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Abstract. The controller fragility can cause the performance debase-
ment of the closed-loop system due to small perturbations in the coeffi-
cients of the controller design, and is one of the most important factors
to be considered during practical controller design. To take the controller
fragility into consideration for a class of nonlinear time-delayed descriptor
systems with norm-bounded time-varying uncertainties in the matrices
of state, delayed state and control gain, we have proposed non-fragile
robust H fuzzy control design via state feedback controllers in this pa-
per. The nonlinear descriptor system is approximated by Takagi-Sugeno
(T-S) fuzzy model. In combination of parallel-distributed compensation
(PDC) scheme, sufficient conditions are derived for the existence of non-
fragile robust H, fuzzy controllers in terms of linear matrix inequalities
(LMI). Finally, an example is given to demonstrate the use of the pro-
posed controller design.

1 Introduction

Generally, the perturbations during the controller’s implementation are quite
difficult to avoid due to finite word length in digital systems, the imprecision
inherent in analog systems, the need for additional tuning of parameters in the
final controller implementation and other reasons. some examples in [I] had been
presented to show that small perturbations in the coefficients of the controller
designed by using robust Hs, Ho, [; and p approaches can destabilize the closed-
loop control system. The authors therein had suggested to take into account
uncertainties both in the controller structure and in the system structure. After
[1], the research of non-fragile controller has been an active area during the past
several years, see [2] and the references therein. However, the efforts therein
were mainly focused on linear systems. The non-fragile controller for nonlinear
system was discussed in [3]. The method therein needs positive-definite solution
to a pair of coupled Hamilton-Jacobi inequalities, which are much complicated
and only have solutions for a special kind of systems. Therefore, it’s still an open
problem to design non-fragile controller for nonlinear system.

Very recently, many effects [6/7] have been devoted to descriptor systems
with time delay, because the descriptor system has a tighter representation for
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a wider class of systems for representing real independent parametric perturba-
tions in comparison to traditional state-space representation [4]. Due to the dif-
ficulties of constructing Lyapunov function and the complexity of the existence
and uniqueness of the solution, there still remain some difficulties in control-
ling the nonlinear descriptor systems with time delays. Recent studies [8/T0/9]
have shown Takagi-Sugeno (T-S) fuzzy model is a universal approximator of any
smooth nonlinear systems having a first order that is differentiable. Therefore, it
is meaningful to consider applying the fuzzy model to approximate the nonlinear
descriptor system with time delays. To stabilize the nonlinear descriptor system
with time delays, some researchers considered T-S fuzzy descriptor system with
time delays [TTI12].

Motivated by the aforementioned pioneering works, the goal of this paper
is to propose non-fragile robust H., fuzzy controller for a class of nonlinear
descriptor systems with time-varying delays and norm-bounded uncertainties.
First, the nonlinear descriptor system with time-varying delays is described by
T-S fuzzy model. Then, the sufficient conditions for non-fragile robust H, fuzzy
controller are presented by use of PDC scheme. Finally, numerical example is
given to illustrate the effectiveness of the controller design.

2 Problem Formulation and Some Preliminaries

We utilize T-S fuzzy system approximate the nonlinear time-delayed descriptor
system with parametric uncertainties as follows

Plant Rule k :

IF 94 (t) is Ng1 and, ..., and 94 is N,
THEN

Right-Hand-Side Plant Rule i :
IF 94 (t) is Ji1 and, ..., and 94 is Jyg,

THEN Eji (t) = (A + AA) z (t) + (Agi + AAg) z (t —o(t)) (1)
+ (B; + AB;) u (t) + Bw(t),

t) = Ciz(t),

t) = ¢(t), t € [-00,0],

fork=1,2, ---, r,i=1,2, -+, 7.

z

T

where 9(t) = {01(t),02(t), - ,94(t)} denotes the variables of premise part,
Ai, Agi € R™™ and B; € R™*"™ are known real constant matrices, and Nj; and
Jii denote fuzzy sets, the real-valued functional o(t) is the time-varying delay in
the state and satisfies o(t) < o9, 09 is a real positive constant representing the
upper bound of the time-varying delay. It is further assumed that ¢(t) < 8 < 1
and [ is a known constant. ¢(¢) are continuous vector-valued initial functions,
and r and 7. denote the number of IF-THEN rules. We introduce the following
assumption on E; and Cj.
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Assumption 1. Without loss of generality, it is assumed that By = Fo = --- =
Ey =FE and Cy = Cy = -+ = Cy = C in the fuzzy representation of the
nonlinear descriptor system (). Obviously, we have Ng = J; and r = 1.

The assumption [I] will simplify our following discussions much but without loss
of generality. In (@), AA;,, AAg € R™"™, AB;(t) € R™*", are the system’s
uncertainty matrices and satisfy Assumption 2

Assumption 2. Uncertainty matrices AA;, AB; and AAg; in system () take
the following structures

[ AAZ ABZ AAdZ' ] :DiFZ‘(V)[ Eh' EQ,‘ Edi ], (2)
where D;, Eqi, Eg; and Fo; are constant real matrices of appropriate dimensions,
and F;(t) € R is unknown matriz-valued functions

F'(vFi(v) <1, (3)

where v € (2, (2 is a compact set in IR. and I is the identity matrixz of appropriate
dimensions.

Based on Assumption [I] the final output of the T-S fuzzy model is inferred as
follows, by using the fuzzy inference method with a singleton fuzzifier, product
inference and center average defuzzifiers

r

Ei(t) = ¥ hi(O)(Ai + Ad)a(®) + (Aui + Ada)alt =0 ()
(B, + ABu(t) + Basw(t)],

where hi(9(1)) = w(9(1)) / £ wid(0). wid(0) = [T Myy(0(0) and Jy (9(1)

j=1
denotes the degree of membership of z(t) on J;;. It is assumed that the degree of
membership satisfies Y w;(¥(t)) > 0,w;(9(¢t)) > 0,i =1, 2, ---, r. Note that
i=1
for all ¢, there exists > h;(9(t)) = 1, h;(9(t)) > 0.
i=1

For PDC scheme, non-fragile robust Ho, fuzzy controller and the fuzzy model
(@) possess the same premises. The resulting overall controller is nonlinear in
general which is a fuzzy blending of each individual linear controller designed
for each local linear model. Then, supposing that all the states are observable,
the i-th controller rule can be expressed by

Controller Rule ¢ :
IF ’191 (t) is Nil and .. .y and ﬂg is ]\/vig7 (5)
THEN u (t) = (K; + AK)x (t), i=1, 2, ---, 7.
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where u(t) is the actually implemented local controller, K; is the local nominal
gain, AK; represents drifting from the nominal solution. It has been proved that
fuzzy logic controller in ({) is an approximator for any nonlinear state feedback
controller [9]. The overall fuzzy controller can be represented as follows

Zh N(K; + AK;) (). (6)

Applying the controller (B]) to the system (@) will result in the following closed-
loop control system

Ei(t) = Z hi(D(O)N[(Ai + AA;) + (B + AB;) (K + AK;)]x(t)

(A + Adg)a(t — o(t)) + Baw(t)}, (7)
2(t) = Cx(t),
z(t) = ¢(t), t & [~00,0],

In the following, we introduce some definitions and useful properties for the
system ().

Definition 1. A pencil sE — X7_1h;(9(t))A; (or pair(E — XT_1h; (V(t))A4;)) is
regular, if det(sE — X7_1 hi(V(t ))Ai) is not identically zero;

Fuzzy descriptor system (1) has no impulsive mode (or impulse free) if and
only if rank(E) = degdet(sE — X7_ 1 h;(V(t))A;).

Remark 1. The notations det(-), rank(-) and deg(-) denote determinant, rank
and degree of a matrix, respectively. The property of regularity guarantees the
existence and uniqueness of solution for any specified initial condition. The con-
dition of impulse free ensures that singular system has no infinite poles.

Definition 2. The closed-loop system[7 is asymptotically stable with disturbance
attenuation v, if the followings are fulfilled for time-varying delays and norm-
bounded parametric uncertainties

1). The closed-loop system () is asymptotically stable;

2). The closed-loop system guarantees, under zero initial conditions, ||z(t)|y <
v lw(t)|l5, for all non-zero w(t) € Lo [0, o).

The objective of this paper is to design non-fragile robust H., controller in the
presence of time-varying delays, parameter uncertainties of system and additive
uncertainty of controller. Also the controller guarantees disturbance attenuation
of the closed-loop system from w(t) to z(t).

3 Non-fragile Robust H., Fuzzy Controller Design

Now we are in a position to present the main result in this paper. Firstly, stability
conditions are presented for the systems (7)) without external disturbances.



Non-fragile Robust He, Fuzzy Controller Design 123

Theorem 1. Consider the uncertain nonlinear system with time delays (7) and
suppose that the disturbance inputs are zero for all the time. The closed-loop
system (7) is asymptotically stable if there exist positive definite matriz P, and
controller gains K; satisfying such that

T _ Hl * HQ *
PE _EP>07[A§;P A1]<0,{A£P+A£P h | <0 ®

where

I, = PA; + PB;K; + AT P+ KBl P + 1R1ﬂ + (€15 + €3 - €2i

—+ €4Z)PDZDZTP + €2iPBi(I — €3i(E2iHi)T(E2iHi))7lB;TP + El_il(Eh‘
+ By K)T (Eyi + Exi K;) + 5£1E£iEKi7
Iy = PA; + PB;K; + AT P+ K] B P+ PA; + PB;K; + AT P

2R, _
+ KlTB]TP + 1-3 + (Eh‘j + €245 - €345 + €2ij)PBi(I - E3i;(E2iHj)T

x (B2 H;)) ' Bl P+ e5ij - €61 + €4ij + €2;)PD; DI P + 64]‘PDJ‘D]TP
+ 155 (Bvi + B K;) " (Bvi + Exi K;) + €5, B B
=+ 65ijPBj(I — 6&}(E2]H1)T(E23HZ))_1BJT1P + 55;$E17;1EK1
+ 521‘;‘(E1j + E2jKi)T(E1j + By K;),

Ry
1-75’

2R
1-3

1T =1 pTp | —1pT
Al - €4i EdZEd'L - A2 - 64i Ed’LEd'L + 64_7 Ed]Edj -

where 1 < i< j <1, ey (1 <c<4),eq; (1<d<E6) are arbitrary positive
scalars, * denotes the transposed element in the symmetric position.

Proof. Define the following functional candidate for the system (7)) as follows

1 t

V(x(t)) = 27 () ET Pa(t) + 1-6 )i

z7(s)Ryx(s)ds, 9)

where P is a time-invariant, symmetric positive definite matrix. Then, the time
derivative of the Lyapunov candidate V' (z(t)) is given by

dV(dxt(t)) _ jT(t)ETPZ‘(t) + xT(t)ETPi(t) +
_1-0(1) T

1-8 (t —o(t)Riz(t —o(t)).
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After some manipulations, the above formulae can be rewritten as follows

th (P((Ai + AA) + (B; + ABy)(K; + AK,)
+ (AT + AATY + (KT + AKTY(BT + ABT))P)a(t) + Z ha( (1))

X (P(A; + AA;) + (Bi + ABy) (K + AK;)) + (AT + AAT)

+ (K] + AK])(B + AB]))P + P((A; + AA;j) + (B; + AB;)(K; + AK;))
+ (AT + AAT) + (KT + AKT)(BT + ABY))P)x(t)

+ 2T (t)P(Agi + AAg)x(t — o(t)) + 2T (t — o(t)) (AL + AAL) Px(t))

I 1—=0o() r
+ 1 ﬂx (t)Ry1z(t) 13 ' (t—o(t))Riz(t — o(t)).
Applying Lemmas in [5] to the above formulae results in
av(z@t) _ - | -
<E1+ = 10
dt > + =2, ( )
where
z :th t)[PA; + PB;K; + AP + K'BI' P + ¢1,PD;Df + ¢}

X (Eli + B9 K;)" (Evi 4+ B9 K;) + €9, PBi(I — 3, (B Hy) ! (Foy Hy)) ' B P
+ €35 - EQZPDZD;TP —+ €§ilE£iEKi}$(t) + EZZ-I‘TT(t — O'(t))EZl;Edi‘T(t — O’(t))
+ 42T PD; DI Px(t) + 2T (t)PAgix(t — o(t)) + 2T (t — o(t)) AL Px(t)

+, i ﬁxT(t)le(t) - i ﬂxT(t —o(t))Riz(t — o(t))},
=y = Z hi( O(t)){z" (t)[PA; + PBiK; + AT P+ K] BP + £;5(Ey;

+ EoiKj)" (Bri + EsiKj) + €15, PD; D] P + €0, PBi(I — e5,5(Eai Hj) "
x (EoiH;)) "B} P+ e3;; - £2;jPD; D] P + ;s Ef¢; Exc; + PA; + PB;K;
+ AT P+ K] B] P+e4;;PD;D] P + ¢} (Evj + E2; Ki)" (Eyj + Eg; K;)
+ &5 PB;(I — eg,5(Eoj Hi) " (B Hi)) "' B} P + €55 - £6;PD; D] P
+ esleKlEKl) x(t) + eqiz” (t)PD; D] Px(t) + e4;PD; D] Px(t)
+eg al (t—o(t) B Eax(t — o(t) + €55 2" (t — o(t)) Eg; Egya(t — o(t))
o' () PAga(t — o(t))Eg Eqa(t — d(t) + a* (t — o () Aj; Pa(t) + 2™ (¢

—o(t) AL Px(t) + ) 2 T () Ryx(t) — 2T (t — o (t))Ryx(t — o(t)).

2
B B
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From the properties of quadratic form, the above formulae will lead to

RS ST UOT Py B Pl | Ay

r

+ 2 ha(W()h; (9()) [ 2T (t) 2T (t - d(t)) ]

i<
% HQ PAdi + PAdj Qj(t)
ALP + ALP Ay a(t—dt) |-

So far, if inequalities (§)) hold, there exists dV (z(t))/dt < 0, and the closed-
loop control system (7)) will asymptotically stable. This completes the proof.

Next, non-fragile robust Hy, fuzzy controller is presented for the system ([7)
with external disturbances based on Theorem [Il

Theorem 2. Consider uncertain nonlinear descriptor system with time-varying
delays (7). (@) is non-fragile robust Hoo fuzzy controller for the system (7), if
there exist matrices M;, symmetric positive definite matrix N, U such that

1 (o 0 Tii T2 O
NET =FEN >0, * (299 (293 <0, * Too To3 <0, (11)
* x  —eyl * x T33
hold, where
T T pT U T
11 = A;N + B; M; + NAZ- + Mi Bi + 1-3 + (511’ +e3;-€9; + 54i)DiDi ,

219=[ AN Bs; NEL+MPEL NEL. NCT |,
(299 = —diag{ Y5, VI, eul, exul, I},
5 =[E4N 0 0 0 0];
Ti1 = A;N + BiM; + NAT + M} Bl + AjN + B;M; + NAT + M/'B]
2U
+ 1-3 + (€145 + €25 - €315 + E5ij - €6ij + Eaij + 54i)DiDiT + €4ijDJT7
Ti2 = [ (Aai+ Ag)N  Bai+ By; NE{, + M;Ey NE{, + MEJ,
NEEL, NEL, NE],

. 2U
T22 = —dlag{l _ ﬁ

7T _ E4sN 0 0 0 0 0 O
BT E4N 0 0 0 0 0 0

1
,2W2I,511j1, €aijl, €251, 5451, 21} s

, T33 = —diag {641‘17 84j]} .
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Proof. First, let

I = (A; + AA)a(t) + (Ags + Adg))x(t — d(t)) + (B; + AB:)(K; + AK)a(t),

then we have

J= / T T W2() — 42T (et bt
0
< [T e 00 -2 0wt +

- (3 a0y (9T (1Yo (1) +§;h2 (O)01£(0) i,

i<j

where £(t) = [ 27(t) aT(t—o(t)) wT(t) ], I = MMy + CTC and I, =
ﬁg +207C.

If there exist &1 < 0 and @2 < 0, then J < 0, which implies that ||z(t)]|, <
v lw(t) ||y, for any w(t) € Lo [0, 0o). The closed-loop system () is asymptotically
stable with disturbance attenuation v according to definitionPlin section2l Then,
to make the make the results solvable by convex optimization method, we mul-
tiply the resulting inequalities @1 < 0 and @3 < 0 with © = diag(P~*, P~1,1)
both left and right side, respectively. Introduce new variables N = P~ M; =
K;P~' and U = NR{N. Then, we obtain

Xii * * )21] * *
NAT Ay« <0, (Agl +AL) A, * <0, (12
BL 0 —4%I BL + BQJ 0 —29%1

where

- U
Xii:AiN‘FBiMi‘FNA?—FMZTBZT*F 1_ﬂ+(€1i+631'€2i

+ E4i)DiDiT +e9;Bi(I — Egi(EQiHi)T(EQZ-Hi))_lBT + EEI(EHN
+ B9y M;)T (Ey;N + E9;M;) + e5) NE%;ExciN + NCTCN,
Xij = AiN + BiM; + NAT + M] Bl + A;N + B;M; + NAT

2U
+ M!B] + + (€145 + €245 - €3ij + €545 - €6ij + E4ij

1+
+ E4i)DiD-T + €4jD DT + EQijBi(I — ES_Z;(EQZH)T(EQZH))ilBT
+ 50 B (I — e65(EBoj Hi) " (Eg Hy)) "' Bl + 7,5 (EulN + Egi M;)"
X (BN + Eo; M;) —|—€4U(61]N+62]M) (e1;N + &9, M;)
+ N(eg;; Efei Exej + €5i}EKiEKi +207C)N

Ay =) NEJEg;N — ) _ﬂNRlN
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A _ _ 2
Ay =e' NELEgiN + ¢, NEj;EgiN — L ﬂNRlN.

Then, multiply the resulting inequalities (I2)) with © = diag(P~', P~1, I) both
left and right side, respectively. Introduce new variables N = P~', M; = K;P~!
and U = NR;N. However, the conditions are not jointly convex in M;s and N
in Theorem [[l Therefore, Schur complement is applied to the obtained matrix
inequalities. Then, the LMIs in [Tl can be obtained. This completes the proof.

4 Numerical Example

To demonstrate the use of our method, we consider a nonlinear descriptor system
with time-varying delays approximated by using the following IF-THEN fuzzy
rules:

IF I (t
Ei(t) =
IF I (t
Ei(t) =

is P, THEN

AL+ AA )2 (t) + (Agr + AAg)z(t—o(t)) + (B1+ AB1)u(t)+ Briw(t);
is N, THEN

Ag+AA)x(t)+ (Aga + AAge)x(t—o(t)) + (B2 + AB)u(t) + Briw(t);

~ N~

where the membership functions of ‘P’, ‘N’ are given as follows

1
1—
1+ exp(—2z1)

The uncertainties AA;, AAy and AB; are assumed to have the form of ().
Then, the relevant matrices in the T-S fuzzy model are given as follows

10 ~1 04 0.3 —04 0
E‘[o 0]’A1_[0 —0.5}’Ad1_[0 0 }’Bl_[m]’
0 —0.5 0 04 0 0
Bll_{l}’“‘[% —1]’Ad2_[0.4 0.3}’32_[0.5]’

0 0.1 0.1
311:{1}7D1={0.2},D2:{0.5},E11:E12:[1 0],
Eq=Eap=[01 0],Ey =03,Ey;=0.2,F(t) = Fp(t) = sin(t),
Hi =Hy=05Ex1 =Eg2=[05 05], o¢(t)=[¢T 0 ]T

)

Mi(z1(t)) = » Mi(z1(t)) =1 — Mi(21(¢)) (13)

and o(t) = hsint. In Theorem 2] we choose the scalar coefficients e.; = €q4i5 =
1, 1< ¢ <4, 1< d <6. By using Matlab LMI Control Toolbox, positive definite
matrices P, R; and feedback gain K;s can be obtained as follows

p_ | 5:8860 3.0870 } C Ri= [ 1.0412 0.7638

~ | 3.0870 3.1162 0.7638 1.5298 |’
Ky = [-0.47855 -0.76740], K5 = [-0.97124 -1.1999] .
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5 Conclusions

In this paper, non-fragile robust H., fuzzy controller design has been addressed
for a class of nonlinear descriptor systems with time-varying delays via fuzzy
interpolation of a series of linear systems. The fuzzy controller is reduced to
the solution of a set of LMIs, which make the design much more convenient.
Furthermore, an example has demonstrated the use of the proposed fuzzy model-
based controller.
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