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Abstract
In this paper, the problem of adaptive sliding mode control for singular stochastic systems with
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delay uncertainties is studied. Firstly, a suitable and feasible integral sliding mode surface func-
tion is designed, and the equivalent controller is obtained to get the closed-loop system. By using
LMI and Lyapunov function theory, the permissibility of the closed-loop system with disturbance
attenuation level is obtained. A new adaptive sliding mode control rate is designed to ensure the
finite time accessibility of the sliding mode surface. Finally, a numerical example is given to dem-
onstrate the effectiveness of the proposed method.

Keywords

Singular Stochastic System, Sliding Mode Control, Adaptive Control

Copyright © 2021 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 3]

A FEREAL R G B A BENLIN B 73 530 1 R 48, B e BE 3 S5 Bt R SE B A 9 52 2% 1 - Gibbs [1]
B TRy . BT, fEdl R SRR SR IS A THIRM B, P A R B LR G T
P DME R MERS 2, Re ) R X2 A SREENL R LRI FL . L 543 X SSS [RAa e PEANZ il B i BEAT 1 itk
— BRI, XWIEH T AR EERK RS Kk, Liu [2]10F58 17 SSS MR AR Hod S 4% . HE T
LR ] REVEZH, Xia [B]1WFFL 1 AN E I W7 SSS I & IR &3 Bt i) . Lu [4]2E T R4 PERT 4E SSS
HEAT THESC, BETC T A S RE LR D: o BhAh, Ma [SIEHF T T ANH 52 B HH I SSS 6 e s AN
BUEME.

PAT S R G IAAE R PRI AR GBS TERE, MMM ARG TARERS . BIHAT L, 2254
A T Z AR TE, FREA A G BIRIANEMAE. 2003 4, 6]
SR R ARG ) 1 RO [ Ve R GEHEAT TR IT, To bR A AL AR AR BRI R, 45 T R SE
R VEHIE . FESCHR7]h 2 T M Z MRS R, M H A TTENTIE 1 35 2t R G R 51 At 1)
. MaY. M. Chen Q. [8] [915 AR & Al vh 1 B HON R ZGPER A R GE RO 51 I, 7 d 1 R4
R ENE. 2T, LESE AN H G B EE, fhTE TSR MR R ST 5. R,
SCHR[10] [11]1 5 R PR~ PR ] 2 41K Daniel W. C. [12]58 ARIFST 1 HAT ARG ) A B 253 1 A i) 7
T ARG RS H . AN, FESCHR[13] P an 1 Bah A AN i R SR S At T O A R G AS e 1
KA R ATERIEA £, Ful, MaY. C. [14]45H 1 BAT IXEh as 1A B0 AR 2 v 2 57 I i R B e
REMI— 7870 25 1. AAT TR 2R R AN S S0(LMIN & B T TETRIRAS S sl s oAb, SCHR[15] [16]HF
T T BA AT S AR E 73 57 I8 il % G2 1) 1 B DI 2 e i 0 AR G A PRIV 8] H, #28]. R. Sakthivel
(17158 NWFFE T v SR G X AT e RN A e e 1) RIS ) 2 s

TR, PRSP, SEbr B AR I 0 — AR BRI 617 2. EX AN TR BOR
IR, TR I ST A A RS BRI BT E RGMARLE RS I8, HAAZMIESHOA
BN, DR R AT i RN LR L IE NSRRI AL . SMC TR T AR Sz hil B O PERE R, {3
e B B ORFFIERED T MBI 2 5 o DRIE, P48 il BLE SCRR[18] P it vk 1 B AN A TERESE b Z [ AE
iR R I AR [LO]h IR FEARZR, SMC BB — MRS 70 32 . T R SE . 1E4E
RG BHSUAGN IS EARS[20] [21]. HAT, REHIEHIER OB 7 — S e B, xt
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Rt AN ST Oy BB Z E R 2%, BFEEHMA%22], 2R R%[23] [24], |7 XLHR
4u[25], Wi R4u[26], ARLeMRHUE RSt[27]. EHK, SMC FEEMF AR PHRAE . BEM
TR ZE R Pt SR, F BRI R AR B . A4 VR 2 R [F ok 7 58 T ARESE
NP R — N T IZ By, AT RIS B vt it S B D BHIR K 75325, 49 L i AR 3 T [28] [29] [30].
TR AR LMV B AR R G 18 B BB B K I BT S A A S & AT R SRR . RS
SMC FIBF AR CAIAS T —E Mk RIS T —2e s, ienf ANZ AT 7. BN, i SMC Fn
AR AR B S, B BRI — L, RO AR SR I R R T T
TERF R RGAT, KT BB MARER G CAET 2 Gk P S 7 RERPF A, MaY.C., LiuY.F,
Liu N. [3L]#iE T & 57 5 /R BHRBEAE RS T 524G BRI ] H #24]. M. Kchaou [32]F1 Palanisamy S. [33]
S0 I T AT BRI SUSDR 22 G 1A A5 25 1l 1) R o AEL ST AR 4R SMIC 2 Gt 4R T 3 1 A i)
B FLAR D, HUSE R G006 2 35 7 M v 25V BRI 78 2 Sk AT 4 7 IR AR SCHIB 7 H 1
I, ASCH T R A S A A 1A e AL R G IS R ) B R S M RE T AT A B
A PR S [ RT3 25 A (R HRAT #45 HLA [r) R
FESCEEAE b, ASCH FZEDTRRAN N BIFFL T VS B O R | B SRR 2 B R G, TR
Pl S B AR AN I AR AL T — MR SEAAR T S R R R R I AR BT R T — PR AL AT
FIH LR FEAER (LM H T RS, 4 T SMDs f25E e 70 5. 1R T — iR & BIERHE
1l 88 SR ARAE ST T 7E A BRI R] Y I mTik . BJa, 383 ST ELGIE T BT 3t 1A 20
FSUiil: (QF L) AEBIMRENE, 7 RN HBEREP R FRoeR: “T7 REA R
e E: sym{ A} RE A+ AT o MBI RBHE M MEHIE: || REBAS BB RETEE: sup{} RE
FERER L5 inf {} ARERAFEM T 5.
2. RGRE
FIEMRT BEHL RS
Edx(t) =[ (A+AA(t))x(t) + Bsat (u(t))+ f (x,t)+ Dv(t) dt + Fx(t)da(t),
y(t)=Cx(t), (1)
x(0) =%
Hr, x(t)eR"FpRELE, u(t)eR"EREHBAGES, y(t)eRPERMERHBES, f(xt)
LRSI R EL, v(t) e R RAMEINE), o(t) Aw AEMR A (Q,F, L) EIRIbRHER —4E4ighid 72
Hili i E{do(t)} =0, X NRGYIIHIE, AB,C,D,F NEAEAYLM LR BN B AT,
E e R™ N#& 746k, /e rank(E)=r<n H rank(E)=rank(E,B,) .
VAN B 2 sat (u (1)) ORE LUK
sat(u(t))= [sat(ul(t)),sat(u2 (1)), sat(u, (t))}T ,
N T ARt
Lu;(t)>1
sat(u(t))zsat(ui(t))-min{1,|ui(t)|}: u, (t),~1<u; (1) <% @)
-Lu;(t)<-1

Hr J =12,--,q .
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XT ARG % i TR
B 2.0: AA(t) AEECH FIAHE SHOERE, JEHA R RRN
AA(t)=MJ(t)N
Ho, M, N #ORE MR SR B, I (t) RARBERE AL IT (1) (<1 .
R 2.2 T X, X f(X1) 2
[ (at)= f (e t)] < plx - x|

Hrb p> 0 2R A
ik 2.3: RG(1) 2 N H TGk

513 2.1 (SChUI’ %I\%IIE) Xﬂ“é’a‘%ﬂﬁxﬁkﬁﬁﬁ S =|::1T1 :12:| , ﬁ\:‘:':' SeR™, 811 cR™ éﬁﬁ@o PLF 3
12 22
ARSI
1) S<O0;

2) 8,,<0,S,,-5,8,'S,, <0;
3) S, <0,S,;-5,5,5, <0.
SIEL2.2: B X,Y A (t) RAAE LI o> 0 RIEBGENFL, WA
sym{XJ (t)Y}<&*XXT +£YTY
EX L WRARG )AL Johkeh HARE R AR RS (L) 2BV -
B 2: WSS R AR AN KA
a) Hv(t)=0/F, RZEA)ZAEVFN;
b) EFYIRZAE T, AEAEFSNEINB v(t) € L, [0,00) FILETEHIFERIKF >0 F, fREFLL T PEREFR AR
[TyT @)y (t)yde<y? [T (t)v(t)dt
PRHIFR R G E H,, B ROKT y N REITTENE AV
3. EEER
3.1. JERESEYLMS

Edx(t) = [Aﬁ(t)+ Bsat (u(t))+ f (X,t)+(L+AL(t))(y(t)-Cx(t))]dt
y(t)=C(Y). ©)

e R(0) FoRIREEE x () AT, §(t) FRMERHBES y(t) AT Le R™P A E [ 418
o AL() R |AL(t)| <5 HFRRES>0.
SR ARG R e(t) = x(1)-R(t), HEERQME)HRZE RGN T
Ede(t)={[ A=(L+AL(t))C Je(t)+AAX(t)+ f (x,t)=f (&t)+ Dv(t)} dt + Fx(t)de(t)
Ye (t) = Ce(t)’
Hory, (1) REIRE RGO A &
ML, AT H, ARG

s

(4)
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ly ()]
g{wv(ts)gg[o,oo) "V(t)"z2 <. (%)

3.2. WHBEE KIBEEH
FEAT R, gyt — AU R O
S t)=G[Ee(t)—Ee(O)]+G[E>2(t)—E)?(O)]—J';G(A+ BK )x(7)dr (6)

Horp K Jyftil detlat . FEFE G e R™" J& TN AW HUERE Hili 2 GB 2 AR5 =1,
TE: TEBLI o K (6) B P AT PE B AR 2 TR 2] -
BRI s (1) = 0 FELAEITIA] T W RTIE, 7S R GEAIR S PULAEA BRI 5] A RE D% 3K ) 3 B
T, ELAE R PRI )RR R T A T L
ds(t) = GEde(t)+GEdX(t)—G(A+BK)X(t)dt

= Ls(t)dt+ GFx(t)da(t) 0

=

Ls(t) =G [ Ae(t)+AA(t) x(t) - BKX(t)+ Bsat (u(t))+ f (x,t)+ Dv(t)]
4 Ls(t)=0,
sat,, (u(t))=K&(t)-(GB) " GAe(t)-(GB) " GAA(t)x(t)-(GB) " Gf (x,t)-(GB) "GDv(t)h  (8)
Ha 253 @) 7l NSE (D)), 15 HIE RS
Edx(t) = {[ (A+BK)+BgAA(t) ] x(t) + (B A+ BK e (t)+ B f (x,t)+ Bey(t)}dt+ Fx(t)da(t)  (9)

Ede(t)= {[ A—(L+AL(t))C Je(t)+ AAX(t)+ f (xt)-  (R,t)+ Dv(t)}dt+ Fx(t)do(t) (10)
Hrp: B;=1-B(GB) "G, G,=B(GB)'G.
Bk, FREE(9)FI(10) A IR R4 SMDs.
4. MERESTHR
4.1. AEREFEATENY

AT BT G ) B IERNEEAS, ORIE TR LA BRI TR AT A o 25 VEAN R T BB RTA
PEUERT, £ @ FEIE T LARZR I 2 1l PROL T AR e B EHRILR o R I — A B IE R AR R 48

u, u(t)>1
sat(u(t))=qu,, —O<u(t)<y (11)
Uy, u(t)<-1
Forp
=IOl ool

U, (t) = KR (t) ~(GB)’ ( O+ OO+ (0)+ p)son(s(1)),
u (1) == KR 0]+ L )y O« [ O s )] + [l O]+ o
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Fof 1 >0 (i =12) R B AR AR AR </()ﬂu() ﬁwﬁél() L(0)- mm() (1)1,
aﬁmﬂa FH. LO=R(U)-L. T8, EERE L) =Ly OsO] 1 L0 =1y Os©)]
)=k[s(t)] >0 Lzﬁmuﬁ%ﬁ%MEﬁf m%Eﬁi meﬁE

fZleIEEU%EP R — AN AEE
v =[CA®le)]+[caat)ix®]+Iellf (xt) +Icofjv(v)]
<Ly(@+r[90)]+1
SERL L VR & AR AR BT (1), AT DL LRAIE H A5 (6) A B AN o] vl i 1
UET: AR A R o A
o) -Z020, B0 B0 B

Is(t)] 21, 2l

(12)

SRABV (t,5()) POBERLESY, 4

Hr

(13)

BEAL (L) (1=12,3) A0 (t) (1=12,3) KR WF
L(t)=6 ()1 L)=L(t)-L. Lt)= ()1, (14)
It H.
L0)=10). L0=5 ). L0=k) (15
AARER(4)M(15), FEXADHALI), FHaaA%EN(12), A
1) Hu(t)>1i,

LV (t,s(t))= (Y {GAe(t)+GAA(t)x(t)—GBK>“<(t)

[s(®)]

+GB(|K (1) -

Lyl @l O[] <)+ ot (x 1)+ eDv()]
~<t>1<>+;<>|;(> L(DL(1)

|
<[ IRy @+l -+ t) = @llly O - Ol g Ol ]
LHOLE) | LOL) |, Lo (162)

, 1, 1,

=-0<0

1 I, l;
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2) H-1<ul(t )<1ﬁq‘
LV (t,s(t W
f

MLy Ol @) +.) -
(0L, QL) , Ok

, 1, 1,

Oy O] -L O )] (0)-~]

4 X (14) F1(15) 75
0)< sl - Oy ©-L O] -
b (61 v (t ||||s I, 'zllyt||||S || () ||s ) (16b)
o I, ,
3) Mu(t)< 10,
LV (4,5(1)) |fém{GAe )+ GAA(t) x(t)~ GBKR(t) + Gf (x.t)+ GDv(t)
-8 -IKllEC]+ Lyl o]l of-)o] 59
(t)lll( ) f(t?;( )+|~s(tl's(t)
=-0<0

270 (16a) F1(16C) P 0 F t A5 I A B EE, 15

g"s t)||<gV (t.s(t))<evV(0,5(0))-ot

255 (16b) I M 0 B t L4 I [AIH B EE, 75

€||S(t)|| <&V (t,s(t))<ev (0,5(0))—pt

BCRRAT, 2 o] (0)] =0 B, X TR L1, = max

£{v(0,5(0))} ’ £{V(0,5(0))}

» RGNS R

P

) a] RFE TS Bt R R (6) »
i HE

4.2. ByFEHER IS

SEHR 2 XS T U ERIbR Ry, WARAFAEIEERERE P, HEFE XY, Z flbi i & >0 (i =1,2) f13 LMI (17)

AT
e, -Z (GBA+ BK) G, ZGM 0 0
* 0, -ZD 0 /M Z
* * 2
-7°l 0 0 0
<0 17
* * * =2 0 0 (17)
* * * * _gzl 0
* * * * * —
Hrp
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IS 2SN

©, =sym{Z (A+BK)}+2F"PF + (& +&,)N'N + ZB,B{Z" + p°I ,
@, =sym{Z (A-LC)}+(8° +1)C'C+p°l,
Z=E"P+SR", ReR™™" stk Bt ETR =0, MMM RG@)E H, RANTRAF y TFRETT
HRIE VRN .
WEH: 1P Lyapunov %L
V(t)=x"(t)E"PEx(t)+e' (t)E"PEe(t)
Lyapunov ERELV (t) M55 A
dV (t)=2x" (t)ETPEdx(t)+2e" (t)ETPEde(t)
=2x" (t)ETP[ (A+ BK + B;AA(1))X(t) —(Gg A+ BK )e(t)+Bg f (x,t)+ Bs Dv(t) ]dt
+2¢"(OETP[(A (L+AL( )) )(t)+ A(t)x ()+f( t)- f (&)+Dv(t) Jdt
()€

+2xT (1) FTPFx(t)+2(x" (t)+e" (1)) ETPFx(t)da(t)

(18)

FRAER=0, M
0=2x"(t)SRTEdx(t)
= 2x" () SR™[(A+ BK +BgAA(t))x(t) —(Gy A+ BK )e(t) + B, f (x,t)+ BgDv(t) dt
+2x" (t)SRTPFx(t)da(t),
)
)SR

0=2e' (t)SR"Ede(t) (19)

X (t)SR[ (A=(L+AL(1))C)e(t)+ AA(t)x(t)+ f (xt)= F (R,t)+Dv(t) |t

+2e" (t)SRTPFx(t)da(t)

Il
N

B0 (19) 1 n 214550 (18), 15
dV (t)=2x"(t)ZEx(t)+2e' (t)ZEe(t)
=LV (t)dt+2(x" (t)+e" (1)) ZFx(t)deo(t)

(20)

Horp
LV (1)

2x" (t)ZEdx(t)

2x" (t)Z[ (A+BK)+BgAA(t) |x(1) (G A+BK) (t)+Bg f (x,t)+BDv(t)
(
(

+2e"(1)Z [( L+AL(t C)e t)+AA(t)x(t)+ f (x,t)— f(X,t)+Dv(t)]

+2x" (H)FT PFx()
WA 218 2.2, 47
2x" (t)ZBgAA(t)x(t) = 2xT (t)ZBsMJ (t) Nx(t)
<& 'x" (1) ZBsMM TBEZTx(t) +&,x™ () NTNx(t) 1)
—2¢" (t)ZAL(t)Ce(t) 25||e )Z|ce(v)]

(22)
e’ (t)ZZ7e(t)+5%" (t)CTCe(t)

%1
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26" (1)ZAA(t)x(t) =2eT (t)ZMJ (t)Nx(t)

< &% (1)ZMMTZ7e(t)+ £,X™ (t)NTNx(t) =
2xT (1) 2B, f (x,t) < 2x" () ZBg | f (x.t)] -~
<x"(t)ZBsBLZ T x(t)+ p°x" (t)x(t)
2e" () Z(f(x,t)- f(Xt))< 25||eT (t)||Z||x—>?|| 5)

<e'(t)ZZTe(t)+p%e" (t)e(t)
AR (21)~(25)15
YT (0) (1) =74 ()v(t)+LV (1)
=2x"(t)Z (A+BK)x(t)+&'x" (t)ZB;MM "BIZ "x(t)
xT(t)N Nx(t)—2x"(t)Z (Gz A+ BK)e(t)

X" (t)ZBsBgZ Tx(t)+ p°xT (t)x(t)+2x" (t)ZDv(t)
+2xT<t> (A-LC)e(t)+e" (1)22"e(t)+ 5% (1)C"Ce(t)
+&, X" (t)ZMM TZ7x(t)+&,N N +e' (t)ZZ e(t) (26)
+pel (t)e(t)+2x" (t)FTPFx(t)+x" (t)CTCx(t)—yv" (t)v(t)

YTy (O)-rVT(Ov(t)+LV (1) <& (H)Os() (27)

=

©, =sym{Z (A+BK)}+2FTPF +ZB,B{Z" + p’l +£,N'N +£,ZB.M -M'BIZ" + NN,
0, =-Z(GzA+BK),
@, =ym{Z(A-LC)}+22Z" +(1+5°)CC +5,"ZMM 2T + 5°I.
M4 Schur #h 31 HE, LMI (13)&M0 T ©<0, X T4AEREy>0, mZ%REeNE
LV () <=y" (t)y(t)+ 2 (t)v(t) (28)
FERVIEFAN T, WAERQ2)IIPILM 0 B TR HoRWIE, £
0<e{v (O} =a{ [V ()t <[] ¥] (O) v ()2 [] v (Dv(t)ct
AR 2.3 & X1 KGE X 2 0118, W RG@)E H, RENFHKT y TR TTEHEA V-
5 HHHIR

FEARFTH, g5l T — DEUES T RAEWI TS SRR A AT 9 TETHRRL, AR 2L
I ELARIOCHR A (1 550 Kb -

%1
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E:Ll) 8],\:[0(-)5 _11} B:m, c=[1 0],

0.2 0.2 0.2
D=| |, F= ,M=N=0,G=[1 1],
0.3 0 o0

RS
AL(t)=[0.2sint 0], f(xt)=05sin % (t)+ (1),

ATy =0.7540, §=0.1, |, =1, =1, I, =5, p=0.1F1H =1, FIFF|H Matlab s f#2%5(16)%3

& =6, ¢ =1,

5_[0 0 5 _[-11309 0
o -38795|"" | o0 -1.2127

.« ~3.1870 0 v ~3.0675 0
) 11303 | 0 -1.9056 |’

K -2.8181 -0.0888
| o0 -0.4438 |

LA, f2il 453 2

R 2 2k
L=[0.1934 0.8561] .
PRI, AL B 250(6)
s()=[y()-9(V]-[y(0)-9(0)]+[2 0][x(t)-%(0)]
+[;(0.8181 -9.93194)%(r)d(z),

BRI B (1A 1~ 7)

—x,()
4r —x,(0)| T
3 L
2 2|
(=]
=
o 1
8
<
&5 2
-1
2+
3 " " "
0 5 10 15 20

Time (sec)

Figure 1. State variable response of open-loop system
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Figure 2. State variable response of closed-loop system
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Figure 3. State estimation response of error system
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Figure 4. Response of error system state variables
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Figure 5. Sliding mode state response
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Figure 6. Control system state variable response
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