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Extended dissipative control design for discrete-time interval type-2
Tagaki-Sugeno model based systems with time-varying delays
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Abstract: The problems of extended dissipativity analysis and state feedback controller design are investigated for a
class of interval type—2 discrete-time Tagaki-Sugeno (T-S) model nonlinear systems with time-varying delays. Compared
with type—1 model, the interval type-2 T-S based nonlinear systems can represent and capture the uncertain knowledge
and information contained in membership functions. First, by employing model transformation method, the time-varying
delay uncertainty is pulled out of the original system. So the system underlying can be decomposed into a linear time-
invariant subsystem and a norm-bounded uncertain subsystem. A sufficient asymptoic stability condition of the extended
dissipativity is established by a delay-dependent Lyapunov-Krasovskii functional. Then a interval type-2 controller is
designed to guarantee the asymptoic stability and the extended dissipative performance of the closed-loop system. Finally,
the simulation demonstrates the effectiveness of the proposed extended dissipative control method.
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IG5 A F= W 25 A U SR R R I R I B
(Lyapunov-Krasovskii function, LKF), 25 1} T & 4t i}
TR IIFEHICIE 78 3 26

EREBUCME REAH L, SRR [12] R 32 H 1) SCRERICME
RE AL S B — Rk, RS 1 SR L LR R
BVERESRIR. ZOCIR (13175 ER R K, AT AA
IS AR I AN S AR R [X 8] — B B HT-S AR R 2
RS, AELKFJT VAR b, R R 4 () 702, Ak
T T RG) XFERUMERE IR E 1t 73 B AR E In) i, JF:
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and preliminaries)

8T HHIF-THENAL I i  (1) [X 0] — B T-S &5
U R4

Plant rule : IF fi(x) is M}, ---
THEN,

z(k+1)

, fj(ff) is M;

= Ax(k) + Agix(k — d(k))+

Biu(k) + Ciw(k), (1a)

z2(k) = D;x(k)+Dg;x(k — d(k))+ Fw(k), (1b)

:E(Z) :7/)(5), l:_dMa_dM+1a >O7 (IC)
o a(k) € RO RGIREME: u(k) € R 2RI
WAFE, wk) € RIZINEIBIIME; 2(k) € RIE
B3 R & d(k) 2 R G AT TR I AR v L
1 < dy < d(k) < du, IEEEH,, Fdy 53 HARGR Y
G TN e T {1/1( ), | = —dy,—du+1,---,0}
TR % AF 5, MY %’Eﬁz I A5 R0 0 00 A2 AR

]-a 27 o a]a Aia Adia Biv Cia Ddia Dia Fl%ﬂﬁﬁ%éﬁ
Kl E BOERE. BB U RS SR fr (0, (k), 0: (k)]
o, Hrr:

0,(k) = HM;(fl(k)) Xoeee X HMg(f“( )) =0,
0i(k) = figy; (fi(k)) x -+ % fugg: (fu(R)) = 0,
oK)V, (£ (R)) 0 32 58 (1)

Fi)ﬁr}?ﬂﬁﬁ/@mw (fal(k)) Z My (falK)), 0:(k)
0, () I 43 5ARFE EF 38 k. Hont T 1ot
it 0;(k) > 0,(k).

X [] — 2 B R AR R G0 (X ) rT R

z(k+1)= 2 0;(k){Aix(k) + Agx(k — d(k))+
Biu(k) + Ciw(k)}, (2a)
(k) = ; 0:(k){D;x(k) + Dg;x(k — d(k))+
Fw(k)}, (2b)
Hr
o) — B o)
5 [l 190,00) + (0, 1)

KO, HE R, (k) Fla, (k)ie

0 < ay(k), ai(k) <1, a;(k) +as(k) =1,
Wﬁi 0,(k) = 1

%Tﬂ% HREANT HPIRAS AT ) 25

Plant rule j: IF fi(z) is M7, --
THEN

’ fhﬁ(x) ls Mé’

u(k) = K;z(k),

Herp KA 58 A U PP PR I e ] i 1) 38 2 0
KT QI R RPIRE AR R4

u(k) = ; 0;(k) K, (k). )

Rzl d ik @) A R gk () 3 2 X a
RN ERS (X)) N

o(k+1) = lz”z 0(k)0; (k) { Asje (k) +
Agiz(k — d(k)) + Cw(k)},  (5a)
2(k) = ;JEG( )0; (k){ Dy (k)+
Dz (k — d(k)) + Fw(k)}, (5b)

/E\:EPAU = Ai + BZKJ
NG EEUR G SRR RERTE
R 1 BBIEFER, Ry, Ry, Rs /2 LA R4
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1) R=R" R =R, Rs = R;

2) R>0,R, <0;

3) |5 - IR = 05

4) (|[Ra]l + || Ra]) | R|| = O;

5) FTR\F; 4+ F'Ry + RYF, + R; > 0.

ENX 1 EEEIER T, SHFHERRS(S), W
RAFAENRE p, AT E N > 0 Flw(k) € L]0, 00),
W E LU AR

N—1
> J(k)— sup 2T(k)Rz(k)>=p, (6
k=0 0Kk N
MIFRZ R G R FERT), Hor
J(k) = zT(k)Rlz(k) + 22T(/<;)R2w(k) +
w™ (k) Rsw(k).

SE 1 7 SRR A SR [12) R AR, 1%
PEREFR TR T M AEELRE M T AR R AR I i 2R 55 L1, ¢
R [ 141K 12k B e b S P 7E 59 SR i i 22 N 4% B 46, 5
R [14) 7R (0 2 AL, A S5k 1% ) — 754 3 T i SR B 9T T
T ME BT A 1] R

2 MBSk 1210 F Rk, 8 S B ER, Ry,
Ry, ReMAA A, 30(6) AT LAS B2 R Hoo PERE . Lo — Loo
PEBE TCIEVE . PR (Q, S, R)FEBIMESEMEAEAEHE.

XFF RGEQ2)RI(S) RIS AR i d (k) 1F & K —
5 SR [13, 151280 7 v - Ak ok, B —Fppsigy
FEAR I 5 R AL R d (k) R A sE . RIS (k—
d(k)) P FmA

2(k — d(k)) =
Sl = du) + ok — )] + SwalR), )

Her £ dy — dp,.

3 AR, BRERA (k — d(k) B A
528 Sk, WAL ok — dm) + 2k — dy)] T BLELSg
a(k — d(k)) W4k 11, ﬁﬁm%%%wgwd(mm UYL Ny
x(k — d(k)) iRz,

28(k) = x(k + 1) — z(k), B &A1

)
)

2 falk — d(k)) — gk — du) + 2(k — )]} =

1 k—d(k)—1 k—dp—1

SRRSO

i[:lz_: (05 (1)), D)
Hrp

R E TR, &
1 1 T
= [A; §Adi §Adi §Adi Cil,

[N

[N

2 1, T
2 — [Az In 2Adz 2Adz 2Ad1 CZ]’

1

1 1 T
=34 £ DZ -D i -D i —D i Fi .
3 [ 2 d 2 d 2 d ]

5537, JRARGE (X ) FeA A LUT PIAMH IR 1
RG

r(k 1) = £ 6,() Sn(k),
(£ 0) = X 0.0 Zn(k). O
(k) = 3 0.(8) Zun(b)
(£) : wa(k) = Da(3(R)), (10)

n(k) £ [z7(k) 2"k —dw) " (k— du)
wq (k) w (k)"
HF AgMZRIR®)H (k) Bllwy (k) FIBL C R, Bk
PR R G (X)) RAEPRA TR I, 1A
SE HI AR I d (k) MRS B T 1 R G (Xs) .

A4 SRR (R b PRI ARV (k) PRI,
SRR [1STE 53 BT AN 5 B iy R G AR e P [ R 16T T VR4
(IR : 12TV A TR AR H LA d (k) Al TH R 2 1 53
AT L SCHR (13190 B3 4 FExample 2.

13 1% (Jensen N 25 ) X FAL & IE & 56 15
M e R™ ", %i&*ﬂ?%ﬁﬂ]Tzﬁﬁ/@Tg > T, ﬁ%@ﬁ
x(k) € R™, H LN AENAL:

(> 2t (@)M( X =(i) <

i:‘l‘l i:Tl

T2

(o =711 +1) x (> 2T (i) Mx(7)).

SIE 210 257 R G20 — LKAV, (k),

MIAFE A IE YR IE B FE RS, R R RS (X)) 1 —
ANLKFA]ER A
—dm—1 k-1

V) =Vik) + - S S 6T()S80),

T i=—dm j=k+i
HAV, (k) S e
AV, (k) + 6" (k)SO(k) — wl(k)Swa(k) < 0,
MR R G (X)) =BT E ).
3 FEHUE M (Stability analysis)
N T T, BRI E X
Wi £ [L, Onxsn Onxgl,
Wa £ [0nxn Tn Onxan Onxgl,
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WS é [OnXQn In Onxn 0n><q]7

W4 é [0n><3n In Onxq]v

W5 é [Onx4n Inxq]-
 HRBIEL R > 0H R, <0, L, SURAFIERFE
RAMIR,, 15 T 5 URAL:

R=R"R, R, = —RIR,. (11)

EE1 4T e BRZLINAEER, Ry, R,, Rs,

EHE L, dy DA AR O < A< 1, M 3% il Au=0
I, R41( X)) dnEfae HEA T SCRERUE BRI 78 70 2%
P FRAEIEEHEP, Py, Py, S, Q, QAF1S W1 T 2k
PER AN ﬁﬁi

<0, (12)

[—\P 0 DIR
x —(1-\NP DIR

| x * —TI

<0, (13)

Horpr:

o, 2

~WEPW, +WIQ W, — WS QW+ W QW —
WLQoWs — (W) — Wo)TPy(W, — Wa) —

(Wy — W) Py (Wy — W) — WESW, —

WL RsW5 — ZLRoWs — W R 2,

5,2 [5LP d,ELP TELP, 518 ELRT,

A 2 diag{P, P, P,, S, I}.

i NRS(D))iEFE—ALKF
Vi(k) = Vi(k) + Va(k) + Vs(k),

Horpr:
Vi(k) £ 2" (k) Pa(k),
V()£ z e (@) Qur(i) + kid 27 (1)Qua (i),

—1

V2 S Y dudT()P0G) +

i=—dm j=k+1
—dm—1 k-1

> 2 T8 P0(),

i=—dn j=k+i

RV, (R (S0 U, LA
AVi(k) = 3 AV,

i=1

>

Hrr:
AVi(k)=Vi(k+1) —Vi(k) =
2t (k+1)Px(k+1) — 27 (k)Pz(k) =

S 3 0u(k)6, (R (K) S5 PE, (k) —

i=17=1

2 (k)Px(k) =
5> 32 0:(k)0; (k)" (k) [EE P S, — WEPWiIn(k),

lA_lv;iz) =Va(k +1) — Va(k) =

2T (k)Qix(k) — 2" (k — dp)Qiz(k — dy) +

7 (1)@ (k) — 2 (k — dua) Qs — dyr) =

52 3 ORI ()W QY ~
WrQ:

Wy 4+ WEQ,W, — W3TQ2W3]77(]‘7),
AVy(k) = Vs(k + 1) — Va(k) =

S 0T (B) P (k) — 67 (k + i) Poo(k + 1)) +

i=—dpm

Q
Q

7d‘fl T[0T (k) Pyd (k) — 0T (k + §) Pod(k +4)] =

i=—dm

425 (PO — S dndT())Pio(i) +

i=k—dm
k—dm—1

2T PO(k) — S+ 7T()Pyd(i) <

i=k—dn
1" (k) Zg[dw Py + 72P2]52j77(k) -

(5 8NP T 80 -

dm i=k—dmn
k—dm—1 k—dm—1

( 0@T)P( 5 0(i) =

] k—dM i=k— dM

T2P2)52j — (Wl —_ WQ)Tpl(Wl —_ WQ) —
(W — Ws)" Py(Wy — Wa)ln(k).
BT 512, RG1(X,) —ALKFa[ #i& A

—dn—1 k-1

V) =V -2 3 Y 6T()S80),

T i=—dn j=k+i

AVL(R) + 235 57 (k) S6(k) —

T i=—dy

5T(k: +)S6(k+ )] <
Vi(k) + Z Z 0:(k)0;(k)n" (k) =38 Za5m(k) —

1( S pliainTSC 5 600 =
Yk + 5 5 (0965 (057 (k)

(25,855 — W,SWaln(k) =
53 0,(k)0 i (k)™ (k) $2im(k),

1=17j=1
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:up.:lj—WTPW1+WTQ1W1—W2TQ1W2+
W1TQ2W1 WTQ2W3+'~22(dm2P1+7—2P2)52j_

(Wy — W)Y PL(Wy — Ws) + :;ESEQJ» —
(Wo — W) TPy (Wy — W3) — WESW,.
ghare X,
AV (k) = J(k) =
AV (k) = 2" (k) Riz(k) —
22" (k) Row(k) — wb (k) Rsw(k) <
2 32 0:(k)0; (k)" (k) (25 — S Zs; -
1=1j=
2:;R2W5 — W5R3W5]77(k) =
;;@W@wwwmmm, (14)
1=15=
Hrp
Qi —

ELPE,—WEPW +WEQ W, —W,QWa+

WEQoW, — WS QoWs+Z5, (P PL+7°Py) Zg —

(W, — Wo)TP (W) — W) + ELSE,, —

(Wy — W) " Py(Wo — W3) — W SW, —

Z4,R1 55— E4, RyWs — W, R, 3, — W RysW.
SR RS, Bl D-(12) AT 7362, < 0. B, R
Q4 T FDAFTE 7853 /NI E 528, (51592, < —cl
|

AV (k)= J(k) <
%

=" (k)eIn(k)=—cln(k)[*. (15)

V(0) = —p— || P[]l sup

—dm<o<0

(o),

RIEAEA(S),

S (@) V() = V(0) 2 V(k) +p >

a=0

2 (k) Pz (k) + p. (16)
R s SC1, 75 IR B T % 1 I RER, Ry,
Ry, R3ZLH 2 (6). MLLFFRFME LT E:

1) 4R = o, fE(16) BARM AR (6) KA ;

2) 4R £ O, R 119451 (|| Ry ||+ Rs||) =
EIR, =0, R, = 0; 1 RQ@)%1|| F|| = 0; 1 3:(G5) %1 R;
> 0. FH I, J(k) =w (k) Rsw(k) >0. 44 316), 7
HXNEREEZ0UAN >k >0, f

N-1 k—1
> J(e) = 3 J(a) =2t
a=0 a=0

U, 24k > d(k)I, S8R50 < k — d(k) < N, #

(k)Px(k) +p, (17)

Zz_:: J(a) = a2t
T2k < (k) # —dy < —d(k) <k—d(k) <0, 1
2Tk — d(k)Pa(k — d(k)) + p <
p+ 1P a(k — d(k))* <
[W(o)|* =

(k — d(k))Px(k — d(k)) + p, (18)

p+IP|l  sup
—dn<o<0

N-—1
—V(0) < E J(a). (19)
Rk, AZERA)K TAEREE > 0, N > k > 0807,
g A RAT) AL, FAE—ARENEL0 < X < 1#EHD
A AT
N-1
> J(a) =
a=0
p+ Azt (k)Px(k)+
(1= Na"(k — d(k))Pz(k — d(k)).  (20)
R 3) &R #h 5 BRI A1), IS
~AP+DFRD, DTRDy;
* —(1=A\)P+DXRDy;
SRS
2V (k)Rz(k) =

[ 2(k) ]TG{ £(F)
ol — k)] 7 ek — (k)
(1= Nz (k—d(k))Pz(k—d(k))+

(1 =N (k — d(k))Pz(k — d(k))+
Azt (k) Pz (k). 2D
HRHEQ0)-D) IS MEREE >0, N > k>0, H

%iﬂua>>,a+zT@ﬂRz@o, @)

FH 1) F02) P A 10 T%Dfiﬁu)\hﬁ%b%é}i(ﬂo)ﬁﬁ/@m
ST SCRERIMERE. 2w (k) = O, HREER(15), &
AV (k) < J(k)— C|77( )2 = 2T (k) Ryz(k)—c|n(k)[?,
TR, <0, NTHAV (k) < —c|n(k)>. B, 2475
WA, BHARSG(X,) Rl fa e 1.

4 1|25 11 (Control design)

EE2 AEWHEEINEER, R, Ry, Rs,
IEHEHd,,, dybl AR < X < 1, brEe > 0, F3
BHI RS Y) Wi fae B AT SUREEUtERE I 78 2
SAE R RIS HIAS B K, = M X YER R, fF4E1E
SEFFEP, Py, Py, S, Q, Qq, 8 4E 1 FEX, M5 15 4

1 G;<O.

+

" (k) Pr(k) <

NERPEAE AN UL
II; <0, (23)
1
Hu + = (Hlj + sz) < 0 { 7& .]7 (24)

S —
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AP 0 X Di R > {9?(@[71 1L + 1(Hz‘j + ;)] +
x —(1-NP XTDER| <0, (25 1<i << s—1 2
_ 1 1
¥ * I > W?(M[jﬂjj + i(ﬂz‘j + 11;:)]}-
o 1<i<j<s S
I o 5y ﬁ&ﬂaﬁ(m)ﬁ%uzljz 0.(k)6,(k)IT; < 0.
LV A ? ! 4
L g5 BT, AR (23)-24) T
B, & 5 =
i =g
—WIPW, + e 2WIQW, + e 2WIQ,W, s 1 <0. (26)
7E X
7In}7

WQTQ1W2 — (Wl — 5W2)TP1(W1 — 5W2) —
WTQ2W3—(EWQ—EWg)TP2(€W2—€W3)

L2eX, T 2diag{X, L, L, L, I,,

3
WISW,— W2 RyWs—ELR,Ws— WI R Z,,
215N duEy, T, S, ERRY) HT
Sy, 2 (P— X)TP (P—X) 0,
[A,X +B,M, gAdiX gAdiX E—TAdZ-X i, (P = X)"P (P~ X) 20,

(P2 — X)T ( -X) 20,
S0y 2 [AX+B,M,— X Ale Adl .
(S —L)"S™Y(S — L) > 0,
?Ade CZ]) E&ﬁ
Z42[D,X SDyX ngiX %DdiX F, ~X"PIX<P-X-X",
~_XTPIIX <P - X - XT,
~X'"PlX <P - X - X",

ALdiag{P-X-X"T, P—X-XT, P,—X-X"
S—eX —eXT, —1I}.
ORIl A e S0
(k) = E 0, (k) K, (k) = ;1 0, (k) M; X (k).
UE ARYE SR (171077

() ij =

> Z 0 (k )
1=1j=
1<i<j<5[ 1 [ (k) % + jaf(k) Jj +
0:(k)0;(k)(IT;; + IT})].
MEXT PO 18
1) i—/lﬂij + Hji < OHTJ‘
2129( )0; (k)11 <
i=1j
2 _ - p2
1<Z§]<5[S — 191 (k)I1; —|— — 19] (k) 5]
i(k)IT;; < 0.

CENCR LY z 0,(k)0

i=1j=

2) élﬂij+ﬂﬂ>om‘,
ZZG( )0;(k) ;5 <

1=1j=
> |
1<i<j<s S — 1

(07 (k) + 02 (k) (IT; + 11})] =

62 (k)I; + fleg(k) i+

N

27)

/\q:‘
A2 diag{X"P
L'S™'L, I}.

AT T RQDIEE RS, AT

X, XTPOYX, XTPX,

- (28)

o

y
s F

(1>

—WIPW, + WEQ Wy + WEQu Wy —
WEQ Wy — (Wi — Wo)TPy(Wy — W) —
W QaWs — (W — W) Py(W — W) —
WESW,—WERWs — LR, W —WIRI =,
P=X"TPX ' Q =L"Q,L",
S=L""PL', Qy=L"Q,L 7",
P =X"TPX ', P=XT"TPX ",
S Say SaR1),

T“QU ‘—’21]

A AT =T
_[ =13 dm‘—'Qz]
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e T AP TR
Zuiy 2 (A 2Adz S Au TAx Cl, w0 DR
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HIHER ) A5 (D) 4% — MLKE,
V(k) = Vi(k) + Va(k) + Va(k) + Va(k),
Vi(k) £ 27 (k) Pa(k),
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i=—dm j=k+i
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Vik)—J(k) <
S50 0.0, (k)T (k) 2m(k),  (29)
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TPE—WEPW+WEQ, W, — WL Q Wa+
WTQ2W1 WTQ2W3+:2TZ(d2 P1 +7 PQ)EZi_
(Wy — W)Y PL(Wy — W) 4+ EL85,, —

(W — W) T Py(Wy — W) — WESW, —
ELR\Ey — ELRWs — WX R Ey, — WX RsWs.
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Ik~ sup STERRR) > p,
k=0

0<k<N
HIPARR P 2R 48 (X)) Wiilhase H AT URER kg

FS5 mR@)THMX +XT - P >0 AP >0,k
AX + XT >0, FIA AR X ~ L RAEER.
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R AN 2 T SR A PRSP 1
5 A SEH (Numerical examples)

S X 1] B MR 22 46 (), s = 20,
e =0.42, X\ = 0.5, FSEIEMEL TR

[—0.94 1.40 ~ [-0.10 0.00
| 0.85 0.09 a1 020 0.12

B, = 0.36 By— —0.01 7
0.04 0.01

0, = 0.01 Oy —0.01 7
—0.05 —0.09

Alz

[ 0.23  0.00 ~0.01 0.12
Ay = d2=

—0.05 —0.15 —0.01 0.00
p,_| 050 0:00] © 045 0.00]

0.00 0.01 0.00 —0.01

0.24 0.07 —0.25 0.16
Dq, = ; Daa= .

0.09 —0.04 0.05 —0.28

FEARIUIE RSB 1 /ELT 5 5 ANTR] IR 57
i, AR E BR2 (RTINS E FE P 2 A SR AR PSR R A
S, 3B VI LA R R,

* 1 AaFtyntin LR dy
Table 1 The allowed upper bound dy; of time delay
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dy 6 8 10 10 11 12
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0.4467 13.7063|" "' | 0.7153 12.9530|

~10.4451 0.0251
~10.0251 0.3705]’

B l13.3341 0.7416]

12,9211 0.7181
[ o]

0.7181 10.7354|’

~10.0234 0.3016]’
M, = [12.2172 —19.5791],
M, = [—22.6199 39.5774].
HERI2H K = M; X VRIS RS R s )
BRI R
K, =[1.0136 — 1.7976], K,=[—1.8926 3.6235].
(30)
DX ] 2 R G0 DL SCIRAS R sl g i) b N RE
BREE R
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0y= 0.3600 0.0234
2 0.7220 11.3099|’

1 1
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1+e_(12-) 2 1+e_(1;»)

- 1 ~ 1
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FH G TR B 1R 7 1 AN 5 338(footprint of uncertain-

ties, FOUs).
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Fig. 1 The FOUs of the interval type—2 fuzzy sets in the model
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Fig. 2 The state responses of the open loop system
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Fig. 3 The state responses of the close loop system
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