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Abstract

This paper studies the sliding mode control problem of neutral semi-Markov stochastic systems under
fraud attack patterns. Firstly, a dynamic event-triggering mechanism capable of adaptively adjusting
the threshold is proposed, which can effectively save network communication resources. Secondly, a
sliding mode surface considering network delay was designed, and a sliding mode control law based
on convergence factors was established. This method can ensure that the system can reach the prede-
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termined sliding mode surface within a finite time. Then, the linear matrix inequality method was ap-
plied to obtain sufficient conditions to ensure the time-limited stability of the sliding mode control sys-
tem. Finally, the validity of the results was verified through a numerical example.
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FUIRARAGE DN ERBIERG, ARG IBSEAWT VI IR A5 5 B I 1] 9%
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PAORAIE 5 GEAE AT BRI 1) P 2158 st v i T

TR B[O T VAN B b 1k OO — M R 53, IR RN 20 R R g8 SCRR[10]RF 7T 1
HA By R ] KR AE 2 BN 28 A I8 AN € Hh SL BN R GE) |, TSt ). e v 0 A T
PR, CRIERGUIRSTEA RIS R N RERIA BT . BlAE 250 T /RBHER R AIR N, 24
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I —AOET ) B IERGE N B AT R, DUENAIS RS . T, AR T B &M FE AT R,
R 50 A A B I3 50 28 2R 4 1 ) P A8 74 240 9 46 BT H R

AICHEET Lyapunov J7ik, S5 a@MEMEAEEET7E, R0 T B 2 i) b SR By R AT KB
HLAR SR E G R AR ) . B ZETTiRan S (1) S 7 A FE MR T &, LR St #
PR T 58 ZFAT AR TT AL 8 PSR BRI A 2 (2) et 11— Fh 25 iE I 2% SR (T AR, M
THT WA T R, AR T ORIET A H R G BRI A€ 78 261
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d[x(6)=C(n)x(r=(1)]=[A()x(0)+ B(r )™ 1)+ D (7 )x(r= h(0)) Ja
+[ 4 () x(6)+ Dy () x (¢ = (2)) ] dw(2); (1)
x(1)=x(t),Vt e[-p,0].
Hr x(t) e RTNRGHIRETE, () e R" NERIEMAN, A1), A1), B(r), Cr), D), D(r) N
TR RGHERE, 1 RGES, wt) NbRHEAT IS8 Bl 2 E{dw(t)} =0, ©(t) , h(t) AR
SR AN AR, EL R S

O0<z()<r,0<7(t) <z, <1,
0<h(t)<h,0<h(t)y<h, <.

(0> O} JEIR A IRAE S = (1,2, S} HUF6 U /R T K 72, SUAASHERE M Ny

Pr{n<h+A7, =jlh>h}=xr,(h)A+o(A),i# j;

2
Pr{n>h+A|n>h7 =i} =1+7,(h)A+o(A),i=]. @

Pr(r(t+A)=j|r(t)=i)={

K A > 0 IR, ygéo(f) 0. Biv 0, (h) R RGN | BASBREREISS /B R

%, B, (W)= 3 m,(h), HEBREHEN

”11(h) ”12(}’) ﬂlN(h)
7[21(h) ”22(h) ”2N(h)
)=l 0)]o=| oo
”N](h) ”Nz(h) ”NN(h)
BRIAGE LB EIKER T, ARG I 32 21 E SR B P B AR it
S () =u(t)+a(t)Hy, ()¢ (x(2),r (1)) 3)
et H | (r) A FRFAE TR 1 A SRR 77%/%“H “<u O, R £ (x(0).r (1)
FORM B BT M AL R AL W ¢ (x(2),r (2))]| < (x (), (6)) - 8(x(2), (1)) A S EL
BEALAE & o (¢) A SEFI oA 51 Hiﬁﬁ&Pr{a_l}_ a s Pr{a 0}=1-a", a €(0,1]. BRGFHZ
MEEBEER o =1, REREZMLEIEN o =0 .
2.2. BENSEfMA

N AW BRSO AR BEEAL R, AR SCESE T HIE N E R TS, BLh R,
KA FBR S, = {ph|Be N}, ZHAFMK LK b B SR S, = (A, e N, =0,

d, €[0,d,, ) AMEALE SR EER, 4 E IR FHRR L E N
e' (1) Ne(t)=n(t)x" (1,h)Ax(1,h) 4)
=A%
e =t +inf {ph]e" () Ae(t) 2n(0)x" (t,h+ ph) A x(th+ ph)} (5)
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EKHre[nh+d t h+d,,, ), A >0 NEENREERE, th+ ph it h 53 519 BO RAE I [R) R 3T
b BT, e(t)=x(t,h+ ph)—x(t.h), x(th) NEFAESE, x(6,h+ ph) J 900 REEESE . 2 BIE
n ()i e
ﬁ(r):L(L-n jeT (1) Ae() ©)
n(l) 0 i
Hrr, n(0)=n,20 H—AWEMEL. MM4relth+d, b, h+d,, |, WKERI()=t-t,h-ph,
0<d,<d(r)<d,, d(t)<d, <1, TS x(t,h)=x(t—d(1))-e(t)-

1 AR S (¢) v LGB (6) TR IR 1 & R HEAT AN A RS . S BRI T R il 1
Bl 5 AT A 2 Rz, MiREe() BT 08, (1) >0, UL SRR BIEE TR A Bhsh,
RIEBHIMBESH (1) 0 FHE, Wn(e)=0, s E SR Rk 7 08 0 G i S04 i
RITR[16][17], flRZ&FuT

e =t +inf {ph|e' (t)Ae(t) 2 7x" (1,h+ ph) A x(th+ ph)} @)
v, 7€(0,1) R—ABUEMF B SHEGM MR TT AR, ASCR 0 BE RS iR 7 RAE T4

I} 8% T Y73 T SE N R
NYIHAE, S =il AL A(n)=4.4(r)=4,.8(r)=B.C(,)=C.D(r,)=D,.D,(1;) = D -

2.3. ETEHRREER
BT BRI S FAEMAN], ASCEA 0T fH B
s(1)=G, [x(t)—C(r,)x(t—r(t))J—G,&(t);
dé(1)=G, (A(r, )x(1)+D(r, )x(t—h(t)))+ G.B(r)K, (x(t—d(t))—e(t)).

H G AEfT R, K PRI RMERE, B(r)K, &> Hurwitz 5[4 .
Hiar(HM(®) AT LA

E{ds(0)} = E{G,[A(1,)x(t)+ B(r,)u™ (1) + D(r})x(t = (1))
~[GA, x()+ GB,K, (x(1=d (1)) -e(0)) ]| )
= E[GB(r,)u™ (1)-G,B(1,) K, (x(1-d (1)) -e(t)) |
HIEIE BB, LSRR AR
=K, (x(t=d(1))=e(r))=a(r)H (7)< (x(t).r(1)). (10)
B 10)F3)RFF A (D), AT B R G ()M R4
d[x(0)=C,x(t=v(0)]=[ 4(r)x(t)+ B(r) K, (x(t=d (1)) =e(0)) + D (1) x(t = (1)) ] e
14, (n)x (1) + Dy () (= (1)) Jdw (1), (an

®)

x(t)=x(t),vte[-p,0].

DOI: 10.12677/dsc.2026.151003 33 B 1RG5


https://doi.org/10.12677/dsc.2026.151003

BRI 5

24. 5IEBE5EX
EX 18T FRLi(11), HAERAENIENE ¢,c,, T, EEHMEU , WHRELEH LKA
sup {xT(s)Ux(s),)'cT(s)Ufc(s)}Scl,Vte[tO,T], (12)

He p" =max(r,hd, ), H
x' (H)Ux(1)<c,. (13)
WFRRGA DX F T, =(c,0,, T, U ) BRI FaE ) -
SIE 1 [19 TAERIEEMHREM , b h, >h 20, WEREY:[h,h]-> R, A FHAERRL:

~(hy=m)( [ (5) My (5)ds )

) .o (14)
< —(Lh; v(s)ds) M(.[t—hzl v(s)ds).
BIEE 2 [20]% 45 R RRE BOERE X, 2, 2, 45 2 + 2 25 2y <0z, 24 HAY
E: —Zzgj <0 Ejz[_zz; éﬂ <0. (15)
3. FELRRHIEA
3.1. AIAMESTHT
ALV VA ) A
u(r)=K, (x(tk)—ae”’sign(BiTGiTs(t))—ﬁ(t)sign(BiTGiTs(t))),‘v’t elte.te]- (16)
Ko ()= pra'cl (x(e).i). >0 AERR, e 3 AMIIET,
NI E R R (16) N, FRGE(L D)W AEAT BRI 8] A B3k BT i v T A5 1
EHE 3.0 EIEBEHIEA6)EH N MRS )RR A HZERE 7E A PRI R] P Y S 213 BRI (8)
HEAA: 1438 1E E B AL
20 :%ST (1)s(1). (17)

g5 @R 16)RXMANX, HE LV (1), WL
Ly (0)=s" ())(G,B, (u* (1) + () H (1) (x(1),7(1))) - G, B.K,x (1)
<s"()GB[a(e)H ()¢ (x(1).r(1)~(B+a'5.¢ (x(2).)) sign(B G5 (1)) (18)
<—(B+ae”)|BIGs(1)|<o0.
FLS)HT Y (¢) SRR, BIRGE(L ) HO B oA 10 A PIRINF W)y S35 905 ROV BTN (S), F B
3.2. BEIRSARIERESH
N E B Lyapunov J7 AR FE RSB, BHFIT R 1) R BRI R E 1
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BB 3.2: HHEREC HIEERANT 1N, EAEESYERERE P >0, R >0, R, >0, R >0,
N, >0, N,>0, N;>0, tr&Ey, >0, X, >0, X,>0, 4 >0, 4, >0, 4, >0, 4,>0, A4, >0, A4 >0,

CLEARIBCRERE U 5 (845 T T 2V AR MR AN s

b b b b O 0 0 4 AR
* ¢, 0 0 0 O 0 0 CEAJPI
* % 4.0 0 0 0 0 DP
* * * ¢44 0 0 0 ¢48 0
£ % % x40 0 0 0 <0; (19)
* * * * % ¢66 0 O 0
* % % % % % ¢77 0 0
* % % * * LS * ¢88 0
* * * * * * * * _pP
N N N
Zﬂ'l./.le < }/I.Rll.;Zﬂ'”sz < }/I.RZ’.;ZH!./R}/ <R (20)
j=1 Jj=1 J=1
A <P <h,l;0<R <AL;0<R, <I1;0< R, <Al o1
0<N, <410<N, < AL;0< N, < A
/\q:I
. L 1 R 1 BRI 1 1
P=U®PU %R =U *RU %;R, =U *RU %;R,=U 2RU ?;
1 1 1 1 1 1
N,=U 2NU %;N, =U *N,U ?;N, =U 2N,U ?;
N
¢y =PA+A'P+Y 7, P —y,P+R +R, +R +1’N,+1’N, +d; N;;
j=1
¢, = PAC, +(R +R, +Ry)C, + h°N, +T°N, +d,,N;;
$s = D¢y = EBK; ¢y =—FBK;;
¢, =C! (R +R,+R,)C,—(1-7,)R, + I’N, +T°N, +d}, N;;
b3 :_(l_hd)Rl;¢44 = A, _(l_df)R3i;¢48 =-A;
bss =—Niibs =—N,3 ¢y = N33y = =N, 1A,
WRFAD KT (¢,¢,,T,U) PRI AR E 1.
R € XHT o(x,.i)=x(t)-Cx(t—7(r)) » HIEMW N Lyapunov iZ i
V(x,.t,1,) =V, (x,,0,0)+V, (x,,0,0) + V3 (x,,1,0)+ V, (x,,1,0). (22)
/\q:I
Vl(x,,t,l)zgo (xt,i)Pl(o(xt,l),
t t
V,(x,,t,i) = i)™ (S)Rlx(s)ds—i-J. ()xT (s)sz(s)ds+L_d(t)xT(S)R3x(s)ds;
. 0 ot 0 ot 0 '
V3(xt,t,l)=h_|:h HexT( )Nx(s)dsd9+rjlr_|.t+ng( ). x(s)dsd9+dMJldM .[ngT( )N;x(s)dsdé;
1
H(x,,t,l)z;?]z (t)
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XEP>0, R>0, R,>0, R>0, N, >0, N,>0, N,>0 A&ES44EHHIE &M%,

Vi(x,t,r) (i=1,2,3,4) REFBEH T, H
LV](xt,t,i):Z(pT (xt,i)P,.[Al.x(t)+B.u ( )+Dx(t h( ))]+/2N;7r]go (x ,i)Pj(p(xt,i)
[A x(t)+D x(t h( ))] [A x( +D x t h(t))

=¢' (x,.i)| P4 +A,.P,.+Z7I..P. @(x,.0)

+20" (x,.1) B[ 4Cx(t-7(1))+ BK, (x(t-d (1)) -e(r))+ Dx(th(1))]
[Algo(x i)+ 4, Cx( )+D X t h(t) ):|T
[Al o(x,.0)+ 4,Cx(t—7(t))+ Dyx(t=h t))}

LV, (x,.1,0) < @" (x,.0)[R + R, + Ry @(x,,i) + 20" (x,,i)[ R, + R, + R, ] C.x(t — 7 (1))
+xT(t—T(t))[Cl.T(R1+R2+R3)Ci—(1—rd)R2]x(t—r(t))
~(1=h, )" (e~ () Rx(e=e(0)) = (1=, )" (1=d (1)) Rex(1=d (1))

" sZﬂ'R,jx ys+ ] )Zﬁszx()
+J' zﬁR3/x()
W1, A
LV, (5t < 3" (O N + 22Ny 43N, () - (J w(s)as) N ([, x(5) o)
A ) ([ pas)-([L, <00 ) (1, <))

=¢"(x, )[hN+rN+d N, Jo(x,, )
+2¢" (x,, )[h N, +7°N, +d;,N. JCx(t T(l‘))
+x(t z'( ))C[T [h N +7 N2+dMN3]C,.x(t T(Z))

_(J,t,hx(S)ds)T N, (Lt,hx(S)dS)—(j[;x(s)ds)T N, (jt;x(s)ds)
(L x0) W1, x(s)s)

454 (6)7 AT AR 2]

t(23)~(26) A

45 et

(23)

24

(25)

(26)
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L (5,) 287 (W)= [ " () (5
()ZHRX() s ()Z”RX() 27)
+[A”go(x,,z)+A,,C,.x(t—z'( ))+D1,.x(t—h( ))]

xP, [Ali¢(xt,i)+ A”Cl.x(t—r(t))+ D“.x(t—h(t))}

Hrp
50 =[0"(xo) & (e=r() " (e=h() " (e=d(1))
J.tt_h(t)xT(s)ds I:_T(t)xT(s)ds xT(t—h(t)) eT(t)].
_¢11 ¢12 ¢l3 ¢14 0 0 0 ¢18 ]
* g0 0 0 0 0 0
£ % 40 0 0 0 0
_ * * * ¢44 0 0 0 ¢48
Vi=| « * * * g 0 0o o/
* * * 3k * ¢66 0 O
* % * * * * ¢77 0
_* % % % % % * ¢88
12 AF20) AT 5
LV(x tl)<§ () l§(t)+7/lf (s)R.x(s)ds
LT X )Rz,x( )ds+}/,j a0 x'(s)Ryx(s)ds 28)
+[ 4,0 (xi)+ 4,Cx(t =7 () + Dyx(e= k(1)) |
~R.[A“qo(xt,l)+AliCl.x(t—f(t )+D x(t h )]
W5 2 F(19)R, AL H]
LV (x,t,i) <y (xt,i)}’i(p(xt,i)—l-yl.ftih(t)xT (s)R,x(s)ds
+7, :_T(Z)xT (s)Rz,.x(s)ds—i-)/,.J.;_”(Z)xT (s)R3,.x(s)ds (29)
S}/,.V(x,,t,i).
SR MIFIATE ¢, B¢ FHR Sy, SFve>t, H
V (x,1,0) < (V (x5, 8001) )", (30)
AR, —mln(lmm (R)): i, —max(/lmx (U))+ pe, = p(C) A CHIEVAR, p, =p(U) AU K42,
f

E(V(x.1.i))2 E(p" (x,.1) Po(x,.i))

> E[(pT(x,,i)UzzéUz(p(x,,;)j 31

> K1E<¢T (xt,i)U¢(xt,i)).
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1 1

HhP=U2PU 2, RI<P<X,I.

E{xT (I)Ux(t)} < E(pUC3 ||(/7(x,,i)||2 eyi(t—tO)
1

<P B{g" () B ()

1 1

—%%E{(DT (xt ,i)UZéU2¢7(xt,i)} en(f*fo)
1

e =y A (R A main (R} F=maclan (8]

(32)

A :max{ﬂmax (Nl )} , A = max{ﬁmax (]\72 )} Ao = max{&maX (](@ )} % sup (xT (s)Ux(s)) <¢» Vie(0,T)

ieS ieS ieS " —p*<x<t0

I, MRIE22)AMB2)I, A NIIAERMAL

E{xT (t)Ux(t)} < Ao, E{(IJFPQ) sup x"(t)Px(x)+h sup x'(¢)Rx(x)

lxl ty—p <5<ty ty—h<s<ty

>P>

+7 sup xT(t)sz(x)}+dM sup  x' (1)Ryx(x)

1) —T<8<t, to—d g <s<t
0 0 0—dm 0

3

+£ sup xT(t)le(x)}-i'T— sup xT(l‘)Nzx(x)

to—h<s<ty ty—T<s<ty

3
+d—M sup xT(t)N3x(x)+ln§}e"(”“)
to—dyy <s<ty 2
s

5 3
< Ry {(1+pq)7&2+hﬁ1 +7d, +d,, A +h7/14+ > As

& - o] e
+7M/16} sup E{xT(s)Ux(s)}+577§}e"( )

*
ty—p <s<ty

n o
3 {{(1+p€i )7&,2 +h, A+, A +d A +?ﬁ4 +7ﬂ,5

>P>
)
)

3
] E{x%swx(s)}gns}eﬂffo>

th—p <s<iy

S—TZ% (/I*cl +%n§jey(“") <c,.
17¥1
HAT0<R <ALO0<R, <AI0<R <AI,0<N, <A,1,0<N,<AI0<N, <Al ,

3 3 3

. d
A :(1+pc,. )7&2 +hi +t4, +dy A +h?ﬂ'4 +%ﬂ*5 +TM16’ 7:max(7/i).

(33)
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W E SC 1 AU RS (DR RN RRER, &5 3.2 k.

4. BUEHHI
AT i B S BRI AIE P R J5VE BA RAE o 2 R8T 52 ok P 7 AR A (1 v S A e T
IRAREENL RS
d[x(t)=C(r)x(t=7 ()| =[ 4(n)x(e)+ B(r)u™ (£)+ D (1) x (¢ = (t)) ] de
+[ 4 () x(e)+ Dy (1) x (¢ =R (2)) ] dw(2); (34)

x(t)=x(1),vte[-p,0].

1 28T
-2 05 -0.2 -0.15 -0.06 -2 1
Al = > Bl = > Cl = s D] = s
2 -04 1 0.5 -0.5 0 0.1

-03 0 -0.1 0.1
4, , D, = , G,=[0.01 0.01].
02 0.1 0 -0.1

B 2 ZHTR
{—1 1} {—o.z} {0.25 —0.35} {—0.07 —0.1} {—0.3 0}
4, = , B = , G = , D, = , Ay = :
1 04 1 0.05 -0.65 0 -0.05 02 0.1
Dlz{_o'l 0 } G, =[0.01 0.01].
0 -0.
i ST 7 (1) = 0.3+0.1sin (1), IFARR 2 (2) = 0.3+ 0.1cos () « B B/RFHR RG & BT
B B T 1) R B AT 2R 3 A, R R R R R
27082 2.7082
{3.6763 —3.6763}'

@

TP R
K =[1 2].K,=[15 25]

I8 RGP S s, e
H,(1)=0.1sin(¢),£ (x(¢),1,¢) = 0.1sin (£)Vx? +1;
H, (t)=0.1cos(¢),& (x(¢),2,¢) = 0.1Wx" +1.
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