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Stability analysis and control design for interval type-2
stochastic fuzzy systems
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Abstract: This paper considers the stabilization problem of a class of T-S model-based interval type-2 stochastic fuzzy
systems. The objective is to design a state feedback fuzzy controller such that the closed-loop system is stochastically
asymptotically stable. Sufficiency conditions of stochastic stability for the systems are established by using the stochastic
Lyapunov approach. Considering the properties of the interval type-2 membership functions, we introduce some slack
matrices in order to derive a less conservative result. Finally, two simulation examples are given to illustrate the advantages

and effectiveness of the proposed method.
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2 P& 5R (Preliminaries)

EX 1 AEiiX, ZRIEHEAS ARRRE R
Bopz(z,u)RmHh

A={((z,u), ps(z,u) Ve e X, Yue J, C[0,1]},

(e, w) 0 AV SR ERALELO < jo4(w, )
<L, Hpre X, ued, C0,1], J,XKreHIERRE
B F B R, AT
i ()
A_LQL%;&W,LQMR
IR BH, IR A [T,

EX 2 WRXMNFE I re X, FRBMue J,
C [0, 1], #BWh g5 (,u) = 1, W AR X 6] = B A A
B BB X AR, XA RIS AR TR N

- 1
A= LEX Leh G e
EX3 T XA REES ATt %
=, Vluflp g (2, w) g A8 4R il (¥ = 4 S T AR 4
pi(z,w) B —~ 3 B Y, — AR B R ot 2
pi(z, w)FI—ANEEYIE, Bpz(z =2/, uw), Hi: o
€ X,Vu € J, C[0,1], TUFERH

1
pi(z u) = pai() = I =, J. C[0,1]. (1)

ucd,r U
EX 4 XA A S AUGR B R E

SR A EFBEE, e T T, 2 K FE SRR
Bl EIRRE X A R S R
BREL, M ] DUE H X ] — BRI 3R & mR 50R 54
FEHYIM, Y2 = 4, HIKERBEREATURR A
M(4):1+i+i+i+i.
0 02 04 06 08
METHRTLLE H:
J; ={0.4,0.6},
Ji=Jy=J,=Js={0,0.2,0.4,0.6,0.8}.
EXS5 XE _HEMESANTE XRBRE
J IR N A AT . IE/EFOU(A),
ER2H B X TR, Rk

FOU(A) = U J..

zeX

IX ] AR A AR SRR BRSO

EX 6

B R EUES BN N TFOU(A)IL R m A — Bk
BEH. _ERBRB(UME)EFOU(A) T FrE RKHE
JEERIEE, 1Bz (o), ME2F LR, TRE
RH(LMP)ZFOU (A)Hh Frf i/ 8 B )64, g
fp (), T2 TR, B

fii(x) =FOU(A), Vx € X,

p;(z) =FOU(4), Vz € X.

5 1 — SRR A AR S T B P 3L SR
Bkt

”K(x > 'I,(/)

B 1 B R DX ) — Bk A O SR R
Fig. 1 An interval type—2 membership function for

discrete universes

2 DA X ), RERE(SEL), TRE
PREL(HELR), PRI —BUBORISE A (JR4R)
Fig. 2 FOU (shaded), LMF (dashed), UMF (solid) and an

embedded type-1 fuzzy set (dotted)

EX T MNTEEBREX, WX RS
AN ERBET,,, -, T BB~
= Wuy, - un, HFiu € I, un € Iy H
HANTCEMIRFEBES 1, WX A BB EA

RN
A, = gj[ui]/xl, u; € J,, C[0,1],i=1,--- N.
EX S A RIBOMIE S R B IF Y

P i — BUBERISR & X TR B, — PR
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— R ESAANN TR, By, - uy, Hp:
uy € Ji, -+ yuyn € Jy, WER2H R ELETR, Bk
A =3 % e d, Co]
i=1 &9
3 ZRA4#iR(System description)
7 J8 DX 1A) — Ao RE ML T-SH M) 28 e i 2, FHIF-
THENFR IR
Rule : IF fy(z)is My, -+, fy(z) is M}, THEN
dz = (A;x + Bju)dt 4+ Cixdw(t), (2)
Ho: MR o —REWES, FHa=1,2,- -,
¥, i=1,2--,p, A € R B, € R™™ (), €
R™*" 3554 E AN S H R BERE; © € R R RS
FPREZE, v e R™EEHIFA, w(t) BneE
2\ (Q, F, P) B3 2{F }i=0 H@iéﬁ%ﬂ]ﬂ%ﬁ, ) 2544
BRI R 2R B R X (R ORIEE 50, (o) Ros i T

Hr
() = 11 s, (o)) >0,
08 (@) = 1t (fola)) > 0.

iz (Fa (@) R (fo () 5302 B 50 fo () 1R 3
EF; J'JFE—MM (fa(x» P MMé(fa(x», Bt DA X T4
BIFNAEOY (2) > 0% (x). X8 ZBIREH BRI RSN

dz = 3 6:(2)[(Asz + Biw)dt + Cozdw(t)], (@)
=1

He: A
0,(x) = ff) > 6i() =
S
(@) = B (@) + 7 ()ou(@) € 0.1),

X v, () € 0, 1], v5(x) € [0,1] Bkt B
Wy, () +0i(2) = 1.

1 XA R RGBSR BT L B E R
SR E . WS FTLVE H, TERGBA T A
FEZR 1 B B, (o) Flo; (o) R AIR RGN E AR B R =X
(5) WL T ANHA R S AR A — ZRUASORI 2 PO SR R e T
DA v; (@) M0, () HIX A —BUBRIEE & 10 b T RJE R
FEIFE], 7E3TER (6], VEE 201 B 71X — K.

18 FHSPAT o3 A M2 TR R B VRS I s 48, 1%
i E RS T

Rule j: IF fy(x)is M7, -, fy(x) is M7, THEN

u= Kz, 6)

Horb: K, € R, j = 1,2, Mk

H R e g . X ] — RO I SRR
w= (0, (x) + 0;(x) Kz, )
Hrp:

S (0 (x) + 0V (2))

k=1

H{WEZ( (x) 4+ 0;(x)) = 1, BRDARA KX E

@Jlﬂﬂ%?ﬁ
i=1j=1

i=1

SIE 1M R — AN IEE RV (2,0) €
C*Y(Sy X [tg, 00); Ry), METERI(x,t) €S}, X [t, 00).

1) WRHELY (z,t) < 0, MARG )R E
.

2) MRV (z,t)H EFFHRE, BHLV (x,t)52
FER], MRS (4) =2 BN LEEAS E ).

3) WRV (z,t)RAEMTLA A L TR, B
LV (x,t) RAER], MIZRGE(4)FEKTE N BN
FESE ).

WSy, ={z €eR": |z] < h}, Ry =[0,00). %

h >0, HC*'(S), x Ry; Ry )RR A & X AEHI
Sp x Ry ERAEFREY (2, t) RS,

4 etk #r(Stability analysis)
Py = 0, REGE(4) AT AR N
=1 1=1
EE 1 XA RBEHIB R Q)BT

SERITE AR AFAEIEREFEFEP € R™™, il R I
R ANE K

AlP‘l-PAZT * .
o.P _p <0,:=1,2,---,p. (10)
iE U Lyapunov &%
V(z)=a2"P 'z, (11)

Hop-t e R > 0. BARV (v) 2 1EE 1, [F I AT
HF T 3ANE RO
V,=0,V,=2zTP ",
o0*V
oxox™

Vie = =2P 1.
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8(a) = 33 0:A, U(x) = 326,C ot g ) gV g =
xT) = i Z.x7 €Tr) = i i;L" p p _
= i=1 QSUTP[Z Z 0:(0; + 0,)(Ai + BiK;)x] +
MRS LHHE RO MLGAR LR B () |, 3 3 o
LV (z) = 2l GZsz)T2P(Z i Crx)] =
oV av 1 o2V g
1=17=
256, TP*lAi po»
ZZl v T S S 0,0,27 (CTPCy ) =
p P i=1k=1
0,027 (CTP~'Cy)a = pop 2 _
2 2 e (COP G 330 0.6, + 80 2P(A, + BiK,) +
PP i=1j=1k=1
i:Zl k;1 0,0,z (2P *A; + CFP~1C))x = CIPCy)z =
p P p _
3 35 000 (P A+ 3T+ 3 30 32 0400, +0,)00aT IP(A + BE) +
i=1k=1 i=1j=1k=
1
P p p _
i £ oo SOTPIC, 53 30 35040, + 000 [P(A: + BK) +
i=1k=1 i=1j=1k=
1
P p
3 0T (P—lAi + ATPL 4 CTP1C) . (12) > 20 0:(0,+0))x [ (Ai + B K;) +
i=1 i=1j=1
Xy = P, A(12) AT LIS E) (Ai + BiK;)" P + C PCila. (16)
LV (2) <3 0" B, (13 EXQ=Plz=Q ¢, K;=D,Q 7 ]HD; €
i1 Rmm, g2 (16) A UG 2

HAE, = A;P+ PAF + (C;P)TP~1C, P. ZE5EREAR
2X10)%, HTF—P < 0, A& /RANS BB E,; < 0,
WALV (z) < 0. AR T H1, 7] LAFF H R Z5(9) 2 b
MRS E ). IEEE,
5 #HIB$ ¥ (Control design)

T2 @RI X R R BENLA R
Se(8)BE ML T £ 58 1 78 4 4 M 2 FRESERED; €
R EEMFEQ € R™ ", i FHFIMEMA%ER:

AQ+QAT+B,D;+DFBF QCf
* -Q
R RBERHEEK;, = D,Q", j=1,2,--- ,p
ik  #EHLyapunov g%
V(z) = 2" Pz, (15)
Hepp=p" e R”X" > 0. HARGTTHE®) A%
6(x) = 3 Y- 6.0, +8,)(A, + B, e,

i=1j5=1

P(z) = EQC:B

WAL /ﬁ(s)mﬁ%@ﬂmm&cw )L
LV (x) =

<0, (14)

LV (x) < 229(0 +0,)2TGiz = 270z, (17)

i=1j=
Hrp:

p p _
1=17=
Gij = AiQ+ B:D; + QA + D; B +
(C:Q)'Q7'CiQ. (19)

TEFEFEAEX D, HT—Q < 0, & /R B
ARG, < 0. HILATAILY (z) < O, KHET |21, AT LA
13 R G (8) & BN LTI AR AE ). UEEE.

XX 8] Z AU REH BRI R 40 (8), FIAH LR RIE
B, SIAFASEERE, AT LA1S BIFR S7 M5 /N AR
SEMEAAE.

EE I XA ZRPENLA RZ Q) MENLETETR
EMRT MR FESREZETL RN E Ba,
Bi1, Vi1, Qi Bia, Yios BT THERIFERR$00,, 0,,0;, i = 1,

<, p, WA FTAER:
—0; + anb; + B0 + v =0, (20)
0; — i, — Binl; + vio > 0. (21)
A FEQ € R > 0, D; e R ™, S, = ST €

J
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Rmx" }/;j _ Y*J’f e R, Zij = Z}; € Rxn, Tij S =1, ﬁj‘?%@”i(ez _ Qz _ él) =0, AE

R Uy € R W, € R PR W FRAE FE R,

€ R™™ V; € R, N; € R™™, My; = M}, €
R™" HM;; > 0, W2 TSRS

-S T U

" Y -W| <0, (22)

vt -wt -z

Sy — 8 <0,i=1,2---,p, (23)
Yii—Y:<0,i=1,2,---,p, (24)
Zi—Zi<0,i=1,2,---p, (25)
Wi+ W5 =Wy <0,4,j=1,2,---,p,  (26)
S+ 85 —58;—8:<0,1<i<j<p, (27)
Vi +Y, =V, —Y;<0,1<i<j<p, (28)
Zij+ Zy— Ziy— Z;; <0, 1<i<j<p, (29

T —T; —T5 «
Y <O7 Z?]:17 , Dy (30)
CzQ _Q]

“ ] <07 i?j:la"'7p7 (3])

192

p p
== > Y My + Y YoMy + M;; —
k=1

p p
Z Z Vi YieM — R,

Wi %15]2 i T BpaieM;; +V; + Nj,
Ty = — Z Vi1 &o My + oMy — R +
k=1

P
> 1Yo My + gy My + Vi +
k=1

AiQ+ QAT + B;D; + Dg‘TB;‘ra

— p
U = — > v BjaMyj + B2M,; — R; +
k=1

ki BV My + Bjn My + Nj +

AiQ + QA7 + B,D; + D} B,
Vi = anapMiy +Vj, Zi; = B fjaMi; + Ny,
T = [Tijlpwpr S = [Sislpxps ¥ = [Yijlpxp,

U = [Uijlpxps Z = [Zijlpspy W = [Wijlpxp-
IR L AFHH N, S Tt AR A R T B
K;=D;,Q "', j=1,2,---,p (32)
B OB RS 0 = 30, +0))
= =

i( 6.)(0;1; +

ev +0,N;) =0, (33)
Hef: R, = RT € R, V; = VT € R™7, N,

J

i M»s

—NT € R LA A B AT R
T3
F= -5 0.0,(N,+ V) +3 3 0.6,R, +
=1 j=1 =1 j=1

i=17=1 1=175=1

p P p P

Zl Zl 0:0,(V; — R;) — 21 ZIQZQ]VJ
i=1j= i=1j=

(34)

18 S ASER 2 B B0l R AN 45 3 020)-2 1), Hoay, By,
Yils O2, ,312, %QIEL':. S| B’J*f% %XMU =z OE-Mij =

M € R BA AN YEE R RRAERE, Rk
¢ = Z Z( 0; + ain0; + Bin0; + i) x
i=1j=
0; — anQj - ﬁjQéj +vj0)M;; > 0. (35)
JEFF ER PSS AL A T2
@ =
P P
Z Z( 9 9 +CMJ20 0 +ﬁj29 9 7]201)M13+
i=1j5=1
P P _
221(%10 71’104]2@]'_7i16j29j+'7i1’7j2)Mij+
1=1j=
p P _
o> (anbb; — ailanQin — a;103520,0; +
1=17j5=1
aﬂ%‘z@ )M;; +
Z Z(ﬁue 0; — ﬁilanéin - ﬁilﬁjzéiéj +
1=1j=
5i1’7j29i)M" =
P
- Z Z 9%[2 Yea M — Z Z ’Ykﬂlekz]
i=175=1
p P _
> > 0.0 BioM; + Bjiaa M| +
1=17j=1
p p
> > 00l Mij + ajy My ] +
i=1j=1
p P _
2 21 0:0;[8;2M;; + Bj1 M) +
i=1j=

M=
e
=
M=

s
Il
-
<
I
-
=~
Il
_

i1 YoMy, +

NS
M
Mw

&
Il
-
<
Il
-
=~
Il
A

ﬁvlpkaka -
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=

M=

P p
Vi1 My — 2. 2 0,0, (Mi; + Mg) +Vil. 7

i=1j=1 k=1 =1j=1
Zpl Zp) 0,0, Zp) Y1 Bj2aMy; + X S5i;="Sj; € R™™, Yy =Y € R, Zyy =73,

©
Il
=
.
Il
=
£
H

c Rnxani]’ c Rnxn7Uij c Rnxnywij c Rnxn’ 9‘_!1;
Hig250(23)-31). B (17)23)-3 1) &G AR

M=
M=
<
P
M=
-2
=
=

P — p
S LV(z) < =Y 0227852 —
33 00,0000, b
o 20 200,27 (S + 55)z —
3 35 0,8,0002Mi5 — 3 3 0,6, = L i
1:1;:1[) o i=1j= Z 92 T,z — Z G?ZTZ“‘Z -
=22 2 0:05[= >0 >0 e My + Mi; — 12 -
e P 330,027 (Vi + Y]z -

P j=11i<j
Yer My + Z Yra Mir] + ’ ’
k=
p

Z k1o My + oo Mi; +

M=

=
Il
—

N Zij+ Z5)2 +

.
=3

1™
.
N
o

Cb\

Q:\

M=
M=
2
¢q>

«
Il
-

<.
Il
-

eiQ-ZT(Tij + Tg)z +

J

1M
.
L=

M=

a1 ke Mk + oy M| + )
0:0;27 (Ui; +Uj)z —

S

= 1

e

-

k’.—.‘
I
.
&Mv

Z ’Yklﬂj2Mk] + /BJZM'LJ +

=1y=1 S5 0,0, (Wyy + W)z =
P b
> Bk Mjy + B Myi] — . )
kjl . r -S T U T
Yo 0.0 [anBieM;; + Biraie M) — s TV -Y -W s|, (33
Z:pl j:l h U —WT — h
Z Z Q Q zla]2M - Hrp.
i=1j=1 - -
p p _ _ 0,z 6,z 0.z
Z Z 9 0; ﬂzlﬂﬂMw (36) 92,2 0,z égZ
i=17=1 r = , 8= =2 R —
H(18)(34)(36) AT 15 : )
OLO+T+&= 0p2 | 0,7 | Op2
p P P
Z Z 0:0;(— > Mo My; + aji My; + HER38) AT 40, Wik 2 2LV (z) < 0. #Ha 5]
’jFl = B, WM RS EREHIMTIARGER.  iFkE
> Ve M+ Mij+Gi 4V — Ri] + 6  H{E LB (Simulation examples)
k=1 N -
o B2 e P R 17— R B TSt
; ; 01 ][ Z 7k15]2Mk3 + ﬂﬂMu + ﬁﬂ?é}ﬁ, Efﬁﬁﬂ%ﬂﬂﬂ%ﬁﬁﬂ?
o Rule i: IF 21 is M}, THEN
k; BinmaMii + B Mji + Gij + N; — Ri] — dz = (A;z + Bu)dt + Cizdw(t), i =1,2.
p p p P SN R AR R
D300 > > viayie My — Z”Yklej + -
i=1j=1 k=11=1 =1 a 1.01 —2
Al - ) Bl - ’
p 1.0 O b ]
> YoMy + M;; — Rj] — -
k=1
R A, — 0.3 0.40 B, = -1 ’
Z Z Qle_] [allﬂQQML] +/831a12sz+v +N] 10 0 -1
i=1j=1 -
»op . o = —04 —0.1 C, — 0.6 —0.8
21 219193 (81 B2 (Mij + M) + Ny — 0.2 —0.3|’ 0.7 —0.9
i=1j= L
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Hf—7<a<—4,-15 <b < 1 RBEHRSGE
F#Ez, € [—10,10] b, XB — BRI RS L. TR
Je& ofi e LU F

0.925
9%(:(;1) =0.95 — (z1+4.5) *
1+e =
0.925
9}}(1:1) =0.95— (21+3.5) ?
l4+e s

0y (1) = 1= 07 (1), 05 (x1) = 1 — 07 (1)

&Qi($1) Zsin2(x1), ’Di(xl) =1 _Qi(ﬂfl)- é\ail =B
=4, = 0.1, 050 = Bip = 1,752 = —0.5, WMAZEK
(20)-21)or. B3 LUE H R Gite e &4 B IR
PRI S I MARAERE R, , V;, N;, M, 433 T K.
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999 9%
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Fig. 3 Stability regions for Theorem 2 (x) and Theorem 3 (o)

B3 FHREX i A BEHUB R Z8), Hdp =
2, CAI B RERE:

A, = 0.2 1.01 B, — -2 ’
1.0 0 1

Ay = 0.3 0.40 By — -1 ’
1.0 0 -1

(04 —0.1 0.6 —0.8
G = 0.2 —0.3] o= [0.7 —0.9] '

X 0] — RO R GEH b TR RJE R BUE AN

0.925
6%(‘%‘1) =0.95— (z1+4.5) 7
ldte 5
0.925
0Y(z,) = 0.95 — —
1 ( 1) 14 ef(”l-gs. )
0.925
05 (x,) = 0.025 + o
l4+e 55—
0.925
05 (z1) = 0.025 + —5 -
l4+e 5

wu,(z1) = 0.5,0;(x;) = 0.5. oy = B = 5,7
(20)—(21)%. 3L 1 FIMATLABLMI T B4 sk fi# 5 #3

AR RS, 1R BT AT AR
D, = [270.6682 110.7527],

~ | 0.0102 —0.0030
~ | =0.0030 0.0118 |’

Dy = [268.6851 108.5405].

HEK; = D,Q", j = 1,2, BHARKNIRS KB
S RE:

K, = [2.7561 0.4393], K, = [2.6858 0.4739].

T B E 3SR, X A HAMEE . B4
5. T4 H— S IVIHSE: REFIVIHRE
Hx1(0)=—0.5, 25(0)=0.8, 1 E I & Kt € [0, 7],
HAT =25 BB EG=T/IN, N=27, HKAt =
Rét, R = 2.
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Fig. 4 State responses of z1 and x5 along 5 paths

of Wiener process
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7 /Ng5i(Conclusions)
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