(t) — Z(t) means ™ wi(6(1)) T(t)
the deviation between the plant’s state veat@r and the state =
vectorz(t) estimated by the observer. This requirement can be r #(t)
satisfied by a fuzzy observer based on the same model of the = > hi(8(t)) [-F;V] |:$e(t):| : (39)
plant as the controller with an additional time-varying state- i=1
injection matrixL(-) Substituting (39) into (36) and using the notations (26) and (35),
Ri: TF 8,(t)is My; and ... and 6;(t) is Mj;, then :)hbeial‘i(:]IL%vylng equations describing the augmented system are
;(t) = AE(t) + Bu(t) — Li[y(t) — ()] R
§;(1) = Ci#(1) (36) (1) = ha(8(t)h;(8(1))
. . i=1 j=1
wherei = 1,2, ..., r. For further considerations, the aforemen- ; —_—
y &y ’ ’ 2 7 ¥ . .
tioned fuzzy system can be expressed as X [(AL + BLF,) zu(t) + BiF je(t)]
" ) ] + m r(t) (40)
Zﬁl wi(8(1))[A:&(t) + Biu(t) — Li(y(t) — 4(1))]
I‘é(f) = i ) r r
! e(t) = hi(8(t))h;(6(t)) [(A; + L;C,le(t). (41
> wi(6(0) (1) =32 3 Bk () le(t). (41)
1=1 =19=
y combining these equations into one, we get
) @7 g bining th . .
= £a(t) = D D hi(B(0)h;(8()Gigma(t) + | 1| (1)
> wi(8(t))CiE(t) ==t 0
§(t) == =N bSO, ;
; wi(6(1)) = ; hi(8())hi(8())Giiza (t)
r T T GZ . + G y
=3 hi(8(1))Ci&(1). (38) +2) D hi(8(8)hy(8(1) = walt)
=1 i >t
The weightsw; generally depend either on the measured sched- (1] . 42
uling vectoré only, or on the scheduling vectérestimated by T 0 r(t) (42)

the observer itself or on some of its components. However, the
weights of the contributing local observers are assumed to Rgiiy, To(t) = {zw(t)} and (43)
the same as the weights used for the fuzzy model (the shared-

rules principle). Note that the analysis of the augmented fuzzy

system is straightforward only if the real states and the esti- G =
mated ones can be assumed to reside in the same fuzzy region. If
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Note the form of the&;; matrix in (44) showing that under the : : A
considered assumptions the separation property holds. In other g'YzIZ —ay : Im {s}
words, the controller given b¥;, = [-F; V;] and the observer : :

given by L; can be designed separately.

The stability theorems for the augmented system and for the
convergence of the observer can be derived by means of the
Lyapunov direct method and a quadratic function that can be
solved by an LMI tool in a way similar to the FS and EFS fuzzy
controllers.

Theorem IV.1: The equilibrium of the continuous-time aug-
mented fuzzy system described by (42) is asymptotically stable . :
if there exists a common positive—definite matisuch that : v

s-plane

E’Y1/2 =0
|

{(P S

Re {'s}

. . Fig. 2. Proposed regional eigenvalue constraints.
ﬁp(Gw’) <07 1= (45) g P 9

Lp(G;;) <0, i<j 46 o
r(Gy) ! (46) (AP Bo") — L,L-}. Similarly, Theorems 111.2 and 1V.2 can

o o , be used for the fuzzy observer synthesis.
foralli,j = 1,2,...,r except for the pairg:, j) that imply

Vit hi(6(t))h;(6(t)) = 0. The linear operatof p is defined
for any matrixP by

C. Performance

In the synthesis of controllers and observers, in addition to
T the stability requirements some performance of the closed-loop
Lp(Gij) = <M) P+ P (M) . (47) systemis to be considered. The synthesis based on a quadratic
2 2 Lyapunov function enables representing certain performance
specifications, such as decay rates or constraints on the control
Proof: Follows directly from Theorem Il1.1. input, in the form of LMIs. The basic idea can be found in [12].
Remark IV.1:If B; = BandC; = C,foralli = 1,2,...,7, The performance specifications are introduced via exponential
then the equilibrium of the augmented continuous-time fuzzyability of the control system.
system (42) is asymptotically stable if there exists a commonAnother useful requirement such as suppressing overshoots
positive—definite matrix’ satisfyingLp(Gi;) < 0. (damping) can be derived via so-called LMI regions. LMI
The previous remark follows directly from Theorem IV.1regions, although based on the definition of eigenvalues defined
In general, the problem of finding a common mat#k for for LTI systems [16], can also find some practical use for fuzzy
the problems of commo® and C is less conservative thansystems. Similarities have been found between an LMI region
for the general case of differed®;’'s and C;’s. and a performance criterion based on the exponential stability
The stability assessment problem of the augmented fuzzy sgembined with a quadratic Lyapunov function [10]. Such a
tems is to find a matrixd that satisfies (45) and (46). Keepingmultiobjective approach has proven to be useful in practice
in mind the assumptions, the problem of the fuzzy observer cafien coping with some implementation constraints and desired
be solved separately from the controller design problem usipgrformance specifications for the closed-loop dynamics. In
instead of (44) jusG;; = A; + L;C;. Then, Theorem IV.1 this respect, this approach is superior to other known synthesis
expresses the conditions for the asymptotic convergence of tbehniques where the desired control performance is achieved
time-varying model-based fuzzy observer characterized by g a trial and error tuning which not only involves a great deal
gain of time, but eventually neither the stability nor the performance
of the entire closed-loop fuzzy system are guaranteed.
L()eP:=Co{Ly,...,L,}. (48) Exponential Stability—Decay Rates:
Proposition 1V.1: The condition that
Note that when using the transformations _
Vi(z(t)) <~V (x(t)) (50)
A= AT

g p = L= FT (9)

for all trajectories ofz(¢) of an unforced continuous-time
closed-loop TS fuzzy system given by (14) is equivalent to

the search for the common matrR satisfying the stability o

conditions of Theorem l1lI.1 for the fuzzy model and the Lp(Gij, ) <O, t=17J (51)
corresponding fuzzy controller given by their parameter Lp(Gij,a) <0, i< (52)
triplets {(4;, B;) — F;} becomes equivalent to the search

for a common matrixP in the case of a fuzzy observerfor all i, = 1,2,...,r except for the pairs:, j) that imply
based on the fuzzy model characterized by parameter triplets : h;(6(¢))h;(6(t)) = 0, where2a. = v < 0, P > 0 and
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G;; = A; — B,F;. The linear operatof p is defined, similarly ]
to Section lll, for any matrixP? and any constant by ¢

Gii+Gi\" G +Gj;
Lp(Gij,a) = (#) P+ P (%) — 2aP.

2

(53)
Based on the aforementioned feasibility problem where 0
is assumed to be a given negative constant, the largest lower
bound on the decay rate corresponding to the minimmftbm
(53) can be found in a constructive manner for a quadratic Lya- :]
punov function by solving the generalized eigenvalue problem
(GEVP) inP andw. Hence, define a linear operatfp (G;)
by means of (53) whera is nhow assumed to be a scalar vari-
able. Then, the problem of finding the maximal decay rate in
the case of exponential stability analysis can be formulated as
minimizing « subject toP > 0 such that

Matlab 5.2 A
- ,( ):( 5'
Lpo(Gi) <0, i=3j o
L o GZ <0, 7< 1.
" ( ]) T ' :'PC gPCL-SIZ ;

< LT

Decay rates in the synthesis of TS fuzzy controllérae
approach based on the decay rates of the exponential stabu'@/ 3. Two-tank laboratory process.
and LMI techniques can be used for the synthesis of TS fuzz
controllers with prespecified closed-loop damping. As in the

case of simple stability analysis shown in Section lll, the con f; ::&
ditions that guarantee the desired decay sataust be based ~% r 21
on linear operators with respect to all their variables. Then, th : %
generalized eigenvalue problem can be solved by existing LV 5‘:
solvers with respect to the minimization gfsubject to those %
LMis. J’E' nga//
Theorem IV.2: The equilibrium of the continuous-time fuzzy
control systems described by (14) or (33) is asymptotically ste 1 0 s, 8L
bilizable with closed-loop damping, if there exist a common 84(x1)
positive—definite matrixQ and a set of matricek ; for j = _
1,2,...,r such that 0 g
Ly x;,a(Ai, B;) <0, 1= (54) membership degree
ﬁQ,Kj,a(Ai7Bi) SO./ 7 < J (55) 1
LomafS1xn}  LeglBitxn}l

forall i,7 = 1,2,...,r except for the pairgi, j) that imply
Vit hi(6(t))h;(6(t)) = 0. Fig. 4. Four locally valid submodels of the two-tank system.

The linear operatoL ;. «(A:, B;) is defined for any ma-
trix variablesQ € R"*", K; € R™*" and the scalar vari-
able o as shown in (56) at the bottom of the page. The de- The LMI-based methods enable us to systematically design
sired fuzzy state-feedback gain matridés are then given by linear TS fuzzy control systems with desired performance in
F; = KjQ_l,j =1,2,...,r. The common matri¥’ can be terms of closed-loop damping, i.e., with a desired decay rate.
obtained a = Q !, the decay rate is = 2c. Regional Eigenvalue Constraints for Synthesis of TS Fuzzy

Proof: The proof follows fromCp  (Gy;) for G;; = A;— Controllers: In this section, performance specifications for

B,F; F; = K]Q‘1 with @ = P~ based on Proposition IV.1. the control system are introduced via a suitably parameterized

A:Q - BiK; + QAT — K] Bl —20Q, i=j
Lq K;a(Ai,Bi) = . (56)
Q.K;,
AiQ-B,K;+A;Q-B,K;+QA] —K|B] +QA] —K/B] —40Q, i<j
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Fig.5. Simulation examples for LMI-based design paramétersas, ¢] = [—0.01, —1.00,60°]. (Top) Using simple TS fuzzy scheduler based on PDC results

in steady-state errors. (Bottom) Extended fuzzy scheduler; steady-state error disappears, but there is a strong inclination to oscillatonytbelténsed-loop
system.

location of eigenvalues of the underlying locally valid LThlwhich represent the tuning knobs for the nonlinear controller

subsystems given by the fuzzy rule-consequents (correspondiog observer) design. Furthermore, these parameters have a
to (14), (33) or (42) for frozernd). A suitable location of clear physical meaning: lower and upper bounds on the speed
eigenvalues has been found in [10], as depicted in Fig. 2. It cahresponse and the level of suppressing overshoots. These
be characterized by a small number of parameiersas, ¢) considerations enable some insight and a more intuitive and
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Fig. 6. Simulation example (top) and corresponding real-world experiment (bottom) with the EFS cofdraltes, ¢] = [—-0.01, —1.00,25°].

an easy-to-automate design procedure for nonlinear controlleréor the sector characterization, the plane transformation
and observers. known from linear algebra is employed
Considering the closed-loop system synthesis based o

Theorem 1V.2, the condition (54) can be replaced by the LMI _ﬁﬁQ’Kj (éif %?)Sm(((p)) %Q’KJ‘ Ei“%; Cf)s(((p)) <0
triplets (57). This enables a design of stable TS fuzzy systems ~ @i 7 cos\p @1 iy i) SIMY

such that all their subsystems have the eigenvalues located Lq.x,(Ai, Bi,01) <0
within an intersection of a vertical strip given fst;; «2) and Lq.x,(Ai, Bi,a2) >0

a sector characterized hy. (57)
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Fig. 7. Real-world experiment when applying the EFS controller with decreased locally dependent performance requirements for each subsystem

—0.10 —-1.00 25°

: | | ~oor —oT0 25
oy, o, = N .
Lan¥ —0.01 —0.70 25°

—0.01 —0.60 25°

with (58), as shown at the bottom of the next page. Thremmplexity can be tuned just modifying the linear operator
Lq,k,(A;, Bi, o;) operator is defined in (56). Conditions (57)Cq (. - -, [o1, @2]) - f(¢) in the aforementioned theorems as
must hold forP > 0, for all 4,7 = 1,2,...,r except for pairs follows.

(,7) thatimplyV ¢ > 0 : hi(6(¢))h;(6(t)) = 0. Then,itcan  « ReplacingK; by K means designing a robust linear
be shown that also the requirement for the desired closed-loop controller instead of a gain scheduler, if the optimization

decay rate—2ay < —7v < —2a; is satisfied and the local problem is feasible.
closed-loop eigenvalues are located in the above region. * Replacingai, az, ) by different(ay;, as;i, ¢;) forces lo-
In the theory of LTI systems, the choice of thesector can cally dependent performance of the overall gain scheduler

clearly be understood in terms of overshoots. Its effectin case of  (local tuning).

quasi linear parameter varying systems, such as TS fuzzy sys- A tricky modification is the replacement @@ by Q;.
tems, is rather intuitive and is well demonstrated in the example  Herewith, theoretical guarantees valid globally throughout
reported in Section V. the entire WWR are given up. However, the method be-

For many practical reasons, the above problem can also be COMes nonconservative, i.e., a feasible solution can always
reformulated as a GEVP problem to obtain the fastest decay Pe found. The properties of the obtained gain-scheduler
rateSymax = 20max Subject to a given upper bound constraint ~ &ré guaranteed locally. The functionality must be verified
[Ymax| < |7up| = |2a2| and a prescribed sector if the middle in simulations.

LMl in all triplets (57) L, x,(As, B;, a1) < 0 is replaced by
LK rmax (Ai, Bi) < 0. V. AN EXAMPLE

A practical hint is that using the presented design tech-The presented TS fuzzy scheduler and the extended fuzzy

nique, a tradeoff between controller performance and isheduler with the corresponding observer have been tested in

A,Q-B,K;—QA] +K/B], i=]j
QQ,KJ- (Ai»Bi) = (58)
AQ-BK;+A,Q-B;K,-QA] + K/B] —QAT +K[B], i<j.
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simulations and real-time experiments with a two-tank labor&: Control Results
tory system. The system consists of two cascaded tanks depictegig. 5(a) shows that for the tracking of a reference sigt¥,

in Fig. 3. Water is supplied into the upper tank through a cofe simple PDC controller exhibits a permanent steady-state
trolled peristaltic pump. A pressure transmitter attached to tB?ror. This is because of a significant model-plant mismatch.
bottom of the lower tank measures the level of the liquid in thigy i problem can be remedied by using the extended fuzzy
tank. The Process Is connected to a per_sonz_;tl computer thro\‘Egntroller with an integrator in the forward channel. Results
a data acquisition board. The sampling time is 1.0 s. The goalg, v in Figs. 5(b)—7 are obtained with this extended fuzzy
to fill the lower tank to a desired level as fast as possible, hoWaniroler. According to Section IV-A, the entire design problem
ever, without any overshoot of the given setpoint. of the EFS was stated in terms of LMIs. Figs. 5(b) and 6
demonstrate the effect of the parametdor the controller with
A. TS Fuzzy Model P o

regionally constrained eigenvalues of the underlying locally
The fuzzy model is defined by means of four linear submodelalid subsystems.

and it has a common input and output matrix: Fig. 6 depicts a typical problem that occurs when a well-tuned
- controller from simulations is applied to the real process. Unde-
—0.1627 0 . At . .
A = sired oscillations appeared in the lower working-range of the
L 0.1627 _0'144_6 output-variable; = x». This local deterioration of performance
A, = —0.3873 0 is obviously due to the mismatch between the white-box simula-
| 0.3873  0.1446 | tion model and the physical process in some operating regions.
[—0.1627 0 ] The exact nature of this mismatch has not been investigated.
A3 = 0.1627 0.3443 Instead, the fuzzy controller has been locally tuned; the perfor-
r —0.3873 0 1 mance requirements of the corresponding local controllers have
Ay = 0.3873  0.3443 been decreased. The result is shown in Fig. 7.
- - Note that all the presented fuzzy controllers are based on state
B; = 0'1667} variables estimated by a fuzzy observer as described in Sec-
L 0 tion IV-B, since not all states are measurable and thus cannot be
C; = [0 1} fori=1,....,4 (59) used for local state feedback or fuzzy gain-scheduling. Hence,
Ry: TF 8,(t) is Big and 6,(#) is Big then the simplifying assumptions for the fuzzy observer design

) enabling its analysis and synthesis have been validated both
#1(t) = Arz(t) + Bru(t) 91(t) = C12(t)  through simulation and real-world experiment. The estimated
Ry: If 61 (¢) is Small and é>(¢) is Small then  states used for the control are depicted in each of the simulation

#(t) = Asz(t) + Bau(t) 12(t) = Coz(t) diagrams, denoted by (#) andus(t) respectively.
R3: If 6, (¢) is Big and 85(¢) is Small then

d3(1) = Asz(t) + Byu(t) ys(t) = Caxl(t) VI. CONCLUSION
Ry: If 6,(t) is Small and §4(t) is Big then Tlhe proposed methodhhas bTen sppliid inhsirgulationj and
. B _ real-time experiments. The results show that the designed con-
zf(t) = Aax(t) + Bfu(t) ya(t) = Ca2(t) e achieves good performance. The calculations of all the
whereé, (t) = 82(t) = . (60) parameters of this model-based fuzzy controller and observer
1(t) (1) have been automated by means of an LMI-solver such that the

The operating space of this model is depicted in Fig. 4. stability and the desired performance (the speed of response,
The parameters of in (59) have been obtained from a nd#? overshoots, no steady-state error) of the closed-loop system

linear white-box model were achieved. The proposed nonlinear controller design has
been parameterized by a small number of tuning parameters
1 (t) = — po/21(t) + pru(t) having a physical meaning (lower and upper bound on the speed
. _ - of response, suppressing of overshoots). This feature, together
t) = z1(t) — p: t
22(1) p2\/bl( )= ps \/xz( ) with the locally-oriented structure of the overall controller, en-
y(1) =a(1). (61)

ables a good insight into the controller's working—it makes the
After converting this model into a quasi-linear parametefuning effective and simple if model-plant mismatches appear.
varying system (62) by means of linearizing substitutions (60), The. Pfopose‘?' fuzzy contrpl[ers (FS and _EFS) arein prlnmple
matricesd;, B; andC, have been obtained for the known phys\_/ery simple. This makes their implementation quite straightfor-

ically given extreme values af € [Zsmai; T5ig) = [0.15;0.85] ward regqrdlng the required hardware, sampling perloq, etc. The
computation of the controller's parameters, however, is a rather

z(t) =A(8)z(t) + Bu(t) with time-consuming optimization process that cannot be done in
P2 (t) 0 real-time and therefore it is rather not appropriate for adaptive
A(6(t)) = b1 (t) —paba(t) | (62)  control (except for slower systems).

A possible limitation of this approach is the use of the
Parametersp:; p2; ps] = [0.17;0.15;0.13] characterizing the Lyapunov method, which is conservative. In practice, it can
given plant can be directly measured. happen that the desired performance cannot be achieved, or
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even the whole controller design problem can be infeasible.Theorem VIl.1 shows that if the origity, = 0 of the unforced
The reason for this is that this method guarantees all propertsystem

of the control system defined by the corresponding LMiIs for all

rates of changes of the scheduling variables within the WWR. z-f(t,z,0) (71)

This is also in the case that these variables only vary very slowly.

Another restriction is the fact that only quadratic Lyapunoi$ an exponentially stable equilibrium, then, under the above as-
functions have been considered. Some design strategies [§&\Ptions orf andh, the system (63)—(64) will be input—output
to overcome the infeasibility problem are given in [17], [18]stable. Corollary VII.1 points out that the class of gLPV systems

and [10]. considered in our paper always satisfies Theorem VII.1.
Corollary VII.1: The following class of systems is consid-
APPENDIX ered:
Starting from the formalism of Lyapunov and exponential T_A(t,z)x + B(t,z)u (72)

stability used in the theorems in this paper, we can state addi-
tional conditions to be satisfied for the considered systems to
beinput-output stableUsing a theorem from [19, Ch. 6], itis  |n accordance with Theorem VII.1, the system (72)—(73) is
quite straightforward to prove that for the considered class gfcewise continuous inand continuous iz, ). Recall that
quasi linear parameter varying systems, BIBO stability is guafre considered control systems described by (72)—(73) have a

y =C(t,z)x + D(t,x)u. (73)

anteed as well. _ global exponentially stable equilibriuay, = 0. Furthermore,
Theorem VII.1: Consider the system a (quadratic) Lyapunov function satisfying (65)—(67) has been
& =f(t,z,u),2(0) = zo (63) found as a part of the presented design procedure. Therefore, if

’ also conditions (68)—(69) hold, (72)—(73) is said input—output
y =h(l,z,u). (64)  stable. Hence, compare (63)—(64) with (72)—(73) and substitute

LetD = {z € R" | ||z|| < 7}, Dy = {u € R™ | ||u| < into (68)—(69). As a result, one gets
ru}, f:]0,00) x D x D,, — R" be piecewise continuous in

and locally Lipschitz in(z, ) andh : [0,00) x D x D,, — R™ 1Bt z)ull <L[ull (74)
be piecewise continuous irand continuous ifiz, ). Suppose IC(t,z)z + D(t,z)ul| <ni|lz|| + n2|lul. (75)
that the following hold true. o .
. . _ . Clearly, (74)—(75) are satisfied for any boundég, u) if
* y = 0 is an exponentially stable equilibrium point 7
. . B(-),C(-) and D(-) are bounded. This is always true as
of (63), and there is a Lyapunov functidi(¢,z) that : I .
satisfies A(-), B(+), C(-)_ and D(-) are bounded in a polytopes, is
bounded according to the definition of the wide-working range
allz||* <V(t,z) < e|z))? (65) andu is a bounded reference signal.
ov oV 9
ot og {6 0) scslizll (66) ACKNOWLEDGMENT
‘ v H <cyl|z| (67) The authors would like to thank the anonymous referees for
Oz || — their criticism which helped to improve this paper. The first au-
V (t,z) € [0, 00] x D for some positive constants, c,, c,  thor would like to thank the German Academic Exchange Ser-
and negati\)ejg_ T vice, Bonn, Germany for the financial support in 1998 during
« f andh satisfy the inequalities his stay with the Control Laboratory at Delft University of Tech-
nology, The Netherlands, where the real-time experiments were
| f(t,z,u) — f(t,2,0)[ <Llul| (68) performed.
[B(t, 2, w)|| <nilz]| + noflull — (69)
REFERENCES

Y (t,z,u) € [0,00] x D x D, for some nonnegative _
[1] R. Palm, D. Driankov, and H. HellendoorModel Based Fuzzy Con-

constants., n_17 n2- trol. Berlin, Germany: Springer-Verlag, 1997.
Then, for eaclx, with ||z¢|| < ry/c1/c2, the system (63)—(64) [2] D. Driankov, R. Palm, and U. Rehfuess, “A Takagi-Sugeno fuzzy

is small-signal finite-gainC, stable for eacly € [1, ). In ggg‘s'si'(‘)%g“'efr" inProc. IEEE Int. Conf. Fuzzy Systents996, pp.
particular, for each, the outputy satisfies [3] M. Fischer, O. Nelles, and R. Isermann, “Predictive control based on
local linear fuzzy models,Int. J. Syst. Scivol. 29, no. 7, pp. 679-697,
lyllz, <llullz, +8 (70) 1998.

. ) .. [4] R.Babuska,Fuzzy Modeling for Control Norwell, MA: Kluwer, 1998.
wherey and/ are positive constants. Furthermore, if the origin [5] T.A.Johansen, K. J. Hunt, P. J. Gawthrop, and H. Fritz, “Off-equilibrium
is globa”y exponentla”y stable and all the assumptlons hold linearization and deSIgn of ga|n scheduled control with app“CaUOn to

loballv. th h 63)—(64) is fini ble f vehicle speed controlControl Eng. Prac.vol. 6, pp. 167-180, 1998.
globally, then the SyStem ( )_( ) IS 'n'te'gd@ stable tor [6] K.J.Huntand T. A. Johansen, “Design and analysis of gain-scheduled
eachp € [1, oo] and inequality (70) holds for eaafy € R™ and local controller networks,nt. J. Control vol. 66, no. 5, pp. 619-651,

u €R™ (BIBO Stab”ity)' [7] 'I:Eg‘?;l.(agi and M. Sugeno, “Fuzzy identification of system and its appli
Proof: See [19' Ch. 6] regardlng Stab'“ty of state-space cations to modeling and éontroI,EEE Trans. Syst., Man, Cyberwol.
models. 15, pp. 116-132, Jan. 1985.



298

(8]

El
(20]

(11]

(12]

(23]

(14]

(15]

[16]

(17]

(18]

[19]

IEEE TRANSACTIONS ON FUZZY SYSTEMS, VOL. 11, NO. 3, JUNE 2003

P. M. Thomson, “Classicall, solution for a robust control design
benchmark problem,J. Guid., Control, Dyng.vol. 18, no. 1, pp.
160-169, 1995.

K. Tanaka, T. Ikeda, and H. O. Wang, “Fuzzy regulators and fuzzy ol
servers,”lEEE Trans. Fuzzy Systol. 6, pp. 250-265, Apr. 1998.

P. Korba, “A gain-scheduling approach to model-based fuzzy control
Ph.D. dissertation, Gerhard Mercator Universitat-GH-Duisburg, Duit
burg, Germany, 2000.

Robert Babuska received the M.Sc. degree in con-
trol engineering from the Czech Technical Univer-
sity, Prague, Czech Republic, and the Ph.D. degree
from the Delft University of Technology, The Nether-
lands, in 1990 and 1997, respectively.

Currently, he is a Professor at the Delft Center
for Systems and Control, Faculty of Mechanical
Engineering, Delft University of Technology. He has
H. O. Wang, K. Tanaka, and M. Griffin, “An approach to fuzzy contro coauthored more than 30 journal papers and book
of nonlinear systems: Stability and design issuéSEE Trans. Fuzzy : chapters, and has published a research monograph
Syst, vol. 4, pp. 14-23, Feb. 1996. Fuzzy Modeling for ContralNorwell, MA: Kluwer,

S. Boyd, L. E. Ghaoui, E. Feron, and V. Belakrishnan, “Linear matri£998). His research interests include the use of fuzzy set techniques and neural
inequalities in system and control theorie,"3hAM: Studies In Applied networks in nonlinear system identification and control.

Mathematics Philadelphia, PA: SIAM, 1994, vol. 15. Dr. Babiska is currently serving as an Associate Editor of the IEEE
K. Tanaka and M. Sugeno, “Stability analysis and design of fuzzy contrdRANSACTIONS ONFUZzzY SysTEMS andEngineering Applications of Atrtificial
systems,'Fuzzy Sets Systiol. 45, pp. 135-156, 1992. Intelligence He is also an Area Editor dfuzzy Sets and Systems

S. Kawamoto, K. Tada, A. Ishigame, and T. Taniguchi, “An approach
to stability analysis of second order fuzzy systems,Pic. IEEE Int.
Conf. Fuzzy Syst1992, pp. 1427-1434. ‘
X.-J. Ma, Z.-Q. Sun, and Y.-Y. He, “Analysis and design of fuzzy con
troller and observer,JEEE Trans. Fuzzy Syswol. 6, pp. 41-51, Feb. 2
1998.

M. Chilali and P. Gahinet,H .. -design with pole placement constrains:
An LMI approach,”[EEE Trans. Automat. Contwol. 41, pp. 358-367,
Mar. 1996.

P. Korba and P. M. Frank, “An applied optimization-based gain-sche
uled fuzzy control,” inProc. Amer. Control Conf.Chicago, IL, June =93 A
2000, pp. 3383-3387. predlctlve_ control, fuzzy logic anq neural networks
P. Korba, H. Werner, and P. M. Frank, “A LMI-based fuzzy gain \ for modeling, control, fault detection and controller
scheduling for the TORA benchmark nonlinear control problem,” reconfiguration. He is author and coauthor of more

presented at the Control 2000, J. Maciejovski, Ed., Cambridge, U.€han 200 publications. . o .
Sept. 2000. Mr. Verbuggen served as Chairman of the Coordinating Committee on Com-

H. K. Khalil, Nonlinear System<nd ed. Upper Saddle River, NJ: puter Control of IFAC, as an Associate Editor of the IFAC jourBabineering
Prentice-Hall. 1996. ' ' Applications of Aland as an Area Editor &uzzy Sets and Systerde has been
' involved in a number of EC-sponsored research projects and working groups.

Henk B. Verbruggen received the M.Sc. degree in
electrical engineering from the Delft University of
Technology, The Netherlands, in 1963.

Since 1963, he has been a Staff Member of the
Control Engineering Laboratory at the Electrical
Engineering department of the Delft University
of Technology. In 1980, he was appointed a Full
Professor. His research interests include model-based

Paul M. Frank received the Dipl.-Ing. degree in
electrical engineering in 1959, the Doctor Ing.
degree in 1966 and the Habilitation degree, all from
the University of Karlsruhe, Karlsruhe, Germany,
in 1959, 1966, and 1973, respectively. He has also
received three honorary doctoral degrees, from the
University of lasi, Romania (1994), the Universit'e
de Haute Alsace, Mulhouse, France (1997), and
the Technical University of Cluj-Napoca, Romania
Petr Korba received the M.Sc. degree in electrical (1998).
engineering from the Czech Technical University, He was an Assistant and Associate Professor at the
Prague, Czech Republic, and the Ph.D. degree (withniversity of Karlsruhe from 1959 to 1976. From 1974 to 1975, he spent a year
honors) from the University of Duisburg, Duisburg, as a scholar and Guest Professor at the University of Washington, Seattle. From
Germany, in 1995 and 2000, respectively. 1976 to 1999, he was a Full Professor and Head of the Department of Mea-
He was a Visiting Scientist in control engineeringsurement and Control at the Gerhard-Mercator-University, Duisburg, Germany,
at the University of Technology in Delft, The where he has been Professor Emeritus since 1999. He holds the position of Hon-
Netherlands, in 1998, and at the University oforary President of the German-French Institute of Automation and Robotics
Manchester Institute of Science and TechnologyAR. From 1977 to 2000, he was a Permanent Guest Lecturer at the Ecole
(UMIST), Manchester, UK., in 1999. He worked Nationale Sup’erieure de Physique de Strasbourg ENSPS, France. In 1986, he
as a Research Associate and Member of Staff abunded the company Amira GmbH, which produces and sells laboratory setups

UMIST, Control Systems Centre, until 2001. He is currently with Asea Browfr practical courses in control engineering. He has published or edited seven
Boveri (ABB) Switzerland, Ltd., Corporate Research. His research interegigoks and published more than 460 papers in technical journals and interna-
include model-based fuzzy control, gain-scheduling, and robust control afshal conferences, and is Co-editor of several technical journals. His main in-

their applications._ ) terests are in fault diagnosis, robust control systems, sensitivity theory, and fuzzy
Dr. Korba received the 2000 American Control Conference Best Sessigithniques.

Award. He was awarded two scholarships of the German Academic Exchanger. Frank is a Member of the International Affairs Committee of IEEE, a
Service, Bonn, Germany, and a scholarship of three Rotary Clubs in Duisbuygmber (former Board Member) of the VDI/VDE-GMA, and was President of
Germany. EUCA from 1999 to 2001.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


