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Nonlinear quasi-sliding-mode robust control for
discrete-time systems with time-delay

GAO Cun-chen, LIU Zhent, REN Qi-feng
(School of Mathematical Sciences, Ocean University of China, Qingdao Shandong 266100, China)

Abstract: The robust sliding mode control is investigated for a class of discrete-time systems with time-varying delay,
which is based on a novel nonlinear time-varying quasi-sliding surface design scheme. Firstly, the general form of the
nonlinear switching function with time-varying feature is given, which can dynamically improve the quality of its motion.
By using the free weighting matrix and linear matrix inequality technique, we propose a design method for the nonlinear
quasi-sliding surface, and obtain a sufficient condition of asymptotical stability for the nonlinear sliding motion. Secondly,
the quasi-sliding mode controller is designed based on the improved discrete reaching law to ensure the state of the system
for reaching the quasi-sliding mode in a finite time. Thus, the quasi-sliding-mode variable-structure control (VSC) for such
nonlinear system is extended to the nonlinear control with time-delay. Simulation validates that the dynamic behavior of the
system is stable with rapid response, low overshoot, less settling time, when employing the proposed quasi-sliding surface
and quasi-sliding mode VSC.
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2 RGN [ B EOR St
x(k+1) = Ax(k) + Agze(k — 1)+
Bu(k) + w(k),
x(k) = k), k= —mu,--- .0,
y(k) = Cx(k),
Hr: x(k) € RTHRGEHPRES 7, u(k) € R™H
RGN [, y(k) € RPY RGN 5 H
i A, Ag, B, CHI 20 TR 2 I 1 4 50 S b,
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NSO, AT R 1 — S8R
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T RGO HET B, 15 R
0 IE B bk, BINGNR AL bR B Rz (k) =
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zi(k+1) = A z1(k) + Aaza(k) + Aarr-
zi1(k — 73) + Aqraza(k — 71),
zo(k 4+ 1) = Ay 21 (k) + Asazo(k) + Agor
z1(k — 1) + Aqoaza(k — 1)+

u(k) + f(k),
(k’) :¢1(k)7 Z2(k):¢2(k)» k=—m,-+,0,

y(k) = Cz(k),
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Lrp:

z(k) e R"™™, zy(k) € R™,

Ay, = B*TAB*, A, = BT AB,

Ay = BAB*, Ay, = BAB,

Aqi1 = BYTAqB™*, Aqiz = BT A4B,

Agor = BA4B*, Ay =BA4B,

P1(k) = BT (k), ¢a(k) = Bip(k).
XH, B = (B'B)"'BY, B AMFEBIKIEA K, B
FERE B 10841 1) A4 1 B 1R A% 2 ) 1) 26k

M



55140 AT E At IV SR G ) AR S v i R b 2 125
2.1 MEWE BT ) % vH(Design of the quasi-sliding LMV s B R A — 5 I — M.
surface) FE 3 AR, AR H Al e AR ) e b B ph £
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traditional quasi-sliding surface)
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T ) — VIS AR, GRS AEAE N BE L sl
JEECRE J3E )45
2.1.2  JEZR P Ik 2 HE I A I (R ¥ vF(Design of the

nonlinear time-varying quasi-sliding surface)
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z1(k—1y) = Pz (k) + Pazi(k — 11), @)
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Aanr — Aqi2[F — W (y(k — 7o), 7) ALy
3 F 4% (Main results)
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3.1 FHARUEN FAL AR E P (Stability of the ideal
quasi-sliding mode)
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5 R A 5530 %
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i=k—Tg
P45 2R O)-(1 D23, T4
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Z (R ARTIATE(R)— 30 [67 (k) A+
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ET(k)[© + sym{I1, + I\t + In} +
AR ATIE(K),

X H:
[P, 0 00 0 ]
* O, 00 0
O=|%x x—Q;—T 0 0 )
* * x Oy —P
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0
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S=HSH", L=HLH", N=HNH",

U =[a1 AT, ay AT, asAT, a, AT, a5 AT, 017,
a=[ AL, a AL, asAY, a AT, asAY, 0]7,
W =1[0 —ALHT 0 0 0 0],

Wy=100 —ALHT 0 0 0],

HALH = H-T. 1%, HA3)KARL kR 5w (y, r)

S

AR AT 0
<;w<y<k>,r>>T<;w<y<k>,r>> < (4

FIH(13)—(14), FF-M kg &5 220 15
Y4 epU-BUT + e WTW +
£20U4 - BUY + &5 'WiWy < 0. (15)
e, MG E A, BN Ta0©8).  EEE.
E 4 I SE AR A AR, B
il I MATLABH [FILMI-TOOLBOX, R ] 754 N [¥) 5 A0 ik,
FRAR T R G fa e 444 i o < v
ES AEREH NIRRT S, AGEL = 0, R (8)LLKL
FOEABERITE TR Py + e1vad A12 AT, +eavad Aq1a A,
+o1(H+HY) < 0. F9 b, HEREHT T, Wa (H +
HT) <0, NITH N AEZ S0, AP
FE 6 EHRIL T AL B R e B AV B RS
S tee &k, H R 5N LN R 2 =6 K
TR G 2R PEMEH B IHAE B R A N BSR4, I8
n] R g H FOIRAAE BRARE S BT B e R e i — AN 7
934
it 1 X FAEMNES ., (e < )X
brigoy,i = 1,--+ 5. WIRAFAETE 485000 1F e
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PEFEBEANEE R X < OREOT, A 2 v e R T 4
I EEARMEIE ARG R S RS B A BRI ) T A P
51500, HiZ s e #riifoe 1.
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2 S I A B O R R A
x(k+1)=Ax(k)+Aqx(k—7)+Bu(k)+w(k),
(16)
o A0 E A E. T, bl i A AR ]
S0, HCRF . F 35 AE A I ST R A
zi(k+1) = [An— A (F—P(y(k), 7)AL)]z1 (k) +
[Adll_AdIQ(F_lp(y(k_T))T)Arll;)] :
zi1(k —1), 17)

it 2 XN T4 R RbR &S, (i =
1, ,5). WRAFAERR TN, § = 1,2, 3 94501 1E
EHIFEPL, Py, Q1, Q, R, SUUMAEFEH, K, L, N, i
U PR AN S o
E+ M UUT + A UUF WE W]

* -MI 0 <0, (18)
* * —)\QI
o
- _ H+sym{ﬁL+ﬁM+fN} \/TM/I
= = . R ,
[P 0 0 0 0
x Il 0 0 0
OH=|% % -Q,—-8 0 0 ,
* % * I 7152
_* * * * PQ—QQ_

Iy=-P+Q+ S, II,=P+ Qs+ 7R,
W) 28 GE(17) 72 W 3 A 1), BV I 3 B R 11K
ASTEHENAR 2 A e ).
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[FIRE, T AR Ge I Ze P AE T ASE T/ F T )88 I iy
BIHUR S, IR ] 13 B OR S 70 AR W A1 i
FRSE I — 78 03 A

i3 XTI EbrEa, (i = 1,
oo B W AE AR IE Y 4B I E L EP, Py, Q1
Qo, R, SUA N FEMEH, K, L, N, i 15 £ F 57 B A~ 25
KE < OROT, WAE 28 M UM B AF F T i B AR HE
TSNS 28 G0 (R R A 2 AT A7 BRI 8] m] ok % L5 3 3h 17,
Bz sh 2 i As e 1.

UE AR 2 U B R A S 15 . b AH R )
0T WA TH RO, X HLHE 2

ET RGO E AT EAL), TR H, BT
IR B B AR e 1) BRSBTS [N T AN R A e A
(e AR

8 SR (2070, # B S ORI R G IR A 1 HEAR
YEV AR L3 30 T TG, H DRAIE B A I AR M T A8
I N R P — 5 /N PR A S8 DT, 4 B VT HR v
PR £ by P il 2 (), A15 RGO MTZWIAIRES R 1
BRI e T P 170 28155 AR v A 1 v i AR A,
RE 85 LRIE 28 4 DR A5 T 10 1 o J50 el 5 A1 e — 2 /N4
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3.2 HEWE AR 45 1 3% ) 98 1Y X T (Design of the

quasi-sliding mode VSC)
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AT SR VS A 0 TR RSB A R B I M AR 2 LA o 0705 W s o,
OB A 51200 1, o> A,
ok+1)—a(k)= sat(oi) = ¢ kioy, o] < Ay, 2n
o) - TV (o (1), b A

H1A4), SN f (B) RFMEAT . o T 5 ERGR, il f =

(fM - fm)/2 - [fl fm]Tv f = (fM +.fm)/27
f = diag{flv T 7.fm}- J%, ?%f”ﬁﬂ?féiﬂ

EFR 2 RGN RRAR S5 R da ) % 4

u(k)=—z(k) — [ f + fsgn(o(k))] +
(a1 ()~ T 7 s (1)), 19)

U‘ﬂ%%(l)ﬂ?ﬁfﬁﬁﬁﬂ‘llﬂV\]?Uﬁ/@#’%"’f&%ﬁ, B A2
BT IA ST S AP AR XA BRI () Ty, SEH:

Z(k) = Sl(k' + 1)[A11Z1(k’) + A12Z2(k) + Adll .
z1(k—7i) + Aaqr2zo(k—75) ]+ A2 21 (k) +
Agzo(k) + Aanrz1(k — 11,) +
Ad22z2(k5 - Tk)a (20)

Tsj‘j%*i)a ﬁﬁ’ q = diag{Qh T 7qm} S Rmxmv E—
Lo NBAIRE, 0 < (1 —qTy) < 1,i=1,--- ,m.

{71 S 5 G I B S S W R L AW o8 % =B I -8
Wo(k+1)—o(k) = z(k)+ f(k)+u(k)—o(k),
FERF A (19)-0) A
ok+1)—ok)=Ff—[f -

qTio (k) —

Foen(o (k)] -
217 o ().

JUES)

o(k+1)—ok)<—qTio(k) — T, HU(;C)H )

sgn(o(k)) <0,0(k) >0
- r le@l

2
sgn(o (k) > 0,0 (k) <0,
o™ (k) - [o(k+1) — o (k)] < ORAL, JRRI 2]
IR AT

9 MRS B (y (k),
St (k + 1)RJ ¥ty (k) VSR 452,

i 10 U S 0 B Ok Y ik, R o
llo (k)| /250 (K3 I, Hs B PRE AT 20 5% R 40 10 3 24 b
Jt, HORKHISS R Gei shis s ilEL k.

1L X TEEEER R, I LR R e
R 5% IR T A AL HEE BERIA A 0F, R W REAR ), XL
N

FE 12 4T LR R G M T BE B i
PR, A SO AE R b (7 2O R b SR R o6 Blsat (o)1

olk+1)—o(k)>—qTlo(k

)RR I A, 3K

Hrp: ko= 1/4;, i = 1,--- ,m. B2, M4, — O,
sat(o;) — sgn(o;). B, XRPT AR & & HR .

4  BE 15 ZEH B (Numerical simulation exam-
ple)
h T 5 A )
B RGBT
1) RESHH RN
0.5 —-04 —-04 0 0
A=1-02 06 -0.1|,B=|0|,C=11],
0.3 —0.1 —0.5 1 1

X HLZE A = I

0.3 0.1 —0.2 0
02 04 03|, wku=]| 0 |,
0.6 —0.2 —0.5 0.04

w(k), = [0 0 0]Y. T i, ik LR34
O E N AR A3 3], X Hr = —1,2(k) =
[z1(k) z2(k)]", 2z2(k) = x5(k), HIEIHIIL S AT
Hpi(k) =[-1.5 —5]|T, ¢a(k) = 10.

2) KAERAWIT, =1, ¢ =055, 8 =0.5 =0,
=2, a; =2, i=1,---,5 L2, FIHMATLAB
HLMI-Toolbox, FJ#3\; = 8.5163, Ay = 7.2170,

Ad:

T
| —-7.7000 —2.4178 6.6274
| —2.4178 —3.8071 —2.7899 | ’

T, AR BAUE R B K S HON F = [—1.3625
1.5981]. My, P AR HE I A [ o (k) S T8 A5 AR 45 g 1
il 2% w (k) n] 2o k.

3) S T B IR g AE R 4 2R ey >k 11 i
FHIR, R A R e BRI R flE, A =
1.0 x 1073, fggJm, M5 H= AT LUE Y, ZEAT i vh e
e A S HEE T, RE PR N IR
ST RGmAE. i B A R W E 1207,

4) B PR R G PARZS I N AE A SR AR
TRE M B 1T 5 4 e R E T ST A R A AR, B etk
B B o (k) = Fzo(k) + zo(k). #EHER3,
| FIMATLAB H LMI-Toolbox, 1] 5

~0.5049 —0.1504| [ 0.4187

9

—0.1504 —0.2457 |’ —0.1629

M A SCR] DL B B AR UE I BE T M S A F =
[—1.2558 1.4317]. /2, M ff Jxf e, v LUF 2
TEASC vt M AE e e B AR N, R RA
M KT, R D, LR A ()R N AR AL 5 T
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5 45i&(Conclusions)
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