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New stability criterion for time-delay Takagi-Sugeno fuzzy systems
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Abstract: A new method, namely, the variable delay partitioning method, is firstly developed to solve the problems
of stability analysis and stabilization for continuous time-delay Takagi-Sugeno fuzzy systems. Different from previous
results, the delay interval [0, d(t)] is partitioned into some variable subintervals by employing variable delay partitioning
method. Thus, new delay-dependent stability criteria for fuzzy time-delay systems are derived by applying this variable
delay partitioning method. The proposed method can make full use of the variable subintervals information, so the new
delay-dependent stability criteria are less conservative than previous results. Based on the Lyapunov stability theory, a
new delay-dependent stability criterion for T-S fuzzy systems is given in the form of linear matrix inequalities (LMIs).
Both the stability and stabilization results are further extended to fuzzy time-delay systems with time-varying parameter
uncertainties. Illustrative examples are provided to demonstrate the effectiveness for conservatism reduction.
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TS BE TS EMAGE, RO RIF-THENSUUSL 2(1) = [21(8) 2o(t) -+ 2, (t)]

RGN ARG IR ZE BT AR M EEN R —,
JITEA, %o I 2R G ARG 8 PR B AN IS
B T Had B R s A SEHI O E.

H i, A PR R R A B A 1] R E B
FEREETVRISY) Lyapunov BREGE BT HZ, 78 H BN
iR 1, BT Lyapunovi 3 — f—Td(t) 2T ()W -

x(s)da Y 7 &1 I bR Ed (¢) i R BIR 17 B
BARS, td(t) € [0, 7]. 7E38) Lyapunov BREGEH,
HRIOVHE R T — AN B 34T Lyapunov pRi 2%, H
T AT SRS 2 AR T, T RIS
T RGMOREVE. ATk, — MO IR T &5 23 (1 7
B SR O sk R B A R 45 BRI RS
DRAFIE. SCHR (11165 B T4 A S VAR AT T T-S AR
I R E MEIRIEAT T H s it

TE R AW AR A d (¢) I T-SEM R G, 1 5 R i
i XA [0, d(t)|FE Bt — > B — [ X [A]. ASCHE FE Y
H 2R 0, d(t)]| B RIE Bkt — DK RS
AIOR S M. JEIE X0, d(t)] R NS+ X JA] [0,
md(t)|F[md(t), d(t)], BK + 15X E[0, m,d(t)],
[mld(t)7 m2d(t)]’ T [mKd(t)v d(t)]’ Ar:me (0,
1), my <mg <---<my, BIAEI R 502, B FET-S
BRI R AsE e, ZoiE R A LIRS D F
I it R 8 (6) R o0 A A XD, T AN 2R ik
SRALHR, R, AT LAFE R0, d(t)] X 8] [ 5 22 P9
552 2) [0, d(¢)] B X TEIR 3 AT AR, AN S5 X AR 5,
Rl E B B 2 RE I, SEE A A HE S AR I B A d (t);
3) FeE s RG0S E0H oK, MR 7> 24
SO B, AV ) e A T, 2 AN [, e o A B
R340, W DL KPR RS ORTE.

AR SCHE T AR iR 73 77 I T T T-SASORYT I i 5
iR e W) 8, T Lyapunovis g MEEE I, PAZk
FEFEAERTEAGE 1 T-SHRA R S8 1B B I ¥ AH 5
FEPEAEN, FEae— B 9T 1 A A E S 3N T-
ST R A MR ENE. 1 A FAE T AR SO ERA
R,

2 RG##iR(System description)

KB A E S AEL IR W R4, H
T-SHAY K

Rule i: IF 2, (t) is M;; and 25(t) is M5 and - - -
and z,,(t) is M;,, THEN

2(t) = (A + AA;(8)x(t)+
(Aui-+ AAL(D)(t — d(D) +
(B; + AB;(t))u(t), t >0,
xz(t) = o(t), t € [-7,0],i=1,2,---,r,
b z(t) eR™BREAE, u(t) € RPZEFEHI AL
B M(i=1,2,- , ) FEREEE, 7

(D

,T,j:].,Q,"'

ORI T8 L, () 2 [—, O] b () 4 58 %, i 25
I8 () ik 2
0<d(t) <, 0<d) <p, )
Kefir > ORI R AR
MBS 1A 2 () S I N R (8) K, A,
Agi, By BATIE MU0 R BB, AA; (1), AAgi(1),

AB; ()20 FEHIANHE I Hi 2
AAi(t) = DaiF(t)Naiy
{AAdi(t) = Dy, F(t)Nuy;, 3)
AB;(t) = Dy F(t) Ny, i = 1,2, |1,

= D,i, Da;, Dy;, Ny, Ny, Nbi%/ﬁ\‘ﬁﬁ EEiil
A H BB R, F () 2 B A Lebesgue AT W 7T A 1 R 21
SE[ SR Fres
FT'(t)F(t) < L. (4)
I AP A R AR, AR HHE FRTL A B AR
a4, (1) T CAIR N
i(t) = ¥ M(8) [ Asa(t) +Aqa(t — d(£)+Bau(b)),
1=1
(5)
A

Ai(t) = rwi () >0,
3 wil=(0)
wi(+() = [ Mys(5(0), ©)

M (z; (t)) R Bz, () S T RIS M, 1R
FE ok, AT EA

wi(z(8) =0, i=1,2,- 1, éwi(z(t)) > 0.

KGR BB RG] Rom N
()= ;)‘i( )(Aiz(t) +Agia(t — d(t)) + Biu(t)).
(7
I FH 947 70 A7 M (parallel distributed compensa-
tion, PDC) JF BB THSUR P2 ] 25 fe — R el (58 2L 77
TR PR B R G, HoAH B RRBOIRES S i
LI
Rule i: IF Z1 (t) is Mil and Zg(t) is Mi2 and - - -
and z,(t) is M;,, THEN
u(t)=Gix(t), i=1,2,---,r (®)
N G RS S B2 2R ﬁﬁ%ﬁﬁi
ROPIRAS S A Hl 2R ALy
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T

u(t) = ¥ A(8)Gia(d). ©)

=1
FRONRG)MR(T), 2R A A hES
IR RGORIBRIR IR R GE. 5 A Al E SHU A

Ad2 (t—d(t)) + B:G;x(t)] (10
PRI RGN
#(0)= 35 S MO Az () +
Aga(t — d(t)) + B.Gz(t)]. (1)

N, B S TR R e B UM 5 HE
I 1 4w BAEE MR BEE Y, o
a, WIANEEL

12
a+Bx2 <0 (12)

FROT R TR A R
a+oxi+ (B—0)x2 <0, (13)
Ko €10,6], 8> 0.
WE 1) DEVIER: 5w, Moy e
wr=a+fx1 <0, wy=a+ Bx2 <0,
ES)

{Oé'f—ﬁxl <0,

ow; + (f—o)ws <0,
R
Bla+oxi+ (B—o0)x2) <O0. (14)
HT8 >0, Bl
a+oxi+ (f—o0)x2 <0. (15)
2) #AHPEIE: Yo € [0,8], A
a+oxi+ (f—o0)x2 <O0. (16)
5% o = 0fo = 3, W1
a+ fBx1 <0,
{a + Bx2 < 0.
UEEE.
SIFR 102 &M, B, FRBAE 445015258
FE, Fii e FTF < I, 4, SHEERS e > 0, F
MFE+E"FTMY <eMM™T +'ETE.
3 FELER KAE (Main results and proofs)
AT I AR B IXTRI (O, d(8)) R 43 A sl & X

&), RI[0, md(t)], [md(t),d(t)](0< m < 1), I ¥ &
& i Lyapunov-Krasovskiiyz b8, 192 T AR 13 &

GEAHTA AN E S B A R GERIRSE PEHEN.
EE2 X THENSH0 <m < 1, WRAFHE

T Y AR R R
Pll P12
P=pP"= >0,Y:YT>0,
| PL P
Q=Q">0, R=R">0,
Z =gt = |%u 2o >0, W=wT">o0,
| Ziy Za|

R mNEHMBE, PY,Q, R, Z, WS ¥R
SH, LR AR REA S

Tiar <0, (17)
Fiar <0, (18)
1<i<j<r, ,k=12---,r,
A
Tij. =
-Hijlk+w+wT AiTj M;; N ]
* —-~Zz 0 0
* * —LZ 0 ’
mrT 1
* * x = Z
I (I=m)7
Hi,+w+w' A}; Sii
Fijie = * =75 0
1
* x  ——Z
T
Hijlk =
Jij 0 (P11 + 7212)Aqi — Pia
x —(1—mu)Q, 0 0
* * —(1-pn)Y 0 |’
* * * —R;,
Jij —

P11 (A;+B;G))+(Ai+B,G;)" P+ Qi+ R+
Y + Py + Py + 77201 + 77Z12(A; + BiGy) +
(A + B:G;)" Z},,
Aij =[Ai+ B,G; 0 Ay 0],
w=[M ~M+N —N+5 —§],
M;; = [Li; —M], Ni; = [Li; — N],
Sy =[Li; =S8,
L =[P, (Ai+BiG;)+ Py 0 PLAy — P,
MT =M My My 0],
NT =[N Ny Ny 0],
ST =[S Sy S5 0],
MRS D) ZHHERE R, APz EE9).
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iE  #J%Lyapunov-Krasovskii A%
V(t) = Vi(t) + Va(t) + Va(t) + Va(t), (19
BAVEER

52( ) —[ (t) :rT(t)]
{Q( ): ( )} - ;/\z‘ ){inRi}'

RV (O)IE RGA DX FE, 15
Vi(t) =

o x(t)
L . x(s)ds

22T () Pyya(t) + 2 j
(

Tp, Py (1) B
PY P ||z(t)—z(t—1)|

" (s)ds Py (t) +

21’T t)Plzx( ) — 2{6 ( )Plgx(t — T) +

2 LiT dSPQQI'

2 :_ T(s)dsPya(t — 7), (20)
Va(t) =

2T (Y z(t)—(1—dt)z" (t—d(t)Yz

ST OYa(t) — (1 p)a(t - d(t)Yalt - d(b)),
21

Va(t) =
2T ()Q8)x(t) — (1 —md(t))x" (t — md(t))
Q(t — md(t))x(t — md(t)) +
PR z(t) — 2" (t — T)R(t — T)x(t — 7) <
z' (0)Q()x(t) — (1 —mp)x™ (t — md(t))
Q(t —md(t))x(t —md(t)) +
afT(t Rt)z(t) —z"(t — 7)R(t — T)x(t — 7)
Vi(t) =
Tla" () Zna(t )—l—a’tT(t)Zsz:z:(t) +

a (t) Z12d(t) + &7 (t) Zoad:(t)] —

 E()Z6()ds,

L
V(t) <

2xT t) Py dsPlTQz

+2L

(t)
QxT(t)PH:L‘( ) — QmT(t)Pux(t —-7)+
2 [0 4" (s)dsPoa(t) -2 [ (s)dsPpir(t—7)+

et (O)Ya(t) — (1w’ (t—d) -
Ya(t —d(t) + 27 ()Q(t)x(t) —
(L=mp)z™ (t—md(t))Q(t—md(t))x(t—md(t))+

T (OR()x(t) — ZET(t —7T)R(t —T1)x(t —7) +
Tl (t) Zua(t) + &7 (1) Zna(t) + 27 () 212 (t) +
() 2 (0] — [ €8(5) ZEa(5)ds =
ut ([ H () + 7 AT (t) Zop A()]ult )+
QI ¥ (s)dsPLa(t) —|—2f (s)dsPyx(t) —
2 - 27 (s)dsPyx(t — 1) f & (s)Z&(s)ds
(22)
e
J(@) 0 (P +77215)Aq(t) —Pio
* M 0 0
H(t)= % —(1—p)Y 0 ’
kK * —R(t—1)
ut(t) =
[27(t) 2™ (t = md(t)2™(t — d(t)) «™(t —7)],
J(t) =
Pri(A(t)+ B()G () + (A(t)+ B(t)G(t))" P+

At) = [A(t) + B(t)G(t) 0 Aq(t) 0],

HAM = —(1 —mp)Q(t — md(t)).
AR A3 A e 25 0 3K, R M 4R e M,

N, SH
2u" (t)M[x(t) — x(t — md(t)) —
L t_md(t) #(s)ds] = 0, (23)
2u" ()N ax(t — md(t)) — x(t — d(t)) —
t—md(t)
L o x(s)ds] = 0, (24)

2uT () S[x(t —d(t)) —z(t —7) —

t—d(t)
Li i(s)ds] = 0, (25)
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ALk, 25 3(22)—(25), AT A3
V(t) <
ut ()[H(t) + AN (1) Zo A(t) + @ +

wT+<< uto) - | 28— A u(O)]
() — T ulnds -

ff_;)( Z6:(s) ~ N (0] 2

[Z6x(s) = NT(t)u(t)]ds -

[T 1zeats) - 5 o)z

[Z6:(s) — 5T (yu(t))ds,

A

(1) =

md(t) M) Z*M™*(t) + (1 —m)d(t) -
Nt Z'NT(t) + (1 —d®)St)Z 15T (¢),
M(t) = [L(t) —M], N(t) = [L(t) — N],
S(

[PL(A(t)+B(t)G(t)+ P2 0 PLA4(t) — Pa).
BT Z > 0, FrLhalQe) i E 35/ 10, fn
H(t) + 7AT(8) Zap A(t) + @ + @™ 4 ((t) <0

(26)
WLV (t) <O0.
M PAQ6) IS 1E
i:il Ai(t) é:l A1) lz; A(t — md(t)) -
él Ai(t — 7)€ < 0, @
A
Lijik =

lek +TA ZQQA” —|—w—|—w +
md(t)M;; Z7' MY + (1 —m)d(t)N; Z7' N} +
(’T - d(t))gljZ_lb_g

RIEER, 4
o = Hz]lk + TA ZQQA” —+ w + w
B =T, 0= d(t)7

X1 =mM;Z'\M5+ (1 —m)N;Z'N},
X2 = gijZ 155,
WA, Zd(t) = TAd(t) = O, £ < OFFEHTT
H’L]lk) + TA Z22Az] +w + ’Zﬂ +

Hljlk + TA ZQQAzJ +w + w + TSUZ 15’5 < 0.
(29)
N Schur #p 5] BRIB-14105 28) Z& 47 T 20(17), X

Q%M T2 18). Kk, w7 AR A8)EAL, A
2V (t) < 0, IR D BHTEAEER.  EEE.

T3 XMNTFHEMSE0 <m < 1, WRAFE
& YRR

P, P,

P=pP'=|""1 "2l>50v=Y">0,
| P Py

Q=Q">0, R=R">0,

z=27"= Zl; Z2 >0, W=WwT">0,
Z12 Z22

BRBte > 0, € > 0, My, > 0, R LA
53t

Yijie <0, (30)
ijie <0, (€29
1<i<ji<nr Lk=1,2,--- 7,
A
[ Cijun PD,; PDy,, PDg; ]
B * _5ijlkI 0 0
Vit = * * =gl 0 ’
L * * * —elnd |
_gijlk -PDai PDbi PDdi 1
o * _Eijlk-I 0 0
Pijtk = * *  —epud 0 ’
e * * —5§’jlk1_
Sijik = Lijie + €ijlkNgiNAi + EgjgkNgijNBij +
ZJlkNglND“
Sijik = Fijie + 5ijlkNA¢NAi + 5;jlkNBTijNBij +
ZJlkNgzND“

P"=[P 000 I,

Na; = [Na 00 0 0],

Ngi; = [NiG; 0 0 0 0],

Np; = [0 0 Ng 0 0],
Vi P 3 15 58 BE2H B8 S, U ZR 42(10) 72 # il A2
SEM. S 2HERE ).

iE XHEERS10) AL (1) ZH, R RS
(DA, By, Aq#fA; + AA;(t), B; + ABy(t),
Agi + AAq; (1), BT LMS R 2 50(10). Bk, w7 odEe
EHRHES RA(10)FE .

¥RAD-A8)FHIA;, B;, Aq BHRAAAA; (1),
B; + AB;(t), Aqi + AAqg;(t), RIEN3), FTEAEH]
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Tiitk + PD.iF(t)Na; + PDy; F(t)Ng,,+
PDy;F(t)Np; + (PD,;F(t)Na;+
PD,F(t)Ng,, + PDg;F(t)Np;)* <0 (32)
F
Fiak + PD,;F(t)Na; + PDy,F(t)Ng,, +
PDy;F(t)Np; + (PD,;F(t)Na;+
PDy;F(t)Ng,, + PDg;F(t)Np;)* <0.  (33)
RAETFE 1, R(32)—(33) AL M T
Tiik + €5, PDoy DX P + /- PDy, DY PT+
el PDyiD3, PT + €51 N o, Nait
tanNg,, N, + €1, Np; Np; < 0 (34)
i
Fiik + €51 PDoy DY PT 4 /-2 PDy, D PT+
er i PDy; D3, PT + €5 No, Nait+
lunNg,, Ni., + €15 NJ; Np; < 0. (35)
HiSchurh 5] FRI14 K 34) FI(30) 5541, K(35)
MAGDHFEM. R
SR b, R A2 & om v LI AMAE m, (i = 1, 2,

K), ¥ X 18] 5 8 2 17X (1], 3E i 3R 45 5 /N 1)

ﬁ'w Y. ARSOEAE DU S0k s T 7002 ) R
4  FfE A (Examples)

FIFHMATLAB (I LMI T B AH, i85 47 B S5 m]
DR Bl SRRk T i LR A T ORI STk L,
E B AR SCHRE S i A 35, AR SC45 HE DL 5481

Bl EEEANHEERNT-SER 25

i(t) =

z MO + AAD)z(E) +

(Agi + AAG(t))x(t —d(t)) +
(B; + AB;(t))u(t)], (36)

Ai(t) = DazF() ai»

AAdi( ) = DaiF'(t) Nai,

AB;(t) = Dy F(t) Ny,

F(t) =sint, 1 = 1,2,
JFH

1
Dai = Dai = Dy; = [0] ;

N = 1[0 0], N,y = [—0.05 0],
Ny =1[0 0], Ny = 0.03, i=1,2.

K IUNTEGIERGRE AT, R81(36) RVFIH
BRI T X L.

k1 AL G395 F Lk Rk

Table 1 Comparison results with several references

ik Tmax
CHR[151HE2  0.2574
XHR[16]EHE3  0.8420
SCEROT7IEH2  1.3976
SCHA[I8]EFF2  1.4320
SCHR[19]EEE2  1.4822
A EHE2 2.0982

R 1T LR A 1, AR H 712 R
Iy b PR, AT A BN ORI 7 o, il AR
mRIR AR5 0276 SR [201].

5 Z5#(Conclusions)

ARSI AR I i Rl V200 78 T T- SR I i 2R 4
(e PR ELE P, JELALMDE UG T e PEdE.
SGEUR A G IR PSR N e M CTRE s #2B P!
B AU, 7T ARSI i fo v RBR, AT
HAHNOORTIE. PSRRI, [ O SRR LE,
I i fe AL W B4R e, ERH T A SO vE BT A A 4
R
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