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Abstract

In this paper, the problem of finite-time Hy, memory feedback control for singular T-S
fuzzy systems is addressed. Conditions are obtained to guarantee that the
closed-loop system is finite-time bounded with a prescribed Hy, performance y. The
considered memory controller can be obtained by solving the LMIs. In addition, the
estimation of the largest domain of attraction of the closed-loop system can be
solved by solving an optimization problem. Finally, examples illustrate the feasibility
of the proposed method.
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1 Introduction

In recent years, there has been growing attention to singular systems, because of their
extensive applications in many practical systems, for example, electrical circuits, power
systems, networks, and other systems [1, 2]. Time delays are frequently encountered in
various engineering systems such as aircraft, chemical processes, economics, networks,
communication, and biological systems. It has been shown that the existence of time de-
lays is often one of the main causes of instability and poor performance in a system. There-
fore, the singular time-delay system has received considerable attention [1-4].

T-S fuzzy models have been widely studied because they can represent a wide class of
nonlinear systems, especially the singular T-S fuzzy model. Many valuable stability analy-
sis and control synthesis results for singular T-S fuzzy systems can be available, for exam-
ple, memory dissipative control, memory H,, control, and Hy, filters were studied in [5-7],
respectively. In [8], the problem of delay-dependent dissipative control was discussed for
a class of nonlinear system via a descriptor T-S fuzzy model.

In practice, actuator saturation is very ubiquitous, which is a main cause of poor perfor-
mance of the closed-loop systems and sometimes it may lead to the system being unstable
[9-11]. Robust Hy, static output feedback stabilization and robust stabilization for T-S
fuzzy system subject to actuator saturation were discussed in [9] and [10], respectively.
Yang and Tong [11] put forward the problem of output feedback robust stabilization of
switched fuzzy systems with time delay and actuator saturation. For a singular T-S fuzzy
system subject to actuator saturation, the reader may refer to [5, 6]. Control of time-delay
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fuzzy descriptor systems with actuator saturation was demonstrated in [12]. Furthermore,
an external disturbance is often the source of instability and poor performance of systems.
The H,, control technique is used to minimize the effects of the external disturbances, Hy,
control for fuzzy systems is addressed in [3, 4, 6, 7, 9].

In addition, a memory state feedback controller with input constraints yields less con-
servative sufficient conditions in terms of LMIs and allows for a wider feasible region of
numerical optimization [13]. In [14], a new stabilization condition for T-S fuzzy systems
with time delay was obtained by the memory state feedback controller. In [15], mem-
ory state feedback control for singular systems with multiple internal incommensurate
constant point delays was demonstrated. In [16], analysis and synthesis of memory-based
fuzzy sliding mode controllers were discussed.

In some practical engineering applications, the finite-time control is of practical signifi-
cance. If the system state does not exceed a prescribed region during a fixed time interval,
it is said to have finite-time stability (FTB). It is well recognized that finite-time stability
is different from Lyapunov asymptotical stability [17-20]. For a singular system, there are
few articles considering finite-time control. See [21], Observer-based finite-time Hy, con-
trol for discrete singular stochastic systems was discussed. Ma et al. discussed the problem
of finite-time H, control for a class of discrete-time switched singular time-delay systems
subject to actuator saturation in [22]. For switched singular linear system, Wang et al. used
an average dwell time approach to study the problem of finite-time stabilization in [23].
However, so far, for singular T-S fuzzy time-delay system subject to actuator saturation,
one has an open area for the study of finite-time control.

Motivated by the above discussion, in this paper, the problem of finite-time H,, memory
feedback control for a singular T-S fuzzy system is demonstrated. The main contributions
of this paper can be listed as follows: (1) conditions are obtained to guarantee that the
closed-loop system is not only regular, impulse-free, finite-time bounded but also satis-
fying the presided H,, performance y; (2) the considered memory controller can be ob-
tained by solving the LMIs; (3) the estimation of the largest domain of attraction of the
closed-loop system can be solved by an optimization problem; (4) examples illustrate the

feasibility of the proposed method; (5) the domain of attraction is simulated in Figure 2.

Notation Throughout this paper, R” denotes the n-dimensional Euclidean space, and
R™™ is the set of real matrices. For A € R"™", A~'and ATdenote the matrix inverse and
matrix transpose, respectively. A(A) means the eigenvalue of A. For a real symmetric ma-
trix A € R, A > 0 (A > 0) means that A is positive definite (positive semi-definite). The

symbol * means the symmetric term in a symmetric matrix.

2 Preliminaries
Consider the following singular TS fuzzy model:
Plant rule i: IF 6 (¢) is M;; and 0,(¢) is My - - - 0,,(¢) is M;,, THEN

Ex(t) = Aix(¢) + Adix(t - d(t)) +B; sat(u(t)) + Byio(t),
2(8) = Cix(¢) + C'd,'x(t - d(t)) +D; sat(u(t)) + Dy0(t), (1)

x(t) = ¢(2), tel-d,0],
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where 6(t) = [01(2) 05(¢) - - - 9},(t)]T is premise variable, i € N := {1,2,...,r}, r is the number
of IF-THEN rules, My (i =1,2,...,r, k=1,2,...,p) is the fuzzy set. x(¢) € R” is the state
vector, w(t) € R? is the disturbance input which belongs to L,[0, 00). z(¢) € R? is the con-
trol output, ¢(¢) is the initial condition of the system. d(¢) is a time-varying continuous
function that satisfies 0 < d(t) < d and d(t) < h, h < 1. E is a constant matrix satisfying
rank(E) < n. u(t) € R' is the control input, and sat : R* — R’ is the standard saturation

function defined as follows:

sat(u(t)) = [sat(um(2)),..., sat(ul(t))]T,

without loss of generality, sat(u;(¢)) = sign(x;(£)) min{1, |#;(£)|}. Here the notation of sat(-)
is abused to denote the scalar values and the vector valued saturation functions. For a
positive scalar b and time scalar T, fOT o ()w(t) <b. A;=A;+AA;, Ay = Ay + ANy, B; =
Bi+ ABj, Byi = Byi+ AB,;, C; = Ci+ ACi, Cgi = Cgi+ ACyi, D; = Di+ AD;, Dyyi = D i+ AD,;.
A, Agi» Bi, Byi, Ci, Cyi, Dy, D,,; are known real constant matrices with appropriate dimen-
sions; AA;, AAgi, AB;, AB,;, AC;, ACg, AD;, AD,,; are unknown matrices representing

norm-bounded parametric uncertainties and are assumed to be of the form

|:AAi AAy;  AB; ABw,-:|

_ | A[Ey; Ey Es Eal (2)
AC, AC; AD; AD,; | Ul Sl Saih

Hy;

where Hy;, Hy;, Eyj, Eoi, Es;, Ea; are known real constant matrices with appropriate dimen-
sions and A is for unknown real and possibly time-varying matrices satisfying ATA < 1.
Using a singleton fuzzifier, product inference, and a center-average defuzzifier, the global

dynamics of the TS system (1) is described by the convex sum form:
Ei(t) =Y hi(0(0) [Ai(e) + Agix(t — d(2)) + By sat(u(r)) + Buioo(t) ],
i=1

2(t) = Y " hi(0®)[Cin(t) + Cap(t - d(1)) + Disat(u(t)) + Dyieo(2)],

i=1

x(t) = ¢(t), te[-d,0],

where 1,(0(2)) = Bi(0()/ 31, BiO1), Bi(0(D)) = TT7-, My(6(2)), and M;;(6;(2)) is the grade
of membership of §(¢) in M;;. It is easy to see that B;(0(t)) > 0and ) _;_; B;(6(¢)) > 0. Hence,
we have /;(6(¢)) > 0 and Zle h;(6(2)) = 1. In the sequel, for brevity we use /; to denote
hi(6(2)).

Consider the memory state feedback fuzzy controller:

u(t) =y hi(0(0)) [Kix(t) + Kaix(t — d(2)) ], (4)

i=1

where the memoryless state feedback gain K; and the memory state feedback gain Kj; are
matrices to be determined with appropriate dimensions.

Define the following subsets of R”".
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Let P € R"*" be a symmetric matrix, p be a scalar. Denote
e(E"PE, p) = {x(t) e R" : 2" ()E" PEx(t) < p}.

For matrices H;, Hy;, hix, haix are the kth row of the matrix H; and Hy;, respectively, we
define

L(H;,Hy) = {x(t) cR”: ’hikx(t) + hd,-kx(t - ‘L’(t))’ <l,kelll] }

Thus e(ETPE, p) is an ellipsoid and L(H;, Hy;) is a polyhedral consisting of states for which
the saturation does not occur.

Let D be the set of [ x [ diagonal matrices whose diagonal elements are either 1 or 0.
Suppose each element of D is labeled as E;, s = 1,2,...,n = 2, and denote E; = I — E.
Clearly, if E; € D, then E;” € D.

Lemma 1 ([24]) Let F,H € RP*". Then for any x(t) € L(H),
sat(Fx(t)) € co{ E;Fx(t) + E; Hx(£),s = 1,2,...,n};

or, equivalently,
n
sat(Fx(t)) = Zas (E;F + E;H)x(t),

s=1

where co stands for the convex hull, o for s =1,2,...,n are some scalars which satisfy 0 <
as<land ) ! o;=1.

Lemma 2 For any constant matrices N1, Ny € R™", L € R"*?, positive-definite symmetric
matrix Z € R"", and time-varying delay d(t), we have

. / | OEZEM)ds < €T O[T + dO)Y 2 Y )80, 5)
t—d(t)

where

Y=INy Ny L, £ @®)=[x"0) «"(t-d) o'@)]

NYE+E'™N; -NE-E'N, E'L
= * -NJE-E™N, -ETL
* * 0

Proof Let C = [Z;/Z Zl(/)z Y], then CTC = [YZT YTZY,IY] > 0. It follows that

T
C|BG| |2 Y || Ek)
v/t—d(t) [é(t)} [YT YTzly] [f(f)} ds>0. ©)

Notice that 2 ff_d(t) ET(¢)Yi(s)ds = 26T () YT [E —E 0]&(¢), rearranging (6) yield (5). O
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Remark1 Lemma 2 will play a key role in decreasing the conservatism, which can be seen

from Example 1.

Lemma 3 ([25]) Let Y, [, and A be real matrices of appropriate dimensions with A sat-
isfying AAT < I. Then the following inequality holds for any constant & > 0:

YAT +TPATYT <Y YT +&7I07T.

Lemma 4 ([26]) For given matrices E,X >0, Y, if (EYX + YT'T) is nonsingular, then there
exist matrices S > 0, 1, such that ES + IK' = (ETX + YT 1)\, where X,S € R™", Y,1 €
RN and T,K € R™"") are any matrices with full column rank satisfying E'T = 0,
EK=0.

From Lemma 1, for any x(¢) € L(H}, Hy), denoting %y = E,K; + E; H;, and X4 = EJKy; +
E?fiﬁ,then

U

sat(Kjx() + Kgao(t — d(®))) = Y _ ots(hgo(t) + Ragx(£ - d(2))), 7)

s=1

then the closed-loop system can be obtained

Ei(t) = Ax(t) + Agx(t — d(0)) + B,w(p),
2(8) = Cx(t) + Cax(t — d(0)) + Dyw(?), ®)

x(t) = ¢(1), tel-d,0],

where

r r n r r n
A= hilh(Ai+ Birg),  Aa=Y Y > hihh(Ag + Bikay),

i=1 j=1 s=1 i=1 j=1 s=1

r r n r r n
C=Y >3 hmh(Ci+Dirg),  Ca=Y_ > hilih(Cai+ Dikay),

i=1 j=1 s=1 i=1 j=1 s=1
r r
Bw = E hiBa)i’ Dw = § htii-
i=1 i=1

Definition 1 ([18]) For some positive constants, c;, b, T and symmetric positive matrix
R, the closed-loop system (8) is finite-time bounded FTB subject to (¢c; ¢; b T R,), if there

exists scalar ¢y > ¢, such that

sup {x"(0)E"R.Ex(0), %" (0)E"R.Ex(0)} < 1
-d<6<0

= 2 OE'R.Ex(t) <cy, Vioe|[-d, 0],¢tel0,T).

Definition 2 ([18]) For some positive constants, ¢;, b, T and symmetric positive matrix
R, the closed-loop system (8) is finite-time bounded (FTHB) subject to (¢c; co b T R,), if
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(8) is FTB with respect to (¢; ¢; b T R;) and under the zero-initial condition such that

T T
/ Z2Y()z(t) dt < y? / o t)w(t)dt. 9)
0 0

Definition 3 ([27])

(i) When w(¢) = 0, the continuous-time SMJS (8) is said to be regular in time interval
[0, T, if the characteristic polynomial det(sE — A) is not identically zero for all
te[0,T].

(i) When w(t) = 0, the continuous-time SMJS (8) is said to be impulse-free in time
interval [0, T'], if deg(det(sE — A)) = rank(E) for all ¢ € [0, T].

3 Main results

Theorem 1 For positive constants c¢1, b, T, § and positive definite matrix R, the closed-
loop system (8) is FTB subject to (c; c; b T R,) at the origin with (E'PE, p) contained in
the domain of attraction, if there exist a constant c; > 0, positive definite matrices P, Q,
Qs and any matrices N1, Ny, L with appropriate dimensions, matrix S for i,j € R, and
e(ETPE, p) C L(H;, Hy;) such that

O+ rf ay”’

* —(dQ)™" 0 |<0, (10)
* * -Q,
d2
(}\.2 + )ugd + )\.4 ?>Cl + )\5b < )\,1C2€78T, (11)

where I1, Y are defined in Lemma 2, and

w11 PAd PBw
O=| x -A-HQ 0 |,
* * -Q

oy =P A+A"P-SE"P + Q, r=[A A, B,
)\1 = )Lmin(l_))’ )\2 = )\max(i))’ )\3 = )\max(Ql)» )UL = )\max(éz),
s =Am(Q),  P=(E"P+SRY)',  ETP=E"RVPRVE,

Q=RPQR”  Q=R’QR"
R € R"™"") is any matrix with full column rank satisfying E'R = 0.

Proof Firstly, we proof the system (8) with w(¢) = 0 is regular, impulse-free.
Since rank E = r < n, there must exist two invertible matrices G and H € R"*”, then R

can be rewritten as R = GT[ g], where ® € R"*@=1) Denote
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GeH= | © ., GAH = A 4 ., GTpgl-= PPy )
0 0 As A, Py P,

S
(@)
x(t)=H [xz(t):| .

Pre- and post-multiplying @y, < 0 by HT and H, respectively, we can get A} ®S] +

S
H'S = |: 1:| , H;H =[H; Hpl, HgH =[Hgn  Hapl, (12)

S;®TA, < 0, which implies A4 is nonsingular and thus the pair (E,A) is regular and
impulse-free. From Definition 3, system (8) is regular and impulse-free.
Choose the Lyapunov function as follows:

V(x(t)) =" (¢)E" PEx(¢) + / t ExT (5)Qux(s) ds
)

0 pt
+ / / 95T () EY QuEx(s) ds db. (13)

—-d Jt+0
Along the trajectories of system (8), the corresponding time derivation of (13) is given by

V(%) = 24T (O E(t) + %" () Qux(t)
— (1-d()e D% (£ - d()) Qur(t - d(t))

t
+dx () EYQuEx(t) - d / &Y (s)ETY QuEx(s) ds
t—d

<8V(x(8)) + 22T (OP Ei(t) + " () Qux(®)

— (=" (£ - d(®) Qux(t - d())

+dxT(t)ETQuEx(t) - d / t &L (s)ETQuEx(s) ds — SxT(t)f)TEx(t).
t—d

Then, via Lemma 2,
t
~d f &7 (s)ETQEx(s)ds < €T (){T1 + dYT Q' Y }&(2),
t—d

we have

V(1) =8V (x(t)) — 0" ()Qu(t) = ET(£)(© + dI' QTy + TT + dYTQ;'Y)£(2).
Considering (11) and the Schur complement, it yields

V(x()) - 8V (x(t)) - 0" (1) Qu(t) <0, (14)

pre- and post-multiplying (14) by e, and integrating it from 0 to ¢ (V¢ € [0, T1]), it follows
that

V(x(1)) < e‘”[V(x(O)) + /te_‘ssz(s)Qa)(s) ds:|.

0
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From these,

V(x(O)) + /te‘ssa)T(s)Qw(s) ds

0

d2
< (Az + A3d + Ay 7) sup {xT(Q)ETRCEx(G),ch(Q)ETRCEa'c(G)} + Asb
—-d<6<0

d2
< ()\2 + Agd + )\.47)C1 + )L5b,
then
d2
V(xt) < 68T|:()\2 + )\.3d + Ag ?)Cl + )\5bi|,

considering V (x;) > AxT (£)ETR.Ex(t), from condition (11), we have
xT()ETR.Ex(¢) < cy.
From Definition 1, the closed-loop system (8) is FTB. This completes the proof. d

Remark 2 In Theorem 1, sufficient conditions are obtained to guarantee that the closed-
loop is finite-time bounded. Then Theorem 2 will give finite-time dissipative conditions.

Theorem 2 For positive constants c1, b, T, §, positive definite matrix R, closed-loop system
(8) is FTHy,B with respect to (c; co b TR,) at the origin with (E'PE, p) contained in the
domain of attraction, if there exist constant c; > 0, and positive definite matrices P, Qs,
Q, and any matrices Ny, Ny, L with appropriate dimensions, matrix S, for i,j € i and
e(EYPE, p) C L(H;, Hy;) such that the following conditions hold:

A+T1 rf ayt 1}

-@dQ)™* 0 0
po| * Q) <0, (15)
* * -Q; 0
* * * -1
d2
(kz + A3d + Ay 7)61 +y2eTh < hcpe®T, (16)

where I, Y, I, and @, are defined in Theorem 1, and

w11 PAd Péw
A=| % -A-hHQ 0 |, T2=[C Cs D,
s * —y2e T

Proof It is clear that 'y T', > 0, then via the Schur complement, we can get from (15) that

A+l dr0 ay?
* -Qt 0 |[<o. (17)
* * -Q,
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Let Q = —y%e™T1, by Theorem 1, combing (15) and (17), the closed-loop system (8) is FTB
with respect to (¢; ¢ b T R,).

On the other hand, select the same Lyapunov function candidate as Theorem 1 and
define the following function:

J=V(x) = 8V(x) + 2 (0)z(t) - y2e T 0" (Do(t),
using the Schur complement, it can be seen from (15) that
J=6T(O)[A +dI] QI + T +dY Q'Y + I, I ]E(8) <0,

similar to the handling method in Theorem 1 and considering the zero initial condition, it

is clear that

T
0< Vix)e?T < / e [y’e? o (D) - 2" ()z(t)] dt,
0

then we have
T T
/ 2L (0)z(t) dt < y?eT / o (O)w(?) dt,
0 0

from Definition 2, the closed-loop system (8) is FT'Ho.B, and the H,, performance index
is 7 = y2e7*T. This completes the proof. g

Remark 3 Theorem 2 gives the sufficient conditions for the FTH.,B of the closed-loop
system. However, the conditions (15) and (16) are nonlinear matrix inequalities, which will
be transformed into LMIs in Theorem 3.

Theorem 3 For positive constants ¢, ¢z, b, T, a, positive definite matrix R, if there exist
positive definite matrices X, Q,, Qz, W, any matrices Ny, No, L, with appropriate dimen-
sions, constants and 1,m >0, 13 >0, 13 >0, &; >0, x; >0 for i,j € N, such that

D5 <0, (18)
cDi/'s + cDjis <0, (19)
[I. O0]GEXGT L 0
ml, < R*G™ " 0 G 'R <1, (20)
0 v
M > nglel, (21)
M, > n;ch"l, (22)
[ (nd + 50)e+ (Ph - ya| 03)
* !
_—,0_1 w; Wai
x  —ETXE 0 <0, (24)
| x *  —E'XE
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where

(Y Vi Y1z Y dANT Yne Hi Yns XU 0 0 ]
x Yoo —L Yo dNJ Y6 O Yng O X' 0
* o+ Y3 BY, dLT DI, o0 El 0 0 0
* * *  Yaq 0 0 Hy 0 0 0 XT
* * * * Yss 0 0 0 0 0 0

Djs=| * * * * * -I Hy O 0 0 0 |,

* * * * * * —x; O 0 0 0
* * * * * * *  —g; 0 0 0
* * * * * * * * -M; 0 0
* * * * * * * * * % 0

| * * * * * * * * * M,

Y = AX + Bihg + (AX + Bilig)" =X + NI + Ny,

Y12 :AdiX"'Bihdsj—NlT - Ny, V3 = Byi + L,

Vi = hSTjBiT +XA], V6 = XC} + hsTjDiT, Vg = XE; + h;gEgi,
Y =-Nj —Na,  Yoa=XAL+hyBl, e =XCj+hjDf,
Vg = XEq; + hy Ex, Yz = —y2e?], Va4 = =My /d,

dsj

Yss=-X-X'+My,  hg=EY;+E;Wj,  haj=EYy+E; Wy,

G, H are nonsingular matrices that make GEH = [15 g], then closed-loop system (8) is
FTH..B with Hy, performance index y = y*e™T, and the controller feedback gains are
given by

K=Y X",  Ky=YuX"

Proof From Theorem 2, considering (2), we can get the following relation according to

matrix inequality (15):

r r

0
v = Z Zhih/as(\ytjs + Aq‘/ijs) <0, (25)
s=1 i=1 j-1
where
(on o2 @3 eu Ny g6 |
¢ —E'L ¢ Ny ¢
“I"ijs = ¢33 Bgi LT DaT)i ’

* [(2¥) 0 0

* X ¥ ¥ *x
EE N

Page 10 of 19
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[Apn Apis Apis Apu 0 Agyg |

* 0 0 Aprs 0 Agog

A = * * 0 ABI, 0 AD] ,
* * * 0 0 0
* * * * 0 0

| * * * * * =

on =P (A + Bixg) + (A; + Bixg) P+ Q - 8P E+ E'Ny + NTE,
$12= IA)T(Adi + Biag) — E'Ny -~ N, E, @13 = ISTBwi +E'L,
¢ = (4; + Bixg)", @2 =—(1-h)Q - N, E—E'N,,

@33 =—y2e ], Paa = —(dQy) 7, @2a = (Agi + Bikag)",

@16 = (Ci + Ding)T, @26 = (Cai + Dikag) ",

N

Ay = D' (AA; + ABiiy) + (AA; + ABiiy)TP,
T AT

Agry =P (AAg + ABikyg), A@i3 =P AB,;

A = (AA; + ABiksj)T’ Agig = (AC; + ADiKsj)T,

A@os = (AAg; + ABiagg)", Agrg = (ACy; + ADjigg)".
Noticing (2) and Lemma 3, there exists a constant x;; > 0, such that
AW = TIAY, + Yy ATYT < 1 + —XZ;ITZ,TTz,
where

=[P H)" 0 0 HI o HI

Yo = [Ey + E3ihg  Eoi+Esikag Ey O 0 0]

Then via the Schur complement, (25) is equivalent to

nor nor r
E E hiotgBiis + E E E hihjos(Eys + Bjis) < 0,

s=1 i=1 s=1 i=1 j=1
where
T
\Ijz'js Y\1 Tz
Bjs=| * —x5 O
T
* * =X

Page 11 of 19

From Theorem 1, @y, < 0, we can get P = (E7P + SR™)" is nonsingular. Using Lemma 4, as
the deal method in [26] there exists X = P! = (EP + S’RT)T, where P > 0 and R € R™*(7")

is any matrix with full column rank and satisfies ER = 0. It is easy to see that

EX=X"E' =EPET > 0.

(27)



Guan and Liu Advances in Difference Equations (2016) 2016:52 Page 12 of 19

: -1 T _ [ X1 X12
Denoting H—XG" = [X21 Xp
ric, then we have H1XGT = [ X1 Xn], so X1 and X, are nonsingular. There, it can be
X 0

concluded that G- TX'H = [ u

—1 —1 y-1
Xy XnXyy X3

], from (27), it is easy to obtain Xj; = 0, and Xp; is symmet-
X1 0

] and [I, O]GEXGT[g] = X7 are nonsingular.

Then we have

-1
HT [i)} ([1, 0]GEXGT [QD I, O]H™

I Xt o0
_ H_T r X1_11 [Ir O]H—l — H—T 11 H—l
0 0 0

=H ' (H'E'G")(G "X 'H)H™

=E'X'=E'D,
pre- and post-multiply (18) and (19) diag{f’T,f’T,I,I,f’T,I, I,1,1,1,1}, and denote PTN, P =
Nl, ISTN&IB = Ng, IA)TZ, =L, Yli) = )(1', Ydji) = I<d,‘, VV/f) = ]—[j: dej) = de; Ej = Xi]_‘ly Ml = Q1_1!
M, = Q;*, using the Schur complement, (18) and (19) are the sufficient conditions for (22)

to hold.
Let

-1

I

—_ T r
P=Ry2GT <[Ir O]GEXG |:O:|) 0 GRi/Z,

0 w

then we have

-1
I
- T r
E'RYV*PR?E = HTHRY*GT <U’ 0IGEXG [OD 0 GRY’HH™

0 w1

Xn 0]
=H | VI HT=ETX.
0 O
From (20), we have I, < P < %I,,, and then A; > 1, A, < 1/n;. It can be seen from (21) that
Q1 = RV2QuR;Y? < nyI, which means that A3 < 1. Similarly, we can obtained A4 < 13 from
(21). Then using the Schur complement, we can get (16) from (23).
Then

xT(t)ETPEx(t) = x| (t)P1x1 (),
(28)

Hix(t) = Hpx(2), Hyix(t) = Hanx (8),

x(6)ETPEx(t) < p, x" (¢ - d(t))E"PEx(t - d(t)) < p. (29)

So, condition e(ETPE, p) C L(H;, H;;) can be guaranteed by

, k=1,2,...,1L

1
P 0 ;1

h; N < -
0 PJ ik 1] p

lhak  hzikl [
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Via the Schur complement, it can be transformed to

1
- ik Haik]

T P1 0 <0, k_—1,2,.,.,l,
hi h i —
[ 1k dlk] P1

or

—% Uik O] [haax O]
* -1P1 0 <0, k=12,...,1 (30)
* * —1P1

where IPI = [16 8][2 11,):] [16 8], Btk Maink, is the kth row of H; and Hy, respectively.
Pre- and post-multiplying (30) by diag{1,XT, XT} and its transpose, considering H;X =
Wi, Hyi X = Wy, wi is the kth row of W}, wy is the kth row of W;. Considering (12), then

we can obtain (24). This completes the proof. O

Remark 4 Theorem 3 gives a LMI condition for the region e(ETPE, p) to be inside the
domain of attraction for the closed-loop system (8) under the memory state feedback con-
troller.

Remark 5 With all the ellipsoids satisfying the set invariance condition of Theorem 3,
we may choose the largest one to obtain the least conservative estimate of the domain of
attraction.

Let Xz € R” be a prescribed bounded convex set containing the origin, which can be
represented as Xz = co{x},x2,...,x)}, where x},x2,...,x] are a priori given initial states
in R”. With Theorem 3, an exact invariant set with least degree of conservativeness can
be formulated as

max o
ot (@) aXg C e(ETPE, p), (31)
" | (b) inequality (18)-(24).

Using the Schur complement, constraint (a) is equivalent to

_ TET
AJETPEx <L o FomE o, (32)
0 a? Exy -X

where 8 = p/a?.
From the above discussion, (27) can be transformed to the following LMI optimization
problem:

min 3 (33)
s.t. inequality (18)-(24) and (32).
Remark 6 Theorem 3 gives the sufficient conditions for designing the finite-time mem-
ory controller for TS fuzzy system with time-varying delay. It can be observed that the
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conditions (18) and (19) are not strict LMIs, once we fix the parameter §, the conditions
can be turned into LMIs-based feasibility problem. Then the conditions in Theorem 3 can

be turned into the following LMIs-based feasibility problem with a fixed parameter §:

minc, + y?
X’ él’ QZ’NDNZ’ZG b7 d’ ,U«;8
s.t. (18)-(24).

4 Numerical value examples

Example 1 Consider the nonlinear system with time delay [28]:

#1(8) = —a mxl(t) -(1- a)mxl (t-1(@)
+ m sat(u(t)),

Xo(F) = amxl(t) +(1- a)mxl (t—(@),

x3(f) = g sin[xz(t) + amxl(ﬂ

vt
+ (1 — d)mxl(t - T(t))],

where x;(£) is the angle difference between truck and trailer, x,(¢) is the angle of trailer,
x3(t) is the vertical position of rear end of trailer. The model parameters are given as [ =
28,L=557v=-10,£=2.0,f=2.0, ty = 0.5, d = 10ty/7 and a = 0.7. Then the model is
expressed by the following T-S fuzzy system:

2
x(t) = Zhi(t)[(Ali + AAu)x(t) + (A2L’ + AAzl')x(t - ‘L'(t)) + (Bl + AB,) sat(u(t))],

i=1

where
—avt/(Lty) 0 o0 —(1 - a)vt/(Lty) 0 o0
An=| avt/(Lty) 0 0], Ay =| A-a)vt/(Lty) 0 0],
a?P/(2Lty) VEilty O (1-a)??/(2Lty) vilty O
Vl_f/(lto) —ﬂVZ/(LtQ) 0 0
B, = 0 , A =|  avil(Lty) 0 0],
0 adv*t®/(2Lty)  dvilty 0
—(1-a)vt/(Lty) 0 o0 vt/(ltp)
A22 = (1 - ﬂ)VZ/(Lt()) 0 of, BQ = 0 )
(1 - a)dv*E/(2Lty) VvElty O 0
05091 0 0 02182 0 0
AAp =0.058(¢) | -0.5091 0 0|, AAy =0.058(t) | —0.2182 0 0,

05091 0 O 02182 0 O



Guan and Liu Advances in Difference Equations (2016) 2016:52

4 T T T T T T T T T

2 i

oF \’//7%_& S

2k 4

4 _

6| 4

8+ 4
-10 - e
12k XA
J14k LER I
-16 ' ' ' ' : ' : . :

0 1 2 3 4 5 6 7 8 9 10
Time(sec)
Figure 1 State response of the closed-loop system (Example 1).

-0.3517 05091 0 O]

AB; =0.058(¢) 0 |, AA;=0058()]-05091 0 0],
0 0.8107 0 0]

02182 0 0 ~0.3517 |

AAy =0.058() | -02182 0 O,  AB;=0.055() 0o |,
03474 0 0 0 |

where |5(¢)| < 1.
On the basis of [28], the saturating constraint is ignored, and we give u =0, d = 0.01,
¢1=1,¢,=10,T =10, § = 0.01, R, = I5. Solving the LMIs (18)-(24), we can get the memory

state feedback controller gain is

Ky =[1.1380 -1.5257 -0.0453], Ky =[0.1589 -0.0702 -0.1001],

Ky =[1.2383 -2.1297 0.1456], Ky, =[0.1957 -0.0052 -0.0101].
For simulation, we choose the fuzzy weighting function to be
h(t) =1/1+exp(0.5x1 (¢ +1)),  ha(t) =1-M(2),

and the initial condition ¢*(t) = [0.57 0.757% —5]7, ¢ € [-0.01,0]. Figure 1 shows the re-

sponse of states of the closed-loop systems.

Example 2 Consider the TS fuzzy system subject to actuator saturation (1) with two fuzzy

rules and the following parameters:

1 0 O -1 1 O 01 0 O
E=|0 0 Of, Ai=|1 -2 0], An=1 0 01 0],
0 0 O 0 o 0 0 O

Page 15 0of 19
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0 1 0 0 1 0 0 0
Bi=|01], G=[10 0], Ca=|1 0 o, D=|1],
0.1 0 0 01 0 01 0 0
[01 0 o 01 0 O 0 1 0
Boai=|0 0 01|, Dwu=|0 0 0|, Ay=|01 05 0]/,
0 0 0 0 0 0 1 0 0
1 0 0 1 05 0 0
Ap=101 -02 0|, By=|-01], C=|0 05 0],
0 0 0 0 0 01 0
[05 0 0 0 0 0 0
Cnr=|0 05 0|, Dy=|05|, Bupm=Dn=|0 001 0],
L0 0 o0 0 0 0 0
~0.03
Hj=| 003 |,  E;=[0.02 00],  Ey=[-035 -0450],
0.03

E3=-015,  Eu=[-05 -040] (i,j=1,2).

For given ¢; =1, ¢ =10, T =10, b =05, 8§ =0.01, d =01, u =0.1, r = 0.5, R, = I,
the disturbance input is w(t) = e *sin(-£), and the membership functions are % (t) =
1/[1 + exp(0.5x1 (¢ + 1))], ha(¢) = 1 — Iy (¢), using the Matlab toolbox, we can get

52496 32171  0.1908
P=1]32171 9.8628 -0.8331 |,
0.1908 -0.8331 20.3667

the controller gain can be obtained:

K =[-9.6766 -6.2899 —1.3006], Kz =[6.9720 5.4183 0.1899],

K, =[-5.1128 -2.5372 -0.5392], Ky =[-16.6810 -12.4518 —0.4143].

For given the initial condition x*(0) = [-11 0], by solving the optimization problem
(33), we can get B™" = 5,25,

Then, using the above controller gain, Figure 2 plots the estimation of the domain of
attraction and the response of the closed-loop system can be seen from Figure 3. It can be
seen from Figure 3 that the closed-loop system is FTB subject to the memory controller.
Figure 4 plots the evolution of x*(t)ETR.Ex(t). It can be seen from Figure 4 that the TS
fuzzy system (1) is finite-time bounded with respect to (1,10, I, 10) via the finite-time fuzzy
memory controller.

For demonstration of the superiority of the memory state feedback controller presented

in this paper, we give the memoryless controller as follows for comparison:

u(t) =y hi(6())Kx(). (34)

i=1
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s i

Time(s)

Figure 3 State response of the closed-loop system (Example 2).

We can obtain the maximum allowable d for different / in Table 1.
From the comparison in Table 1, it is obvious that the memory state feedback controller
presented in this paper is less conservative.
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Figure 4 The evolution of xT(t)ETR Ex(t) (Example 2).

Table 1 Comparison of maximum d for different h (Example 2)

h 0.01 0.02 0.05 0.07 0.09

(34) 000264 000239 000164 000111  0.00053
(4) 0.00275 000245 000167  0.00113  0.00053

5 Conclusion

In this paper, the problem of finite-time H,, memory feedback of the singular T-S fuzzy
system has been studied. Based on the finite-time stability theory, conditions were ob-
tained, which can guarantee that the closed-loop system is finite-time H,, bounded with
a presided H,, performance. The memory feedback controller problem can be solved by
solving the LMIs. An optimization problem was given to deal with the largest domain of
attraction of the closed-loop system. In the end, the examples were given to illustrate the
feasibility of the method.
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