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Abstract: The problem of designing global robust sliding robust controllers for a class of uncertain linear system with
time-delay is considered. A type of integral sliding surface is introduced and the system exhibits global robustness during the
entire response of the system. In terms of LMI, the design of sliding mode surface is obtained through the delay-dependent
robust stable conclusions of the nominal time-delay system based on the state transformation mode of a novel free-weighting

matrices, so that the conservative for the design of sliding mode surface is lowered. Based on the adaptive control scheme,

an adaptive sliding mode controller is investigated, which can overcome uncertainties and time-delay.

Key words:

.

0 51 &

I I R AN 2 i A £ TS B R, A
ARG MPERE I A BN K, RS lifR Rg=
Ui R LR ATRE . TR, B0 I AN 5 1 2R e 2
THRERIBEIUIC 0 E 2L, [ N A AR 22 2 30 i ) At
AT TIRNEFLI3) SR (4] F Jensen S35 X1 5 125,
E T3 21 1R I i AU E PE 78 70 AR R BEAT BTN A
AR, PRI, 1SR (6] I T b A AR
&, HARGOR T VEECAT# A PR AIC.

AR TR A AN 52 PR AR S0 — FhAT 2 e
FERITE, EX RGAFAE R VL CVE S B8 LA LA
YA 56 A AN AR . T 1RV LA 1) 43 e i
PRSI SIS, AT, RGOS A € TEA)
SRIEHUR I, PRIIE, A 2 B B i BT AT T IR

Wi BEA: 2013-03-27; {&[E HER: 2013-09-01.

uncertainty system; time-delay; sliding mode; adaptive; global robust

N FET00 O i B, A AR GRS A — FF 4t
A0 T AR b, AT ST A R i AR 42 o, AT R G AN
e B AT 2 R B

SCHER [11] AEAL GER S T B (0 2l B, 5 LN T
AN TR, 2 R 40 R I R AL 3 T v, AT LA
Hea il e, (H P4 R A RE 1k A2 IR s A ST 1) 8 E 1,
PR PR 5. SCHR [12] 1EE % I A R 48 e Pt o, S
TE I N ) 5, 1 SE PR RGEK 2 &SRB A &
R, HIChGINT K20 A AR, Prig 4 245948
BNIRSY.

AR SR X S8 B AT I AR RS I ¥ TR AN 2 1k R
G, BT A R A P SRR 3 — Tl iy IR AR 4 00 (1)
HRETHT, G54 1A A AL T — P O e A i S s,
FEIE I —FH B A AURERE 71, 455 Jensen ASE

BEETHE: FxAREZEIEESIH (61203090); Y1948 FERITERI(E R EFHEIES) T H (BK2012384).
TEZRIN: Muli1977-), B, Bl ZFz, NFHH 2B S S KT, SITma990—), B, Witk Wi R &0

A T (B 5.



oM

W S AR R BT A GG B IE R A SR AR 4 1689

AT 2N T Bk RO TR R — A 7e 2 A5 . 52
BoR HE S R AR, AT S R AR TP T BEAIC.
1 RSk KT #

RN B RS I AN 52 1 R 4

(t) =

(A+ AA)z(t) +

Bu + f(z,t),

z(t) = ¢(t), t € [-7(t),0]. (D
Hr: x(t) e R, A€ R BE R™™; AAL AAy 2 &R
GBS, [ e RAUGRINTILSD: 7(t) € [ha, ho] N
AN E I, A BB S, (H AR AR o(t)

(Ag+ AAz(t — 7(8))+

€ R™ L IIYIIR A R B R G N R
BRi& 1 (A+ Ay, B) &nl$x), BARE, HAR
AR Y.
BRi&2  AHE I LR, BT AA =

BE,AA;=BE,, f = BF. Ft, Wl w(x,t) =
+ Eqgx(t — 7(t)) + F), MRS (1) 7] &4k A
&(t) = Ax(t) + Agz(t — 7(t)) + Bu + w(z,t).  (2)
B3  AFAERFMIERE 1, vo, WL
[w(@, ) <7 +r2lz@)], 3)
Hp|| - || s 2-90 4.
5|38 1 (Schur #MEH) X T-45 % I FR HE P
T _ g lsll 512] ’
So1 S22
o Sy € RF>F S < 0 IR B4
S11 <0, Sapg — 81581 S12 <0

B[Ez(t)

JAL.
SR 2 (Jensen NZET) X TEEL & HIXTRRIE
SEFERE M > 0, by > 0 LA M B w
R™, NG N
[fo’yw(s)ds]TM[jo’y w(s)ds} <
vy [ IOW wT(s)Mw(s)ds} .

2 aRisEfS et

21 RoEEERIt

YT ZRSE (1), W R R R
S(z,t) =

[0,7] =

Ga(t) — jot G(A — BK)z(6)do—

fot GAgx(r — 7(r))dr — Gz(0). 4)
Hrp: Ge R™ i GB AR 5 (AR G MG ANME
—, i GB ARAr s ], K € Rm>m & JUok
W, 5 TAE R S AR a6 45 1F 2 (0), #RREWE 2 S(x(0),0)
=0, NTHUH T IS, RGN —TF R AE i L

L@ @) KT, A4
S —
Gi(t) — G(A — BK)x(t) — GAgx(t — 7(t)) =

Gl(A+ AA)z(t) +
Bu+ f(z,t)] —
GAgx(t —7(t))
48 =0,8=0, filt %5

(Ag+ AA)z(t — 7(t))+
G(A - BK)x(t)—

Az A
Ueq =
— (GB)"'G[BKx(t) + AAx(t)+
AAgz(t —7(t) + f(z,t)]. %)
FG) ARG (1), I H B 1 a] LUAG 3 BEAR 3 5)
SEY IY
(t) =
(A+AA)x(t) + (Ag + AAg)z(t — 7(t))+
Bueq + f(z,1)
(A+AA)z(t) + (Ag + AAgx(t — 7(t))—

B(GB) 'G[BKx(t) + AAx(t)+
AAga(t —7(t) + f2, )] + f(a,t) =
Acx(t) + Agx(t — 7(t)), (6)

Hrp A, = A— BK. H3X(6) AJ %, 1 H5E 30 A2 UL
TE Pk R AN s 1 DA e S s 3 R I 52 A R A vk
22 BEBREHSTREIELL

T 1 X THEMEh > hy >0, R
AR FE
P=P'>0,Q;=Q >0, Ry =R} >0,i=1,2,
M=[M' My 0 0]Y, N=[NS Ny 0 0],
1HAS T B e 40 B AN S 2 T
0  hppM
6, = - <0, 7
h1aM™ —hiaRs
0  hpN
= . <0, ®)
hiaNT —hiaRs

Dl AR B 1~ AR 3 I IS AN 0 AR 48 (1), AE K
(4) At 5 TR TR A 1T L P B AEUT BN S (6) A2 M L A
K. Her

Y11 PAg—Mi+ Ny Mi+Ri —N;
M. — -
0 — * Y22 2 2 n
* * -Q1—Ry O
* * * —Q2
T
A | o
0 (hiR1 + h1aR2)[A. Aq 0 0], 9)
i 0




1690 = 1 * % 09 %
b1z = ha = hu, Sl T LEEOR
2
Y11 =PAA+ATP+Y Qi—Ri, (1) 2h12" () Mi(s) — hiad " (s)Rai(s)]ds+
i=1 _ t—7(t)
Vog = —My — ME + Ny + NE. (12) nd L, € Wesn-
UEB] HX Lyapunov-Krasovskii 72 B 41 F: 2h12€" ()N (s) — higd " (s) Rod(s)]ds =
V= —1 ft_hl £(t) ' e —h12a M
2 Jier) | (s) —h1sM™T —hiaRo
t)Pa(t) + ZL 5 (0)do+
lw as g [T lf(t) 1 .
. 12
f ) L+ h1&T (s)Ry(s)dsdo+ a(s) —ha | @(s)
f f s)Roi:(s)dsdo. (13) &  —heN ] ds <
tho T —h1aNT —hisRy
Xy fT(Q;RJ 15 ) )
Vo —hyy (7(t) - hl))\mm( t)H
2 [—hip (r(t) = h1) — h121( 2 — T(t))]><
Zl.Z'T(t) Zx t_ t - h )+ min{)\min(_61)7>\mln 92)}”1'(15)”2 (17)
= = A
[Acw(t) + Aga(t — ()T (W3 Ry + hiaRa) % ) .
Aua(t) + Aga(t — (8))]— € = min{ Amin(—61), Amin(—62)} > 0,
) Wi
t . t—hy
J;—hl hlm ( )Rll‘(S)dS _J; ho T( )R2x( )d V < —EH.’E< )||2 (]8)
. (D mmsmahsis © RUHEsEn. O
sl 2 6 | 23 EIERBEHRRIT
=)y I () Rai(s)ds < B PR A RS (R MR b, 5 bl

—[z(t) =zt — h)| "Ry [x(t) —z(t — hy)].  (15)

§(t) =
[27(t) 2™ (t—7(t) " (t—h)
W) ey A - e e ok A 3 A
- Lt:h’:l % (s)Ryi(s)ds =

t—7(t)
-, @T(s)Roi(s)ds—

t—h1
L—T(t) &

a(t—7(t) - |

t—7(t)

et (t—h)]",

(5)Rayii(s)ds + 26T (t) M [g;(t ~hy)—

t—hy

x'(s)ds} + 2§T(t)N[z(tf

7(t)) — z(t — ha) — Lt:h:(t)

#4550 (14) ~ (16), 15
V<

:'c(s)ds] (16)

t—hi
€00 ~ |, [2€7(0Mi(s)+
t—7(t)

i (s) Roi(s)]ds — |

T e )N+
@7 (s)Roi(s)]ds =

53 AP ST, B

u(t) = Ucon + Udis- (19)
o weon ALY, wais /& A IE LA HlH 5
ER A pisati T T:T# JR RGN Y AR FR R L f
HEEE AT IR € R

Ucon = —Kx(t). (20)

H = (20) ATELAE th, AR Ko — B EE
AR PIRAS R . T R ANIE SRR 4. R
Gk 3, RGEAENE B ARIR Py Bl g AR AN
(1, B 41 Tl A AR AR VHE, 2500 22 4

=77 2 =92~ e 21
mﬁtﬁﬁmT'
= SI-IGIl; A2 = IS - IGIl - =B, (22)
ANIEEL E%Jﬁrfﬁ
udgis = — (GB) ™ 'e + 1[G+
Yol|G|l[|]]] - sign (), (23)
Hore N IEHAL

K 2K (20) A1(23) AU (19) BT 45 21 58 B4 (1 F 06



559 1 W S AR R BT A GG B IE R A SR AR 4 1691
PR ABS Tl A { 0 05 0 ]
u(t) = Ag= |0 0 05],
—(GB) e+ |G|+ 0.5 0.5 0.5
ValIG] )] - sign(S) — Ka(t). (24) B=[11 2],
IR 2 TR LRV B 3 1 IR w(t) =

JE R (1), KA 2 Q4) i B3 I, BE A% IR AIE
F GRS AE A BRI ) A 238 IF DR R A2 AR 0 T BT
4) k.
iEB X Lyapunov pf %%
V:(§S+f+ﬁ%. 25)

WHENX Q) RHK T, 15

V = STS+ 5% + F29e =

ST[GBKx(t) + GBu(t)+

Gw(t)] + 171 + T272 =
ST[=(e + MGl + AlGl||=]]) - sign(S)+
Gw(t)] + 7171 + Toe <
— (e + Gl + A=AGl=DIS]l+
ISHIGI(v1 + 2llz]])+
ISIIGI (A1 + Y2llz]).
KA (ISl = [1S]], BrEA
V< —¢||S].
MS £ 0, AV <0, RS () fEF I 4) 1
FH A BRI ] 2A AR e T (4) B O
1 XN TERRGIRE, BOEFENEH (4) -,
T I PR PR Bl 5 (6) 51l A2 UL BC 1 0 ANl o 1
RETERTCRM, FrLg shii s A 2 R et
2 P g A I A A2 R R RS R
T, ANIE S ER A 4 s, v DA I 6 s B v
RE BRI A, MRFIEE 22K, N vH57 K, 15
HR e S b i OO AR R K, ERIN Rt RE R N
1k,
3 BB TS R sign(S) 1
PE, 23 R B 7 T 1L ”SS+5 #
B 2, Horb 6 kN E R B
u(t) = — (GB) '[e + |G+

lGllal) - Ty — Ka). @6)
3 BEE
51 FRES OB 5 R () A
0 1 0
A= 0 0 1:| )
-1 -11

B(1.2 + 0.3sin(6t)+

[-0.1sin(2t) 0 0.2sin(2t) ]z(t)).
PIha & AF

z(0)=[1 1 1], t€[—he,—h1].
FerP I BN S b s ho HUE B L RTLUARE. 2 T3
EE B 1A ER S, FEANE by B O0T, RAANH
JHEFAF 2 hy WA 1R,

R1 AR TENAEMNA LR by

Ay ha

7 0.3 0.5 0.8 1.0 2.0
g2l p, o 15660 1.7410 2.0151  2.2032 3.1816
JiiE2® hy 17510 1.8770 2.0675 2.1962 2.8272
EH1 he 2.0975 22672 25314 27133 3.6727

M1 1) LG H, 2 B 1 R i vE e s e s
BEAIH L. SIS BUR R B R A hy = 0.3, Ay
= 2s, HE L 1R B 2, FE A 24) IAEH T, X
TS AR IR 7(¢) W2 ha < 7() < ho (UG, RGEH
RAJHEHEIRER. A T SRR, 25T oR
P (26) 10 (29).

RIS AR ISP 7 (¢) SR BEALIS AR Iy, 2L TR 59 2
LR, RO LA A A 0 R L I 7 (¢) 1K /NR A
W 1 PR, TR R A

G=[11 2], K=[21.3 21.17 —14.5],

X H

£=0.1, § = 0.03.

o KR 3 8 02 2% FE0Ks P B 28 G Ry 1 ARG A —
X ALK 0 AR I 47 SR SLAURFAE AR, 55 A — AR IEAE
BOAE —1 2o, RIS A, (R IEAE

[—0.9086 —5.7957 +2.6507j —5.7957 — 2.650 7.
¥ G, K, e, 6 RN (26) 13 BF5 HHE R AR, Bhi
RGOS VAL A il an 1] 2 R 3 s,

1.8}

0 2 4 6 8 10

E1 R (1)



K

1692 = ) 5 * R %29 %
! [3] Liu F, Wu M, He Y, et al. New delay-dependent stability
criteria for T-S fuzzy systems with time-varying delay[J].
Fuzzy Sets and Systems, 2010, 161(15): 2033-2042.
[4] Shao H. New delay-dependent stability criteria for systems
;? with interval delay[J]. Automatica, 2009, 45(3): 744-749.
;‘ 6 8 10 [5S] Gu K. An integral inequality in the stability problem of
/s time-delay systems[C]. Proc of the 39th IEEE Conf on.
) RGERSTE () Sydney: IEEE, 2000, 3: 2805-2810.
[6] Shao H, Han Q L. Less conservative delay-dependent
Ot stability criteria for linear systems with interval time-
W varying delays[J]. Int J of Systems Science, 2012, 43(5):
S 894-902.
20 [71 Choi H H. LMI-based sliding surface design for integral
sliding mode control of mismatched uncertain systems[J].
7300 2 4 6 ] 10 IEEE Trans on Automatic Control, 2007, 52(4): 736-742.
t/s [8] Zhao F, Liu Y, Yao X, et al. Integral sliding mode control
3 #EHE () of time-delay systems with mismatching uncertainties[J]. J
H T 1 AT L B (t) 25 A2 5 A Y A 4 of Systems Engineering and Electronics, 2010, 21(2): 273-
R, o 2 A 3 WTLAFR I, £SO e e
. . - . ISR (91 FETIA, MM, PNESE. AN IR G4 Jm) b dt
IR, AN E R GUREAZ B o(e) WSl BERL e, JF B <k e L
s e B ) PEHT BRI, I BEE 55 W, 2009, 26(8): 850-854.
hlﬁz:j‘(‘ Jﬁt,Xﬂ’ﬂ“ﬁ{jiﬁlﬁ*ﬂﬂTg{HT{?ﬁ'ﬁ"]Z:ﬁ%E 2 (Tang G Y, Pang H P, Sun H Y. Global robust optimal
ARG, FrEC IR T 2 AT . sliding-mode control for uncertain systems with time-
4 % i/t\. delay[J]. Control Theory & Applications, 2009, 26(8):
BEXT— A IR AR I AN 52 R 48, R —Fhaly 850-854.)
AR AMEIR R T, I AIER M vk (101 RAFRL XU, 4TS W i B ORI AR LA B
A 1 H AN A S P 1 b e, DT A4 i 1 3 8 ) e s il PRI, 42 B N, 2013, 30(1): 123-130.
TR Zd e 2 Sk fa i, Ty B AN B A Rt (Gao C C, Liu Z, Ren Q F. Nonlinear quasi-sliding-mode
VG BC P AN 5 Pk B 52 4 Ak robust control for discrete-time systems with time-delay[J].
Control Theory & Applications, 2013, 30(1): 123-130. )
5% 3 (References) [11] HeHE0E, T, 2R AR B 5 P R S0 A Y

[1] Sun J, Liu G P, Chen J, et al. Improved delay-range-
dependent stability criteria for linear systems with time-
varying delays[J]. Automatica, 2010, 46(2): 466-470.

[2] Yan H, Zhang H, Meng M Q H. Delay-range-dependent
robust H., control for uncertain systems with interval
time-varying delays[J]. Neurocomputing, 2010, 73(7):

1235-1243.

[12]

HILIL. VHEEALEL, 2010(11): 159-161.
(Pang H P, Wang L P. Global sliding mode control
for uncertain systems with state time-delay[J]. Computer
Simulation, 2010(11): 159-161.)
He Y, Wang Q G, Lin C,
dependent stability for systems with time-varying delay[J].
Automatica, 2007, 43(2): 371-376.

(wiEGRE: FHEKX)

et al. Delay range



