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Fuzzy H, robust feedback control for uncertain nonlinear system

with time-delay based on fuzzy model

LIU Ya, HU Shou-song ,
(College of Automation Engineering, Nanjing University of Aeronautics and Astronantics, Jiangsu Nanjing 210016, China)

Abstract: The problem of the fuzzy H,, state feedback control for a class of uncertain nonlinear systems with input and
state time delay was addressed. The uncertain Takagi-Sugeno ( T-S) fuzzy model with time delay was adopted for fuzzy model-
ing of nonlinear system. The systematic design procedures based on LMI for the fuzzy robust controller design were given and
some sufficient conditions were derived for the existence of fuzzy H,, state feedback controllers such that the closed-loop system
was asymptotically stable and the effect of the disturbance input on the controlled output was reduced to a prescribed level. Sim-
ulation results show the effectiveness of the proposed method.
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1 3| = (Introduction)

M SAHELEE TSR P EREFELERIR
. EREEAT REMELETEE . Bar, R
B T-S BB A s 2 LR R GBI ER TR
R ], BRI S R A — e RS
XER2] AR T HETEBSHARERFEERR
HERSRBINRE, B2 K Ead ik . SeEk(3]
7 K7 Fl PDC( parallel distributed compensation) F LMI
TR T R TEN AN T REER NS ERE
BURIIER , A% B S BORHE B R . 4R , B H o
SAHENATERINGFE-NRED, BESHER
FAREMERE TN T ERE BFER, H EH
BT ZAT AR ERERES, W THhsA
HITTEAARWMGE, IR T REEERFE. B
B, EEMA T ENTRE S, §8 H, BH 9 &

BCHE H 35 :2001 - 12 - 25; WEOR B 38 : 2002 - 05 - 30.

RERMAZR.

23 EE S — S BLA RS A i B A W e JE
SRS, AT B, S TET LM KB
B H.RERBEHSVEARIT T EAMGEAEY
Fo5r FAE , N ARIE T BB R R 8RS R
FHuE R TR A B E S5 A H, MR AE.

2 598352 (Problem formulation)

£ FEIT R B A T-S MURUBT AR B ELA I A
TS T

r: ¥ x(¢)is Fiand - x,(t) is Fi then
()= (A +AA) x(t) + (A4 +AAL) x(t—71) +
(B;+AB;)u(t)+Bw(t)+Bu(t—1;),
z(t) = C;x(t), i =1,2,:,4q,

(1)
He x(2) € R" RREBEE, u(2) € R™ B AR

EEWH B AARPFE ST S0 H (60234010) B 8 B 18+ A 24 (2000028704) BEBT H .
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B, w(z) € R* BFRHABE,2(¢) € R BAHE
BWiER, o, BEERE,FH0< 1,0 < ®,
x(t) = 0,t < 0.7 FRE i FEMHEEMN, F; X
ﬁ‘ﬁﬁ%ﬁ“,q E If-then ﬂﬁ!ﬂﬁl Ai9AdivBinli,
By, C; RABGE MM H RIERE, A, ,0A,,0B; B4
BOE e AR

T-S I R G5 (1) B ML IS Mo% RN T .

£(1) = 2yi(x(t))i(A,-+AA,~)x(t)+
(:di+AA,ﬁ)x(t—r1)+ (B;+
AB)u(t)+Biaw(t)+Byu(t—-15)1,
() = D pu(x()) Calo),
Sep

(2)

wi(x(t))

S ai(x(2))

i=1

/li(x(t)) =

BRI REE, w(x(0) = 1] Flx(0). sl
Fitx() B x() BFEME Fi 08 E,
w,(2(2)) B i ZHMEIE . B w,(2(1)) =0,
Sax(1)) > 00 = 1,2,,¢). Hh

1=1

pi(x(2)) =0, 2/%(36(1)) =1,i=1,2,,q.

(3)
FF IR (1), 45 a0 TRES RUSHE Hi 25 RO
B

T B
r: If %, is F{ and -+ x, is F’ then
u(t) = Kix(t), i =1,2,--,q, (4)
He K, € R™" AR E IR SRR
Ri€ 1 ESEPHATEERTRERRN:
[AA;,AB;] = DF (1) E\,Ep],
DAy = DyFi(t)Es;, i =1,2,--,q,
K D, Dy, Ey; s Ey; , Es BRAEBGE MM B AMEHIE
B, F,(t) BRABEIER:, HITE Lebesgue A W H
WER F()"F() < I
3 ENRERBENRREMNSH (Fuzzy
state feedback control and stability analysis)
SIE 1Y X T4 BRI B6E MM =B BE
B D,E FIMBREBIER S, 2 S + DFE + E"F'D" <
0.Hth F'F < R, Y APUSHFAER —%% e >0, W

S+ [eET ED][§ (;][ee_l;f] < 0. (5

513 28 XMFEBREENR x,y MEREY,
—EFE—IEEERR 17
Yy + yTYT'x < x"YR'Y"x + y"Ry.  (6)
St F R T-S SRR BA NI AHE
ELERL(2), RTHIN T ETF T-S BB AR
B4 i A%

w(t) = Dl NKx(D). (D
KR (DIRAR (2) IR (3) , TBHISF R
2(1)= D3 D a0 (x() Ga(0)+
;I:x1(=tl—r1)+H-y~x(t—r2)+Bh~w(t)l =
3 A )+ HigxCie)+

Hﬁx(t—T2)+ Blﬂl)(t)}‘i-

G; + G
23 () DI E (1)
Mx(t - Tl) + Mﬂx(t - 1'2) +
2 2
Bt B, ©

Hrp
G; = A + OA; + (B, + AB)K,;,
H; = Ay + DAg, Hy = ByK;.
XFHARRGER) N ERaREEMT, B TEE.
EE 1 EHEFE-TXMNHRIEEERE P I—K%E
EE K RIEERe;(i,j = 1,--,q9), BT LM
BLAL

v, * * *
= - eal * *
Dt 0 —e;ll  x <00<isq,
L WiB}, O 0 -1
(9)
Fij * * * * * * 7
E’;’. - e'.j[ * * * * *
=8 0 - * *® ®x %
D} 0 0o - efjll * ®* %
D}' 0 0 0 - egll * %
WiB, 0 0 0 0 -1 »
LW/B;; 0 O 6 0 0 -1
l<si<j<q), ” (10)
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Hrp
¥, = QAT + AQ + WBT + BW, + AgAl; +
DiDY% + (1 +6)QQ + 1,
Ty= QAT+AQ+ QAT+ AQ+ WBT+ BW;+
WIBT+ BW; + AjAl + AgAY + DaDYy +
DgDY% +2(1 + 0)QQ + 21,
By =EQ + E;W;,, Q = P', W, = KP',
G = mgX(/\m(EgiEsi)), *%RH%&:E%?E‘J%
B, AR TEBERRS I AR Hil 48 (7) (48 RA B i i

AAEIEXKTEERHRREQ)2RHIHLRE .
if & XIF Lyapunov B -

V(x) = 2(8)TPx(s) + (1 + a)j'_ 2(s)Tx(s)ds +

jt- 2(s)TRx(s)ds, (11)

K PAHMMREEEE,R = P,o A—F¥,0 =
0,828 v(x) >0,¥x =0,
Vi) = 2()TPe(t) +x(e)TPe(¢)+(N40)x(¢) x(t)-
(Qao)x(t-7)Tx(t—71)+x(t)"Rx(t) -
2(t - 7,)TRx(t - 73). (12)
HBRERAKRN2) , % w(s) =0, 718
Vix) =

3 1A () 12N CIP + PG (1) +

%(t—1)THIPx(t) +xCe) PH (-7, ) +
n_c(t—rz)TH’E,-Px(t)+x(t)TPH.'ix(i— )} +

222 () 2 (N (T (EEE )P

P(Eg;_cﬁ)]x(t)+x(t)TP(Li;£u)x(t_rl)+

H+H,;
x(z-rl)T(#;—‘J)TPx(t)u(t_rz)Tx

ey tpy (1) 4 x (TP o (1) s

(M+a)x()Tx(t)-(M4+0)x(t-7)Tx(t—7,) +
2(t)"Rx(t) — x(t - 7,)TRx(t - 7,). (13)
BRI 1 518 2, R EED. N TFEEELE
BEA,ATA < A0 (ATA) I, T BITR
2()TPH (2 - 71) + 2(t - 7)THTPx(t) <
x(t)TPAATPe(t) + x(t - )% (t - 7,) +
x(2)"PDDYPx(t) + ox(t - 7()"x(2 - 7¢),
HH 6, = Ao ESEy). %0 = m?.x(a;), kst

—HE MR
x(e)"PH (s — 71) + x(¢ — 7))THPx(t) <
x(1)TP(AAY + DgDT) Px(t) +
1+ a).x(t - )%t - 7y).
RS

x(t - 7)Y

(14)

Hy + Hy;
2

-+ Hy
‘; yx(t - 71) <

YTPx(t) +
(1) P

AT, AT, _DT_ nT.
)TP(A'bAdl'{'Aﬂéﬂ*';)d‘ &+D4£Q)Px(t)+

x(t

(1 +0)x(t - z)x(t - 7).

AR
2()"PHx(t — 75) + x(t - 7.)THEPx (1) <
x(t)"PH,R'HPx(t) + x(t - 7)"Rx(t - 7,),

(15)

(16)
2t - oyt (Bt Hayrp, () o
(TP 1) <
2x(t - )"Rx(t - ) +
R-1HT R-VHT
(eyrp (R Hy + BRT Hyy oy, (17)

2
R (14) ~ ODIRAK(13) , FHHBA(3), 7148

V(x) <23 2(OTSix(n) +

23 (a1 g (2()) 2(1)TS,5(2).

(18)
Hp
S, = G%P + PG; + PAZAYP + PD;DLP +
(l+0)I+ R+ PH.R'H'P,
G; + G G; + G;

S2 - (_HT_E)TP + P(_‘J__.E) +

2
1
5 P(AAG + AgAG + DaDy + DyDy) P +

H;R'HG + HiR'H

(1+a)I+ R+ P( >

)P.
b

Z}y%<x<t)) >0, 2opia(t))p(x(2)) =0,

i<j

WE S <0,8, <0, V(x) <0,Vx =«0.XF&S,
<0, PSP 1<0,i2Q =P L HEEBR! =
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PPt BB 1,0 BN WIBT+ BW; + AjAY + AAT +
¥, + (EQ + E,KP~")TF,(¢£)"DT + DuDY; + DGDY + 2(1 + 0) QQ + 21,
DiF.()(E.Q + E2KP™') + = EQ+ E,W;, Q =P, W, = KP',
B,K.P'P'KIB]; < 0. o = max (An,(ELE3)),
S W, = KP'\E; = E,Q + E,,W,. RESIHE1H :
Schur #MEH AT LAS B EH 1 FHR9).FH, 3 S,
< 0,0 P18, P! < 0. 23K LR HTFE, 7]
LABBIEE | FIR30). ¥ -1
4 M H. 32 %) (Fuzzy H.. control) I = j-o (372 - ywiw)de,
EARTHRERBERT, #—FHWE H 128 RRADHA V(x) > 0. ¥
25 EIATER R 2 R TERE SR
[T 1% < 7 1 wCe) N2,

Hehw € L0 =],y RAEHERR.
EBE2 MARLKG),LEFH Y > 0, 5FE—

[I]

c; = LC¢; + CTC. 12,
* RAMHFMETLE.
iE 4

J = J (—z z - Yww + V)dt.
%58 w(e) (EATT T8
V(x) < 2 @)1 2()7T8(0) +

ASHERIEZAERE P FI— MR K, RE R e, (i, #(£)TPBaw(e) + w()TBTPx()} +

j = 1"""]), ﬁ?@U_FLMIEE_\_Z. mUﬁ?fEﬁﬂHm T

RIS S St 58 (7) A ELA B W B R S SR LR 22"""‘“))%("(‘))"‘“) S22 (e) +
2%%%%(8)%@%5&%%.#%& H. FESR 2 o p BBy

[ ¥y * * * * * 7

w()T B ByTp, (4

Ei -—eal % * * * 4
DT o el e o« Xt £ RIS 2 78
- — E -
z 121 A 1
wiBl. o 0 _ I % * <0 V(x) sg#%(x(t))x(t)T(Sl+7PBliBTiP)x(t) +
B, o0 0 0 -yl =
20 pi(x () g (x(2))x(2)TE S, +
Lcog o o0 o0 0 -y i,:" Hi 2
U=sis<q), (19) LP(Bli"‘Bl‘)(Bli"‘Bl')TP}x(t)-l-
N * 2y J j
o o FLLAESRE
- ahR 2
= 0 _gér.l * * * * * *
! J <
DT 0 0 —g:jll * x % *_, * 2 . N . . .
D}' 0 0 0 —e;-‘l x x x  x |lc0 o F‘i(x(t))fo x(e)'(S + 7PBliBliP +
WiB, 0 0 0 0 -1 x * = 1 .
—CTCHx(2)de+ (x()) i (x(2 J t)T{2S
VEL 0 0 0 0 0 -1+ x - i# D) #0125+
BTi+BL 0 0 0 0 0 0 -y = %P(Bli+Blj)(Bli+Blj)TP+%(C}.Cj+CJTCi)I'x(t)dt.
L 4 — =
e 0 0 0 0 00 0 -n MER(21),(22) BL
(1 < i< ] = q)v (20) 1 T 1 T
Hh Sy + 7PBliBliP + 76,-(3,- < 0, (21)

¥ = QAT + AQ + WiBT + BW, +
AAY + DD + (1 +6)QQ + 1, |
Ty= QAT+ A0+ QAT+ AQ+ WBT+ BW, + 7 (€iG; + CjC) < 0, (22)

1
28 + 7P(Bu + Byj))(By; + B;)TP +
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%4l X5 - B T RO R 4 if A A 0 R SEAIIRM) He, 888 S it 501
I 0. 1 0
< Du 3 E31=E32=[ .
j L1y j Tud 0 -0.3
z zdt < Yw wdt. .
o 7 0 ZUH W o = 1. BRI ARG R 16 HR S e R iR 28
WA A Ho, T4 R PEREFE B

INECIE S N IOTET

KAUER 1 PUEFI R, M (21), (22) #4T Schur

HEBAREE(2)HR(27),(28). UEEE.

5 {HEHI(Simulation example)

BT ARER T IERERS

%1(t) =0.2sin (£)x,(£)+(0.25+sin (£))x,(t-1)+
wl(t) = 1.5x,(t) + 0. 1%, () x,(t) -
u(t) +0.1u(t -0.5),

%,(t) = %,{t) = (3 +0.2cos (£))x,{(t) +
0.1x,(t = 1) +0.3cos (t)x,(t = 1) +
(0.1 - 0.02cos (£))ult) -
0.1u(t - 0.5) - 0.5w{1),

Lz(t) = 0.1x,(¢t).

‘ (23)
it EI R 2, AR H tERESS R, A F
Y = 1.

X ARG(23) HATERIEREL, MRE 2, () BUR
KM, FI/NMNM,) BPBERES, ARBRECH

xl(t)—Mz _Ml—xl(t)
,Ul(xl(t)):__Ml_M_z ’ ,uz(xl(t))—_——Ml M,
XABR RS S ST

0 -1 0 -2

e (]

1 -3 1 -3

B, = B —["1
1 = 2 = 0.1 ’
0.25 0
Ay = Ap = ],
4 “ 0 0.1
1
B, = B =[ ],
11 12 _0.5
sin (t) 0
Fi(t) = Fy(¢t =[ ]
1(t) »(¢) 0 cos (1)
0.1
21 ) _0.1
1 0
Dy=D, =Dy =D _[ ,
1 2 d1 d2 O -1

0.2 0
E, = E _[ ]
11 12 0 0.2
0
Eumin=] 0.
2n =ofn 0.02

(E1) B M, =5,M, = - 5. F5RITHEMRE
B 88 He 425 RIEEE 1, T EER
SRBEH YR EE

K, =[6.7023 -1.4931]K, =
[6.6789 - 2.4696].
Xt I 1F R % BRAE
3.1584 - 0.4497
T 1l_0.4497 1.0328 1"

G y = 1, RIEERE 2 HTED HoRERBREH S
W

K, =[10.8974 -2.2729]K, =
[10.7569 - 2.9577].
X W7 1E. %€ Xt #RAE B
[ 4.9752 -0.5884
“l_o.5884 1.2042 1"

BEPMHEFRMG (07 = [2 21T, w(t) REYMHEPI O,
FERN1WEREEEFS FEREN10s. u(t) = O
RGN L WA 1, 5] ABERBRE R BERHF
FISIABIN H, RE A5 1 28 )5 A9 FH 38 22 B e [y
Bh R4 5 W 2 FIE 3.

t/s

A1 GEGERT R aw L ek
Fig. 1 The respomses of the system without control

t/s
2 BRI EESIE AT R AW SR

Fig. 2 The responses of the system with fuzzy state
feedback controller
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B ® 5 N H

B0k

Y
—— =

%2
ok’

<

*y

-1

0 5 10
t/s

B3 H SR T RS mI i
Fig. 3 The responses of the system with
fuzzy H, infinity controller

6 451 (Conclusion)

i — R BB ISEREIERER
i, 80 T —FhE R TEDN T-S BRI MG
H, #EHas Bt it ik, 88 THAARE R 412
FERYEE R, R R A E R He HERETEAR, ¥ 35 15
SR BREEShREN ARG ECHEEERA
R —FRH IMI M FEESRRIUE T HEM
Mt A St
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