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Abstract: The time-delay fuzzy singularly perturbed model is proposed based on the Takagi-Sugeno form. The resulting
nonlinear singularly perturbed systems are formulated by blending the linear model via nonlinear membership functions. The sta-
bility analysis and H-two controller design are solved by a set of linear matrix inequalities, which are independent of the small
parameter, and thus the ill-conditioned problem is avoided effectively . Finally, a simulation example is given to illustrate the

approach.
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2 HHENTREINER (Fuzzy time-delay
singularly perturbed model)

SCRR[10] 8 12 i BT HBOM R 45, X BLAZ Y B et i
BRI A R ARSI RI M BT R % L T-S BB, IS 1
MRS R ESRE,F | AN AN TFER.
Plant Rule i : IF £ (¢) is F; and - and £,(i) is F,,
THEN
(4,(1) =
A2 (2) + Ay (1) + Chymy (2 -

(1)) + C’izx2(t - () + B‘iu(t),

¢ (1) = i=1,2. 7
Ao (2) + Apxy(1) + Coyxi (2 -
(7(1)) + Coxo(t — z(2)) + Bhu(e).

(2.1)
Kb Fy(j = 1,2,,8) HEMIEA, 2 (1) € B,

x2(1) € R™ JpRATR, u(1) € R? NEHIE, A,
Alp, Asy, A, CYy, Chy, Cy, C, By, BS 38 HAE RN
. £,(1),, &,(1) HATHAER (1) < 7o HE
R, Br(1) < B < 1, P o fg¥IREM
HFE. e /T 1 WIEFEL.

K PR MEAS R HE R 7 5, BP A s R AE SR AR
PR A MACE S ML T, B ERM AR TR
BV,

E.z(2)= D) k(e[ A%(2) + Cx(t—7)+ Bu(2)].

(2.2)
ok
EE _ [Inxn 0 , Ai _ [AL]] Al]2]
0 eImxm ALZ] A‘zz
B - [B‘] C = [Cif] ”]
B Gy Ch
h(e()) =288 ey < T Ry(e (o).

Zw.(em)
w21 EMITRRL

E(1) = 2 k(& Ax() + Cat - ©)]

(2.3)
ST FEA/IE ¢ REDEREN, WRFEAILERE P,
S >0WE

(AE)TPE+(P,)TAi+(PE)TC"S“(C")TPE+ﬁS <0,

i = 1,2"”ara
€P2]

(2.4)
H P, BALH P, _[ L

0,Pn € R™™ > 0.
iE FED P MEWFF ST TS Ne, H
E.P, = PIE, > 0. W] %+ Lyapunov-Krasovskii 1Z
A .
V(x (1)) =2"()EP. x(2) +

] iy e

1 i
?ﬂjl_r(l)xT(d)Sx(a)da'

(BRFE 6, 56,86 | «() < V(x() <
Sz Il x(e) 12,4040, FTLABEHE 8, = Ain(EP) 5, =

(8)). WMHERQ.3)XHK S

A (EP)+

QK
V(x(t)) =

R €D (AP, + PTA) (1) +

Bmax

T(PIC(t - ) + 2T(t - 2)(CHTP.2(1)] +
ﬁ%xT(t)Sx(t)—l_lz:(ﬂt)xT(t—r)Sx(t—r) <

3 B (DA, + PTA ¢

PICiS'](Ci)TPE)x(t) +2(t-)Sx(t - )] +

1 }BxT(t)Sx(z) —xW(t-)Sx(t -7) =

(BT (AVTP, + PTA

PICIST(COP + T2 59)*(0)].

R & (2. ) B, W V(x(2)) < 0, AT E
Lyapunov-Krasovskiixe B A] IR 4E(2.3) #HHERE.

HEEE.

ZHEQ.OEKBT/NSE « AMETHEREE
HETHERS. F 3 THERMY T « NEERE,
PARHE 2 H, YERETE AR il AR T T ik
3 RERREREH 28T (Design of fuzzy

state feedback controller)

BT H4T7 R 4M2(PDC) R, 7T LK B
B AR5 | Ry

Controller Rule i:

IF &,(t) is F; and --- and Eg(t) is Fig,
THEN u(t) = Kix(t) = Kfx, (1) + K5 x5(t),
t = 1,2,,r (3.1)
BRI r] Rk


http://www.cqvip.com

# & B ®

5 N A ok

w(8) = D (ENKR(),  (3.2)

b K= [KP K4 ). MR RS

E.i(t) = 2 hHEGN[6%(t) + Cix(t — )] +

(C'+ CHx(t - 1')]
Hep G = A' + BK', GV = A + BK/,
EE 3.1 XTFEYSHMBERE Q >0FR >

O. WRFEELERWEREM > 0, X AIN HE

(3.3)

. @ii < 0, @,,J < 0. (34)
2h(EBCEENI(ET + 6F)x(e) +  Heb (B » "FRX )
i,j=1
-A"X+(AiX)T+B"N"+(B"N‘)T+I_IIBM * % *
0; = xr(cHt - M * * (3.5a)
X 0 -Q'
L Ni 0 0 - R
((AX + (AT + AX + (AX)T ]
+BNT + (BN)' + BIN' + (BIN') 4175 oM
0, = X'(ct+ O)' -M * * |, (3.5b)
X 0 -Q' % *
N 0 0 -R'  x
\ N7 0 0 0 -RM
HAAWMT4H 1£3:17
Xy, O o T
. [ ' ] Ko 5 0. s 0. M 5 0. [T 0s(0) + w(D RUD] <
X21 2 xT(O)Xﬁlx](O) + 0(€)s (3'7)

(3.6)
NMARRREGIREFHELRE BHMEUWT K

AX + (A" + BN + (BN)T + 1 f s M

| Xt(cHT

2
+1-p
i XT(ci+ ¢

R R BRI RIS KX = VXL
iE BESSH Schur b, R (3.4)EM T

}<0,
-M

+ X'QX + (N")"RN!

((AX + (AX)" + BN/ + (BN)DT + AX + (AX)T + BIN' + (BN')T
M+ 2X"QX + (NY)'RN + (N/)TRN/ < 0,

-2M

-T -1 , ‘
semge sagu [ Va0 L exmaa e - s - x b ke

Nix-!, 6[45.

1
1-8
(cH'P

(6Y)'P + P"G" +

]

i

0

Py ]
Ppl’

BT X RGN, PIRBNP - | n
1

ﬁ*P]i)O,Pﬂ)OE.P”:XI_]].

S+ Q+(K)'RK!

—(Gij+Gﬁ)TP + PT(G""'+Gﬁ)+%HS +2Q + (K)'RK'+(K)'K) =

L (C'+ CcHP

(3.8a)

*
< 0,
-5

} <0. (3.8b)
- 25

t—, 2B P NS TTH, FE e >0,
P11 €P;rll

Py Py

Ve € (0,60 JJERE P, = [ WE EP, =
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PlE, > 0. W#% Lyapunov-Krasovskii i 51 F
V(x(t)) =

2'(t) EPx(t) +

U
V(x(1)) < (E.2(¢))"Pax(t) + x"(¢) PIE % (1) +

T_l—BxT(t)Sx(t)—xT(t-r)Sx(t—T)-
(3.9)

1 i
1o ﬁJ‘t_r(t)xT(a)Sx(a)da.

5,
Jo= [T Qe() +u™(6) Ru( ) e =

J4 000 4 DL B (&K

R[Zh(f(z))x‘]x(t)+

Pa(0) i + V(0)) — V( (1))
BESR V(x(1)) > 0, H

30 RN KITIRE D h(e(e)K] <
e (K)TR(KY) +

SIRCEBCE K TREK 4 (KITTR(KD),

BT
x1(0) EPx(0) =
xT(O)Pllxl(O) + € x'lr(O)Pglxz(O) +
e+ %3(0) Py x,(0) + € %3(0) P»x,(0) =
xT(O)Pllxl(O) + 0(e),
HEEB Py = Xi'. 2 e = minleg e |, MRHE
He € (0,67 ], Bt (G.7) AR .
»H—IE, B Ef < 0,5 <0, REHER.

(GYTP, + PTG 4 —— 5«
Vi = 1-38 <9,

(CcH'P, -5

1-8
(C'+ CH)'P. -28
M R(3.9)778
V(x(t)) <

9 x(t) T ¢ x(t)
IHCON I B I F

x(t) T R x(t)
%m(su»hf(eu»[x(t_t) n-,-[x(t_r) ,
T V(x(1)) < 0. PSR b thBETE BRI

ey
Witk — S RBNR LA, AT % e R

(G*'"+Gﬁ)TPE+P2‘(G""+Gﬁ)+-2—S *
'}’UE = < 0.

T P 0
1 < o] Pn] - w(EP + PF). B3|
Y[ ,2 a(e) 1"_. ] =(o) EX + XF = (EP + PF)™',
jo{ghxem)[x( BN =1 I -
- x(t) Inxn, 0 Onxn 0
"%‘hi(s(t))hj(‘s(t))[x(t—r) k= [ 0 Omxm]’ - [ 0 I,,.x,,,]’
[ =(¢) BRI 7 AT LA #A 3 n T AR Ak I 2
H;[x( Y, }dt+V(x(O)). .
ﬁq“: L W= [Wu u(]) ] 50,
. (GH)TP. + PIG* + ﬁ@S+Q+(Ki)TRK o o* I ;2
T L (Ci)'l‘pe _S | [_( I+ ) _ ] < 0, K#(3.7),(3.8).

I1]

‘{(G‘f + GI)TP 4+ PU(GT + GF) + J
*

1255420+ (KB +(K/)TRK

. (C'+CHTP, -28

BRE; = 5, + 0(e),Bf = E; + 0(e) B, FF
Fe >0,Ve€ (0,6 ], % i,j=1,2,,rfli <
8B < 0,5 <0 88 J, < V(x(0)), B

jof[xT(t)Qx(t) + u()Ru()] < T(0) E.P. (0).

4 {HRHF(Simulation example)
xR F AN RV HEN T R B RS
R]: Ifxl(t) is Fl’ Then

£1(t) = Alyx(¢) + Abxa(¢) +
Chizi(t - ©) + Chax(t - 7) + Blu(t),
eia(t) = Apxi(t) + Apxa(t) +
Chixi(t = ) + Chxo(t - 7) + Blu(t).
Ry: ¥ x,(¢t) is F,, Then
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9% =

# ® 5 M H

BERE

£1(8) = Afyx, (1) + ARaa(t) +

C%lxl(t -7) + szxz(t -7)+ B%u(t),
eiy(2) = AQx (1) + ADay (1) +

Cix,(t ~ 1) + Chx(t = 1) + Biu(t).

He 2 (¢) € [-1.6,1.6].

, ~-0.95 -0.68] , [-0.92 0.11
All=[ ]sA12=[ ]’
1.478 0 0 0
, [ 0.2 0.4] 1 [ 0.68  0.428
251014 050 "2 7 12,103 -0.215"
1 [q : P] , [—LM _Lu]
Bl= ’BZ= ’A-ll= ’
1 1 1.01 0
\ 0.81 -0.77 ~1.0 -0.6
A = ],A2,=[ s
) 0 -0.3 0.1
~0.71 1.20 1 0
==l
~1.111 0.325 1 1
0.5 0 0 0 0 0
cl, = ,(:1:[ ,c'=[ ,
M=1lg 05”27 1lg o> " lo o
o[0T 0 o Pﬁ o]
2=1o o107 "" T lo o507
0 0 0 0 0.1 0
a-1" T a0
2=1o ol % 1lg o "2 Lo 0.1
1.5 — . —

X1.X2,%3,%4

001 23 4 5 6 7
t/s

1 =01 REMI
Fig. 1 Closed-loop responses when ¢ =0.1

$§ 9 10

1—
0.5}y
0

X1,X2,%3 5%

P
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B3 e=0.3MARRERY
Fig. 3 Closed-loop responses when ¢ = 0.3

BHARRTHE R c(t) = 4 + 0.5sin2¢. X EHIESH
IR RECH

hy(x,(t)) =1-23(2)72.56, hy(x,(1)) = x3( 1) /2.56.
alfg

- 2.4723 -0.0003 0 0
. -0.0003 6.2415 © 0
25.7401 59.2439 61.1786 11.2311|°

L 1.3092  4.3702 11.2311  5.097
r1.1276 0.4749 0.7691 0.0510
0.4749 3.1740 1.3474 0.1927

5= 10.7601 1.3474 3.1391 0.5410|’
L0.0510 0.1927 0.5410 0.3416

K =[-3.2382 -7.1475 -6.7499 -2.8818],

K,=[-4.6314 -10.5508 -10.3444 _3.6688],

D AR 42 1 2%

u(z) = (A (% () Ky + ha(x1(2))Ky) (1)
B 1~3 0505 e =0.1,e = 0.2F1e = 0.3}
WA F RS A, mE 4 REERIER LG =

J 7T Qe(n) + W R0 1dr B ERE. T LUK TR
REFEAME &, RGRGREH RO,

- x3

-2 —y

01 23 4 5 6 7 8 910

t/s
2 e=0.2 BRI R SR
Fig. 2 Closed-loop responses when € =0.2
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Fig. 4 Comparisons of H, performance
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5 4%5i£(Conclusion)

AR T —RFHET RN T SRS,
BB THE H, ERETSARR R Rl 2R kX
BT HE N LM @R EHEREY
B, A SR 8 B 5 ek [9] PR R A i E
AR .
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