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Abstract—This paper proposes output feedback control for
fuzzy descriptor systems with interval time-varying delay. First,
singular nonlinear dynamic systems with interval time-varying
delay are taken into consideration. Then using a Takagi-Sugeno
(T-S) fuzzy model, we design a fuzzy representation of the original
nonlinear system. This fuzzy representation consists of local
linear descriptor systems. To achieve the control objective, a fuzzy
controller and observer is designed in a systematic manner. The
stability analysis of the overall closed-loop fuzzy system leads
to formulation of linear matrix inequalities. Using the observer
and controller gains by solving LMIs, we carry out numerical
simulations which verify theoretical statements.

I. INTRODUCTION

In the past decade fuzzy control has been proved to be
very fruitful in many applications. Using the T-S fuzzy model
[1] representation of nonlinear systems into local linear fuzzy
models has lead to vast amounts of research. For example
fuzzy control [2], [3]; fuzzy model based chaotic control and
synchronization [4], [5]; robust fuzzy control and observer
based approaches [6], [7], [8], [9], [10], [11]. Many of the
mentioned works approach the design of controllers and
observers in an systematic manner. The stability analysis of
the closed-loop system leads to formulation of linear matrix
inequalities (LMIs) [12]. Then the controller and observer
gains are found once the feasible LMIs are solved. The
process of solving LMIs can be done numerically by powerful
packaged software toolboxes (e.g., MATLAB LMI Toolbox)
[13].

Descriptor systems have a tighter representation for a wider
class of systems in comparison to traditional state-space rep-
resentation. Recently this concept has been extended to T-
S fuzzy model systems [14]. Note that using traditional T-
S fuzzy modeling for Lagrangian mechanical systems, we
will need a fuzzy model representation for the inverse of the
inertia matrix. This matrix inverse will drastically increase
the rule numbers. On the other hand, if the fuzzy descriptor
system is used, the number fuzzy rules will be decreased. This
rule reduction is an important issue for LMI-based control
synthesis since larger number of LMI rules may leads to
infeasible problems.

In this paper, we extend the good properties of fuzzy de-
scriptor systems and fuzzy observers into the design of output
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feedback control for fuzzy descriptor systems. In addition to
immeasurable states, we consider interval time-varying delays.
The controller and observer design leads to formulating LMIs.
Then a two-stage process is utilized in place of simultaneously
solving controller and observer parameters which is a complex
problem.

The rest of the paper is organized as follows. In Sec. II, the
fuzzy descriptor system representation of a singular nonlinear
dynamic system with interval time-varying delay is introduced.
In Sec. III, we carry out the stability analysis of the open-loop
fuzzy descriptor system where the intrinsic stability criterion is
given. In Sec. IV, numerical simulations on the control design
is carried out. Finally some conclusions are made in Sec. V.

II. PRELIMINARIES AND PROBLEM FORMULATION

We consider a singular nonlinear system

M (x (b)) (t) = fi(z(t)+ fa(z(t—h(t)))
+g (x (1)) u (t) (t)
y(t) = h(x) ()
where z(t) = [z1(t) 22(t) -+ z, (t)]T € R" is the

state vector; x (t — h(t)) = [z1(t — h(t)) z2(t — h(t)) ---
z, (t — h(t))]T € RP is the state time delay vector; u (t) =
[ur (¢) uo (t) um ()]F € R™ is the control input;
M (2 (6), f1 (& (), f2 (2 (t — A, g (@ (), h(z (1)) are
smooth functions with f (0) = 0; and y (¢) € R? is the output.
The T-S fuzzy representation is:

Plant Rule ¢
IF 2z (t) is Fj; and --- and z, (t) is Fy;
THEN Eyi (t) = Az (t) + Apix(t — h(t)) + Biu(t)

y(@t) = Cz(),
ﬂf(t) gO(t),t S [_TM7O]'

where z(t) € R" is the state vector; u(t), y(t) € R™ are

the control input and output, respectively; A, A;;, B and C

are constant matrices with appropriate dimensions; (t) is a

continuously differentiable initial function of ¢ € [—7,0];

and h(t) denotes the time-varying delay and 7); is the upper
of h(t) which satisfies one of the following assumptions:
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Assumption I: The time delay h(t) is a continuous function
satisfying 0 < h(t) < 7, h(t) < B < 1, where 73 and 3
are both constants.

Assumption 2: The time delay h(t) is a differentiable function
satisfying 0 < 7,,, < h(t) < 7, h(t) < B, where T, T
and [ are positive constants.

The length of allowable delay time will be denoted by 4,
i.e., d = Tpr — Ty Our objective is to determine the maximum
allowable delay time while the system stability is kept. The
inferred output

T

E:w: NE(D) = Y wuat) (Awa() @)
:Ahix(t — h(t)) + Biu(t))
y(t) = Zvvz(Z(t))Cix(t)
for all ¢ = 1,2,...,r; k = 1,2,...,7.. Define z* =

[T (t) 27 (¢)]T, we rewrite the fuzzy descriptor system (2)

B () = 30 vl () e (¢

) (Ajpz™(t)  (3)

i=1 k=1
ALz (t = h(t) + Bju(t)),
:sz C* * )
=1
foralli=1,2,...,r; k=1,2,...,r,, where
. I 0 . 0 I
e o] s[4 &)
. _[o 0] ,_Jo e
hio = [Ahi 0]’31'_[31-}’@_[0’ 0]

We now design the controller rule as:

Control Rule 7 :
IF 2 (t) is Fy; and ---
THEN u (t) =

and z4 (t) is Fy;
—K;&"(t) fori=1,2, ...,

K3

where K7 = [Ki, 0], K = [Kipi1 Kikiz]
controller gains to be chosen later.

We propose a modified PDC (4) to stabilize the fuzzy
descriptor system (3):

- Z vy (2(1)) e (2(2)) K™ (). )

i=1 k=1

; and K, are

By substituting (4) into (3), the closed-loop fuzzy control
system

B - XYY uG

=1 j=1 k=1
X (( fk*BfK;k)

z(t)) e (2(1)) Q)

z*(t) + Apa*(t — h(t))) .

To estimate the immeasurable states, we design the observer
as:

Observer Rule i :
IF 2z (t) is Fi; and --- and z4 (t) is Fy;

THEN Ei (t) = i@ (t) + Apid(t — h(t)) + Biu ()
+Li (y (1) =9 (1))
gt) = Ci(t),

where L, = [0 LT, Ly = [L%,, LL,]T ; and L; is the
observer gain of the i-th observer rule to be chosen later. The

overall inferred output is
> wilz(t)) (Aid(t) (6)

Z (2
1=1

+Am (t = h(t)) + Biu(t) + Li(y(t) = 9(t))
y(t) = Y vilz(1))Cia(t)

i=1

T

Ekx )

where z;(t) ~ z4(t) are the premise variables which consist
of the states of the system; Fj; (j =1,2,...,g) are the fuzzy
sets; 7 is the number of fuzzy rules; A; and B; are system
matrices with appropriate dimensions. For simplicity, we as-
sume that the membership functions have been normalized,
e, >y [15=) Fii(2;(t)) = 1. Using singleton fuzzifier,
product inferred, and weighted defuzzifier, the fuzzy system
is inferred as follows:

DL

i=1 k=1
+A5, A*( h(t)) + Biu(t) + Li (y(t) = 9(1))

-yl

forallt=1,2,...,r; k=1,2,...,7.. Then the PDC fuzzy
controller with immeasurable states is as follows:

C*A* )

~3° S wn (a0 oL

i=1 k=1

DEGE™(t) ®)

where z*(t) = [2*T(t) 2*T(t)]T. Combining the fuzzy
controller (8) and fuzzy observer (7) and denoting e*(t) =
x*(t) — &*(t), we arrive with the system representations:

B i ZZZ'W 2())pn (2(1))

X ((Af, — J;f‘l j’f 1)k(1 t) + Apa* (t — h(t)) + B Kje
ot ZiZm () (1)

x (A L:éj)lek (;) + Ajie”(t = h(t))) -

III. STABILITY ANALYSIS

Under Assumption 1, the stability criterion for system (9)
is as follows.

")



Theorem 1: The fuzzy descriptor system (2) along with con-
troller (4) forming the closed-loop system (5) is asymptotically
stable, if there exist positive definite (1, nonsingular matrices
P, matrices Z; and Z3 satisfying the following LMIs,

71 =7, >0, (10)
(zraf - mf BT
+ZIET + 7, + Qll?)
(AiZ) — B;My + ExZs  (—ZFEY — By 2y
+Z7 + Q112> +Q122)
0 zT AT,
0 0

0 0
AniZy 0
—(1 ﬁ)Qlll —(1=8)Qui2
~1-9Qh, —(1-8)Quz

k=1,2,... 7.

—Z¥ — Z3+ Qi

<0,4,j=1,2...,r

(1)

where controller gain is accordingly K, = Mj,Z, !
Proof: We can rewrite E*T P = PTE* > (0as P~TE*T =
E*P~! > 0. The above inequality is

Ss 0111 0

Sy S, 0 0
1 o][s o717}
= [o o”s?, sl] 2 0.

Therefore, we obtain
Z;f —Z?)T I 0
0 Zf 0 0
I 0 71 0 Z1 0
p— = >
|: 0 0 :| |: —Z3 Z1 :| [ 0 0 :| - 0.

where Z; = Sfl and 73 = SfngSf
following relation holds:

1 Note that the

Sl 0 Z1 0 o I 0
S;  Si —Zs Zy | |0 I|°
Let
0, = { Qi Q2 ]
Qlia Quz |’
Here, we consider the Lyapunov-Krasovskii functional
candldate Vi(z = T ()BT Pz*(t) +

ft i i T (s)Qra* ((s)))ds The time derivative Vi (z*(t)) =
It )E*TPQJ (t) + 2T (BT Pi*(t) + T ()Qua*(t) —
x*T(t — h(t))(1 — h(t))Qix*(t — h(t)). Taking the time
derivative of V(z*(¢)) along (9), we have Vi(z*(t)) <
Dim1 21 2k vil2 ( ))vg( () (2(E) {2 ()G P+

PTGiji)a(t) () PT A *( - h®) +
et AP e Q)
ot — k)1 — B)Quz*(t — h(t)}  where
Gijp = Aj — BiKj. Therefore V(z*(t)) <

Dozt gy Do Vi(2(0)v; (2(0)) e (2(8))E(1) T AL (),
where £(t)T = [2*T(t) 2*T(t — h(t))] and

T T A%
A [Gukp-f—P Gijk+Q1 P Ahi <0

A P —(1-B)Q

Therefore, when E*TP = PTE* > 0, A < 0, the stability
and the closed-loop system (9) is proven. We multiply the
inequality A < 0 by the matrix diag[P~7, P~T] and its
transpose on the left and right, respectively. Then by setting

ZT _ZT
-T __ 1 3
=[5 A

where Z; > 0, and by Schur complement, the inequalities
A < 0 are equivalent to (10), where M;, = Kj;iZ;. This
completes the proof of the theorem. ]

Theorem 2: The fuzzy descriptor system (2) along with
controller (8) and observer (7) forming the closed-loop system
(9) is asymptotically stable, if there exist positive definite ()1
and @2, nonsingular matrices P and R, matrices Z1, Z3, R,
R3, Mj}, and H;y, and scalars p, €, > 0, n = 1,2, 3 satisfying
the following LMIs: Z{ = Z; > 0,

T (7147 - g1
—43 — 3+Q111 +Zg,TE,€T+Z1+C~2112)
(A;Zy — BiM;y, + Ey Zs (-ZTEF — Ex 24
+Zl + Q112) +Q122 + ElBiBiT>
0 ZT AT,
0 0
(12)
0 0
A}nZl 0 .

- <0,i=1,2,....n
~(1-8)Q111 —(1—B)Qu2 ' '
—(1-8)QT, —(1—B)Q122

E=1,2,....re. (13)
¢11 ¢12
e $22 (14)
0 Z{ (A}, + A%))
0 0
0 0
(Api + Apj) 21 0 o
< ~ <0, 1<
—2(1-B)Qi11 —2(1 - B)Qu12 L
—2(1-0)Q12 —2(1 - B)Q122
RT =R, >0, (15)



A11 A1z pRT Ap;
A, e RY Ay
pAp R AR —(1-8)Qon (16)
0 0 —(1-8)Q312
Kirin Kikio 0
0 Kén
0 Ko
—(1 =)@z 0 <0,
—(1 - B)Q222 0
0 —61]
1=12,...,1. kE=1,2,...,7r¢
5\11 /:\12 pRT (Api + Anj)
Mo A22 RT(Ap; + Apj)
p(A}T;i + Agj)Rl (A,iz;z + Agj)Rl —2(1— 5)@211
0 0 —2(1 - B)Q31,
Kk Kjrio 0
Kk Kik1o 0
0 Kj?cll Ki:icn
U Ko Kipio
2(1 - B)Q212 0 0
~ <0, (17
—2(1 — B)Q222 0 0
0 —821 0
0 0 —53[
i <.

where g1y = —2Z§ —27Z3+2Q111, 12 = Z§ AT — M}, BT +
ZTAJT Mﬁ{BJTJrQZTEk +22142Q112, P2 = —2E,Z1 —
2ZTET + 2Q120 + €2B;Bf + e3B;B], A1 = pATR, —
PC?HZQ;;‘FPR{/E—PH%Q—Fth A2 = A?R1j0?ff£+
RT — pRT Ei+ Qo12, Moo = —E R1 — R Ej + Qa22, A1 =

ATRl— CTHk—‘rpATRl— CTH k—i—pRTAi—pHiij—l-
pRl A ijkC +2Q211, )\12 = A R1 CTHZ;;-FA;‘FRl—
CTL + R — pRTEy + 2Q212, Aoz = —EI'Ry — RTE, +
2Q222, where controller and observer gains are accordingly
Kji = MjpZy" and Ly, = Ry Hyg.

Proof: E*TR RTE* > 0, can be rewritten as
R™TE*T = E*R~! > 0. The above inequality is

w, o 1[I o0

Ws W, 0 0
—1

(1 o0l[w o0

= {0 OHW3 Wl} 2 0.

Therefore, we obtain
RT —RTI[I 0
0 RT 0 0
(10 R 0] [R 0
= [0 OH—R3 Rl]_{ 0 0]20'
where Ry = W' and Rz = W, 'W3W,'. Note that the
following relation holds:
[1 o0
0 T

w0 Ry 0
Wi Wh —Rs R

Let
=g g v =T o,
Q212 Q222

and (@) is the same as those defined in Theorem
1. We consider the Lyapunov Krasovskii  func-
tional candidate V' (y(t)) = Z Vi(y(t)) where
Vi(x*(t)) = 2T (t)E*T Pa*(t —l—ft h(t) *T(s) 17*(s)ds),
‘/2(6*(15)) — e*T(t)E*TRe + -f;f—h(t) ( )QQ@ ( )dS)
From the time derivative Vl(m*(t)) = #*T(t)E*T Pz*(t) +
(BT Pi*(t) + o™ (6)Qua*(t) — o™ (t — h(t))(1 —

ﬁ(t))le*(t — h(t)) an upper bound of time-derivative
Vg(e*(t)) T E*TRe*(t) + e T(t)E*TRé*(t) +

() Qae*(t (_) — e T(t — h(t)(1 — h(t))Qae*(t — h(t)).
Taklng the time derivative of V(¢(t)) along (9), we
have V((t) = Y, Vi((t)). Then Vi(z*(t)) <
Zi:l Dt 2o i2(8)vy (2(0) e (2 () {2 (1) (G P+
PTGz (t) + :v*T(t)PTAZix*(t - h(¥) +
*T(t — h() A Pa*(t) + e (t)(BfKj,)" Pr*(t) +
TOPT(B; K )e*(t) + =T (t)Qua*(t) — «*7(t —
)1 - )le (t — h(t))}which further leads to

Vi(z* (1)

SN v (a(t) e (2(t))

i=1 k=1

x [z () (GELP + PTGi)z* (1)

+2*T () PT A}, (t — h(t))

2T (t — h(t) AT Pa*(t) + 7
T(t)PT(B; Kjj, e (t) +

- *T(t - h( )

1E) 9) D) AR

i=1 1<) k=1

x
x*
h(t

IA

()(BI K},)" Pa*(t)
o T (H)Q1a" (¢ )

= B)Qua™ (t — h(t))]
() (2(2))

Gijk + Gjik)T

« |7ty L . P

(Gijk ;r Gjik) PTYa* (1)
(Ay; +475)
2

+

+2*T (1) PTa*(t — h(t))
* x \T
+$*T(t _ h(t»(AL?Ah])

BiKj, + BiK3)"
+€*T(t)( k 5 J ]k)

o (BI K+ BIKGy)

Pz*(t)

Pax*(t)
PTex(t) +
h(t))]

According to inequality 2zTy < sx xz + e yTy, where
e > 0, it is obtained that e* ()(BZKl*k)TPx (t) +
" OP(BIKL)E (1) < “(t)PB; By Pr*(t) +

2T (1) Qe (t)

— B)Qrx"(t —

E1x



erter (OK;, Kie*(t) and

BYK}, + BiK5)"

( 7k 5 i zk:) Pl‘*(t)

(B K}, + B K}),)
2

«T

()P

B B*T
QUEA SO
* BT

OE=R

e (t)

")
(t)

< 621‘

T

+e3x* 157

Pz*(t)+e5 e

We therefore have Va(z
Dlim1 21 2ok vilz(1)vs (2 () { (A
Ajiet(t = h()"Re*(t) + e (DRT((4;
Ape*(t — h(t)) + e (t)Qee*(t) — €
B)Q2e*(t — h(t))}which further arrives to

“(1)
-
Va(z* (1))

(
2,2
k=1

v; (2(t)) e (
=1
x[(xW

IA

z(t))

nk:R + RTWiik)e*(t)
T (t)RT Aje* (t — h(t))
+e*T(t — h(t)) AT Re* (t) + e*T
- *T(t* h( N1 = B)Qae™(t
+2 2‘1 Z kzl e
s Wik + W) "
O
(Wijk -QF Wiik) RT)a* (1)
pr i T 4iy) 5 Azj)e*(t — h(t))
(A + 450"
2
— B)Qa2e"(t —

(t)Q2e"(t)
— h(t))]

() e (=(1))

X R

Re*(t) +
h(t))] )

where Gy, = A}, —

VET() < 3 i1 2k

B{ Iy Wi = A —

2

~ L3Cpe
LixcCp)e

K*TK*
Tjke* (t)
K K,

e*(t).

“(
()

e ()

t)
1 -

+ +IA

L (1)Q2e (1)

23011 Dy L vilz( ()i ( () (2(1))€ ()T A28 (t)
> i1 2ok v (2(0) i (2(1))CT (£) AsC(2)
23 i ey Zk iz ()) () (2(8))CT (H)A4C(2),

i (%
where  £(t) [z* Tt — h))],

[T (1) e (¢ -

()
h(t))] and

A

b Ap P
PTA;,
—(1- B

<0,

¢r(t)

GL P+ PTG, + Q1 +e1PTB; B* P

L;‘kC; . Therefore
0 (2(1)) e (2(1)E(E) T A1E() +

_|_

((Gijk + Gjik)TP + PT(Gijk + Gjik)
+2Q1 + PT(e2B; B} +e3B;B; ") p)
(Ai; + 45;)P
PT(A}, + Aj)
—2(1-8)Q1

Ay

| <o

WE R+ RT Wik + Q2 + lezk K

A
5 AX'R

RTA,

—u—m@]<Q

(Wiji + W) "R + RT (Wit + Wiir)
+2Qz + 1 K K )
(A + 45
RT(A;, + A}))
—2(1-8)Q2

Ay =
iR

| <o

Therefore, when E*"P = PTE* > 0, E*TR = RTE* > 0,
A1 <0, Ay <0, A3 <0, Ay <0 the stability and the closed-
loop system (9) is proven. We multiply the inequality A; < 0
and Ay < 0 by the matrix diag[P~7, P~T] and its transpose
on the left and right, respectively. Then by setting

—Z3T
z{

where Z; > 0, and by Schur complement, the inequalities
Ay < 0and Ay < 0 are equivalent to (12)-(14) , which M, =
K17y (or My, = K;1.Z1), the substituting K, = M, Z; "
(or K = Mikal), €1, €2, €3 which were obtained from
the feasible solutions of (15)-(17), into the inequality A3 < 0,

z{

-T
P [0

Ay <0 and letting H;j, = R?L,’k, Rs = pRy,
[ R 0
= 5w

where Ry > 0. We could get A3 < 0 and A4, < 0, which
are equivalent to (15)-(17) by the Schur complement. This
completes the proof of the theorem. g
Under Assumption 2, the stability criterion for system (9)
is as follows.
Proposition 1: Given scalars 7,,, 7y and 3, system (9) is
asymptotically stable for any time delay h(t) satisfying (??)
if there exist real matrices P = PT >0, R=R" >0, Q; =
Q7 >0,i=1,2,3,4,56, Z; =Z] >0, j=1,2,3,4, and
any appropriately dimensioned matrices N, M, S, T, H, J,
U, V such that

(13)
19)



where

where

11

12
13
15
22
23
33
T34
45

55

X12
X13
X14
X22
X23
X24
X25
X33
X34
X35
X44

™1 T2 713 T4 715
22 23 o4 25
I = ¥ M33 T34 T35 |,
¥ T44  T45
L * k 55
[ X1 x12 X13 X4 Xi5 |
X22  X23 X24 X25
Q = * X33 X34 X35 |
¥ X44  X45
L * * 0 i
[ 711 A2 T3 g s |
5 To2 T23 T24 Tos
I = * 33 T34 T35
* *k  T44  T4s
L * * * 55 ]
[ X1 X1z X13 X4 X5
~ X22 X23 X24 X25
Q = ¥ X33 X34 X35
* * X44  X45
L * * * 0
Ti(Afy = BIKG) + (A = BIEG) T
+€1Tle"B*TT1T +Q1 + Q2+ Qs
( B )TT2 +T1Ahzv
(Af — Bi *)TTga ma = (A}, — BiK;)"'TY
(A, — B K3)" T + TV E*,
_( - B)Q2 + ToAL, + ATTT + e T BX BT,

Ap TE oy = AL TE, mos = ALTE + ThE*,
—Qy +e3T3B; BT

0, w35

=T3E*, myy = —Q3 +esTuB; BT T{,

+T4E*7
TmE T2 E* + 6E*T ZoE*

+esTs By BiTTY 4 T5E*

+ E*TTY

N,E* + E*TNT,

E*TN] — M E* + S, E*,

E*T'NI — N\E* + M E*,

E*'NI — $1E*, x15 = E*TN{,
~MyE* — E*"M] + SoE* + E*T ST,
—~NoE* + MyE* — EXTMT + E*TST
—ETMI + EXTST — S, B,
~ET"MI + E*ST,

—N3E* + M3E* — E*"MT + E*T ST,
~E*TN] + E*T M} — S3E*,
-E*'NS + BT MY,

—S4E* + EXTST ) xus = —E*T ST,

711 = Q4+ Qs+ Qs+ Vi(A], — LiCY)
+(Afx L:ko;)T‘/lTv
T2 = (Af — LCy)TVy + Vi,
T3 = (A — Lka;)TVgTa g = (A, — L:kcf)TszTv
715 E*TR 4+ ( Ly.CH'V —iE*
Too = —(1—-B8)Qs+Vadp + An Vs,
fog = ApIVE, foa= AV,
Tos = Aji Vg — VaE*, 33 = —Qu, 734 =0,
T35 = —VaE", Ty = —Qs, Tus = —VoE",
s = ETZE 1+ 0BT Z,E — VE* — BTV,
Xu=HE +ETH + e ' KiTKy + e K
+83 IK*TK*k + 54 IK*TK*k + EilK*T j*]m
12 =FETH] - J,E* + U, E*,
13=FETHI — HE* + J,E*,
Suu=ETH{ —U\E*, 515 =E*"HY,
Xo2 = — L E* — E*T I + UsE* + E*TUS,
Xoz = —HoE* + L,E* — B*TJ] + E*TUT,
Xoa = —E T I + E*TUT — U,E*,
Xos = —E*TJE + E*TUL,
X33 = —HsE* — B*THT — J3B* + E*TJT,
X34 = —ETH] + EXTJI —U3E*,
Y5 = —E*THT + BT T
Xaa = —UsE* — E*TU[, Xu5 = —E*UY.
Proof: We consider the LyapunOV-Krasovskii

functional candidate V(¢(t)) =
Vi(z ())—ﬂf T(O)E TP (1) + [,
Join @@ (s *T( Qs (s)ds,
V2( ()) = [0 e T ()BT 2 R it (s)dsdd +
f 7 fth T(\E T ZyE* i (s )dsd@, Va(e*(t)) =

“T(¢ )E*TRe (t) + ftthm e*T(5)Qqe*(s)ds +
ft h(t) € 5)Qse*(s)ds + f: o e*T(5)Qee*(s)ds,

ZZ 1V( (), where
Ql.if ( )d8+

V4( ()) = [0 €T ()BT Z3E e (s)dsdf +
= ft+06 T(s)E* T Z,E*é* (s )dsd@ From the
time derivative Vi(z*(t)) = ()E*TPJ: (t) +
T ETPi*(t) + 2T (t)Qiz* ( ) — 2T -
Tm)Q12*(t — ™) + 2*T (1) Q22" (t) — T/*T( ( ) -
( ))Qaz*(t — h(t)) + & (1)Qsz* () — a* Tt — )1 -

2@333 (t — 1), Va(z*(t) = 2*
+ft i *T( )E*TZ E**( )dS

T ($)0B T 2,3 (s) + [T T (s)E*T Zo B i (s)ds.
With the lower and upper bound of time-derivative of
V(4(t)) can be obtained as Vi(e*(t)) = &*7(t)E*T Re*(t) +
e*T(t)E*TRé* (t) + e (£)Que (t) + e (t — 7 ) Que™ (t —
7o)+ (£)Qse™ (t) ™ (t—h(t))(1—h(t))@se” (t—h(t)) +
e (H)Qee*(t) + E*T(t = ) Qee"(t — Tar), Va(e*(1)) =
() BT Z3E*é*( +ft_TM e*T(s)E*T Z3E*é*(s)ds+

( )TME*TzlE* *(

+\_/



eT()OETZyE e (s) + [T & (s)E*T ZyE*é*(s)ds.

Then we have the following Zero Equalities I
2T (N{E*2(t) — B*a(t — ) — [ E**(s)ds} = 0,
(T OM{B'2(t ~ m) - Bt~ b)) -
Ji- niny £ (s)ds} = 0, 2fW)S{E* 2t -
W) — Ez(t — mg) — [ Bt (s)ds) = o,
201 (0T 325y 2oy 2oy vil2(4))vs (2(8)) ke (2 () { (A3, —
BiKG )™ () + Ajpx™ (t=h(t)+ Bi Kje* (1)} — (E*i(t)) =
0 and Zero Equalities II: 2¢1 (t)H{E*e(t) — E*e(t — ) —
[ Ere(s)ds} = 0, 2¢F (t)J{E"e(t — 7)) — E*e(t —
) — [ Ere(s)dsy = 0. 2F (U{Ee(t —
ht) — Eret — ) — [PV Erer(s)dsy = o,
205 (V3051 D1 2ok vila( o (20 (2(0){ (A5, —
L3, (1) + Are*(t — h(t) - E* ()} = 0, where
&) = [x*T(f) w*T(t — h(t)) & (t — ) Tt -
™) f'E*T(t)L Gt) = [eT(t) e(t — h(t) e(t -
Tm) €T(t — 7a) €*T(t)]. Taking the time derivative of

V(4(t)) along (9), we have V(¢(t)) = ZZ LVi((t)).
Hence V(¢(t)) is negative as long as the inequalities (18)-
(19) hold, which implies that system (9) is asymptotically
stable. This completes the proof. (]

IV. NUMERICAL SIMULATIONS

We carry out numerical simulations on the following exam-
ple to verify the theoretical derivations. Consider a nonlinear
time-delay system

(14 acosO(t)f(t) = —bO3(t) + ch(t) — 0.40(t —

+0.60(t — h(t)) + du(t)

h(t))

where the range of |f(f)] < ~. This can be ex-
pre25sed exactly by the fozllowing fuzzy descriptor form
Dok b(2(1) B (t) = 32 vi(2(8){(Aix(t) + Apiz(t —
h(t)) + Biu(t)} where z*(t) = [x1(t) z2(t)]T = [0(t) 0(2)],

1 0 1 0
Bro= {o 1—|—a}’E2_[O 1—a]’
0 1 0 1
A= {c —b¢%}7‘42:{c —b¢%}’
0 0 0
AhlehQZ[_OA 0.6}7312322[61,}

Weleta =02,b=1,c¢c= —1,d = 10, ¢1 = 4, ¢ =
0, h(t) = 0.8(1 + sin0.5¢) and § = 0.4. The membership
functions p1(xq(t)) = H%Il(t), pe(z1(t)) = 17%“@),
vy (xa(t)) = x%(t), va(za(t)) =1— @ According to LMIs
(10)-(11) , we can obtain control gains K, separately, where
K1 = [0.6560 3.9564], K12 = [0.4110 2.4066], K21 =
[0.6560 3.9564], K33 = [0.4110 2.4066].

Figure 1 shows the perfect convergence
result under the overall control law  wu(t) =
=i Doy vi(2(8) e (2 (8)) K™ (t) with initial
condition z(0) = [0.8 — 0.4]T.

Considering output feedback case with immeasurable
. 2 R
states, the observer descriptor form) ;' u(2(t))Erz(t) =

—x1

State

150 (sec.)
Time t
01
—x2
0[1\/
o 01}
4
? 02
-03
-04 L ;
0 50 100 150 (sec.)
Time t
Fig. 1. State trajectories of system.

—u()

Control Input

-0.4/

0
Fig. 2.

150 (sec.)
Controller performanceTWith the fuzzy control approach.

S v {(Ai (1) + Ansie(t = A1) + Byu(t) + Li(y (1) -
9(t)} and y(t) = Z?:l v;(2(t))Cix(t) where x*(t) and Ej,
Es, Ay, As, Api, Apa, By, By are same as controller only

example with output matrices C; = Cy = [0.1 1]. We let
a =020=1c¢c=—-1,d =10, ¢ = 4, ¢ = 0,
g1 = 8, Eq = 1.8, €3 = 3, p = 08, h(t) = 0.5 and
B = 0 The observer membership functions are defined as
pa(#1(0) = RO, (3 (1)) = 5RO, 0 (#a(1)) =

B0 ) (i5(t)) = 1— 28 According to LMIs (12)-(17) , we
can obtain control gains K3, and observer gains L;j, separately
where K17 = [0.1680 —1.1992], Ko = [0.1012 —1.2856],
Ky = [0.1680 0.4008], K32 = [0.1012 0.3144] Ly; =
[0.9655  — 14.5572]T, Li; = [0.9952  — 14.8545]7,
Loy = [0.9146 1.3916]7, Loy = [0.8889 1.1348]7.

x1
- = xthat

150 (sec.)

Time t

x2
- - x2hat

State

i i
0 50 100

150 (sec.)
Fig. 3. State traje‘,'giories of system.

Figure 3 shows the perfect convergence
result under the overall control law  wu(t) =
S S (2 (O)n () Kt (1) with initial
condition z(0) = [2 — 1]7 and £(0) = [1 2]7T.
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Fig. 4. Controller performance™With the fuzzy control approach.

V. CONCLUSIONS

This paper studies a class of fuzzy interval time-delay
descriptor systems. Sufficient conditions for the stability and
stabilization problems are obtained by using appropriate anal-
ysis methods for descriptor systems. The present results are
in terms of LMIs. and can be viewed as extensions of some
existing developments.
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