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Abstract

The stochastic stability of a class of nonlinear singular semi-Markov jumping systems and H con-
trol problems are discussed. A new type of Lyapunov-Krasovkii functional (LKF) is designed to
reduce redundant decision variables. At the same time, the parameter-dependent Convex Matrix
Inequality (PDRCMI) is introduced to reduce the conservatism, which ensures the asymptotic sta-
bility and satisfies the performance of the nonlinear singular Markov jumping system, and finally,
the effectiveness of the proposed method is verified by numerical examples.
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1. 53|

"X RGRHTZNHTRINRS . ISR TR 28RS, ey d i, AVMRE. M
RS KBS RSE . M RBHREFA P eI . HLEs AHUIR T R S5 [1]-[3]9m 51 2 72 1)
MR, JLHEESR, BoEtEn AR T T AP AL]-[3]. AR, TEIXEESEPR RS EMLE T, —EI
R, WFRELERER. RATETI, A SEsRAEEERR, RSB RRLEN, SR ERL
AL, MBI, XA AT DL 5 /R AT R BRER R 48 (MISs)i& L fifiik, Jf H Mg fER 5 —4
A RGREL, HAR BRI A — A SR AT R R E T Bk, RSV Tl i K& E A
FE) X /R AT K BRER 2 48 (SMISs) 9T |

MJISs 1E N —FRFIR BN R 40, BT IR S LA TE M RG] BEYR. G M R4t[1]-[6]
AR I, VER R O, TS REFIEE R, B0, H A7 8 B I AN g I MJSs [2],
HA I RAERE ) MISs AENE T3], AN E s tids il a) B [4], T 70 M = 4E /R ] Kk
R AR G A 7]

2. FFIHE
21 BENESHEE
AR LN IL S A CHE R T IRAE ) /R A KRB R 4
Ex(t) = ( (r))x(t) ( L)+AA (r))x(t-d(t))+B, ()@ (t)
( t)+f( r(t )+ By (1) (u(t=d (1) +  (t.x(t=d (t)),r (1)) (2.2)

z(t)=C(r) (t)+Cq (n)x(t d(t))+D(r)w(t)
b x (1) e R NRGRA R, u(t)eR™ MBI, 2(t) cRPAEHFL, w(t)eRO AR,
S E <R ST SR, Rank (E) =1 <. f (t,x(1) IR A M) A (1), B(r) By(r),
B,(), C(r), Cy(r)AnD(r) /il 4e i 1 O A0 HUERE . AA(L) R AA (1) R ARFIN ASEERE . I 1A
ZEIR d(t) 5 2 0<d, <d(t)<d,, h<d(t)<h,, vt=0, d,d,h,h, B&EHEBR, REE X
0<dy, =d,—d, . B (K t>0) RIELEIN I E DR A AR, P A AU S = (12,8} [1],
BERS AR T1 = {z, ) T F 72

P{ (t+A)=j|r(t)= } {

7Z'A+O(A) i#j,
1+mA+0(A), i=]j,

a0, im® o0 sr, (n)200,1eS,i% ). 45 AU IBEAIERS A Y B, vies 1

_j;moﬁT@%ﬁﬂﬁxz

j=1, j=i
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B, AR

A(r)=A A (r)=A;B(r)=B,B () =Bq,B, (1) =B,;.C(r)=C;,Cy(r)=Cq,D(r;) =D,
AA(1) = AA,AA, (1) = AAy, T (tx(t),r(t))= (1), f(tx(t—d(t)),r(t))=f(t-d(t)).
AT R RGRIENX, BATTLUR R SRR DESAF:
EX(1) = (A + A& ) (1) + (A, + A, )x(t=d (0)+ B (u(t)+ 1 (1))
+By (u(t—d(t))+ f (t-d(1)))+ B, (t) (2.2)
Z(t)=Cx(t)+Cyx(t—d(t))+Dw(t)

BB AR 11 2 () ) HAHATE s RATA R 1) SRR B, R T %

7Ty + Ay, ? Ty +Amy - ?
? ? T+ AT,y o0 Ty + ATy 23)
? Ty + AT, ? s T+ AT

Hert 7 M Ay e[ =65, 6 (6, 2 0), €[ =6, 8 (8 > 0) A MARAAN THE FIASH & #E B S oy HOAH A% 2%
Ay B, 27 REERME. MERies, £EHU £RU =U, LU, . Hh
U 2{j:mhes, jes), Uy 2{jm kR, jes). sobh, #U, 20, el bligdtig s
U ={Ki Koo ki b BEr ke e ST ZRAEFE TT IS i HEH S m A Eand 5t

B 2.1 LA SR E I TR(BUTR)ELHE 73 A A1 TR(PUTR) ALY I A I _F IR AN i 5 2 R 1
RIBATIZ. BE T LT A E B

T+ Ay T+ Ay o g+ Ag
Ty +Ay Tp+Ay o Ths+ Ay 2.4)
”51+A51 ”52+A52 ﬂ'ss+Ass
S S
Hep 7, -6;,20(VjeS, j=i), 7,=-2 7, M&=—73 &
j=1, j=i j=1,j=i
T T3 ?
2 ? Vis T
' 23 2s
. . . (2.5)
? 7[52 ? ”ss

B, MU, 2D, viesh, GUTR BAI(2.3)fi{ty BUTR BiR(25), #5,=0, VieS, VjeU,
M faifb A PUTR #574(2.5). £48, BUTR 8 PUTR B AU GUTR #RY(2.3)iEH, XEMEETELH.
& B %0 TR IS THE a1 T 2 s

Bk 214U, =S, Wz, -520, (VjeS,j=i), #,=—> #;<0, &= Y & >0;
j=1, j=i j i

B 224U =S Hiely, M7,-6,20, (VjeUy,j=i), #;+6 <0, 7.<05

B 23 #U, =S HieUy, M7z -6,20, (vieU,).

XA BREET TRAFIEMIAF I, Bt n] DR T H G A .

[e.g.ﬁij >0(VvjeS, j=i)and 7; =— ZS: ﬂij].

j=L, j#i
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R 2.4 FEARSCH TS R WA E VE & T S, Bcn
[AA AA;]=MF (1)[N; Ny ], Vies

EAHIEHGERE M, N, Ny BAIESI4E, (6 F (t) 2952 FT(OF ()<, ics.
Rt 2.5 AELMERREL £ (1, & (1)) TiL

fT(t) f (1) <x(t)T?

(1) F(t) <X () T?x(1) ST = diag {0,010}

fr(t—d(t)) f(t—d(t))<x"(t—d(t))T*x(t-d(t))
B 2.1 [T det(sé - A)xﬂi%ﬁ r=ieS¥HANO0, MALER2)IEN.
1) FAHER G =i €S 4 deg(det(sE - A )) =rank (E) . W RLE(22) WA TRk
2) Hw(t)=0, u(t)=0m HAEIEM (r,0(t))>0
{j X[ dt|r. x () =g (), te[- ho]}<|v|(r0 (1)), M2)BEHEE .

lime

t—oo

3) Hw(t)=0,

u(t)=0mf, #RF(Q22)ZIEME. TR, BEHEER, WFRERBEHLA V.

X 2.2 M T4 Mb >0, REQ2)EHHATVERIINL H IR, WERETE w(t) =0 ZEY)

BRSEAT T AREBENLERVRN, FEEMw(t) el [ oo), Wi /2 LT A
{ 22 (t)w (t))dt}<0.
51 2.1 B H M1 G REAELAERMSLHGERE, JFHRET(O)R(t)<1. BLUFASE
A>0:

1) HF (t)G"+GF' (t)H" <AGGT+A™HH", 2) £2H'G<H'H+G'G.
5I# 22 % CeR™, BeR™ NIEEMFM, HH A>B'CTB, N vAeR™™

.
:AB>O
B C

22. FEHR

&M TR &

TR ERIARE0<d, <d,, h, h, >0, &>0fy>0, WRFEHEP >0, R; >0, Ry >0,

R,>0, >0, Q>0, $>0, S,>0, Z,>0, Z,>0, Y,, Y, 3L FA%E

U 2% Gt R s O I F A AR RE R HL DR AR 5L 5
E'R=P'E>0,

oMl — |:E[m] Ep

22

:|<0, m=1,2,34,

N N
z;zinlj—leo,Zzin3j—Qzso,
N
> 7R —Q <0, Z;;,,RSJ Q,<0,R, —R; <0,®,>0,d, >0,
j=1
E(d (t),d (t)): it * B2+ Es

N
Eliy\d(t)d =E+A {Z”u J]A1+X (E" Z”u X (t),

i=

ASEE i el BT,
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N
B i0de) = sym(ATRA, )+ A] [Jz_l/rij P, jAl +e (Ry+Ry +d,Q +d,Q, +©,)e,
+e; (21;511—2 -Ry )ez —€;Rye; +e; (d2251 +d5S, +%d12 (Z2,+2, )jes
_ _ N
—AGZAg— A Z, A, + X () ETY 7 Px(t)+mte; (R, —Ry )e, + PO,
j=1

E= Sym<A1TPiA2)+e1T (Ry +Ry +d,Q +d,Q, +©, )&, +¢; (ﬂﬁEsz Ry )ez —&; Ry,

+mte] (Ry — Ry )e, +6/PO,e, +6] (dgs1 +d2S, + %df (z,+2, )je5 ~AJZ Ay~ AN Z,A,,

E,= _rlT(D1F1 - F;(DZFZ, E;= e;,ueziu - e1T472 le,,
E,= |:\/1_ alA;YlJ;lAIYlTvl_ a, A;—YZ\/ a, AIYZT ] ,

O = (2-a)8 +(1-a) &l Y,
v (1+a)S, +agl ||

D, =

(2-a,)S, +(1-a,) ] Y,
(1+a,)S, + a8, |

N
©,= Y P, + P (2A + 2B K + 2, NN, + A NEN, + 4,MMPT
j=L

i
+ﬂflsBiMiMiTPiTBiT+ﬂfueBdiB;PiT)+2fu;‘1T2
©, = 2A; + 2By Ky + A5 NgNy + 23 NG Ny + 4,MMTRT + 4,BM,MPB],

E,, = diag {_3_11_8_1:_8_21_8_2}1
A =[(@0 )l (@~ ()eF a0 (3)-0 e (0~ () ef 9 ek

r,=[A]A]] T, =[AL ATT
A, :[ETeZT —-mtE'e; mtETe; —ETe; e/ —mtE"e; (d(t)—d,)E"e/ —(d(t)—d,)ef

(d,~d (t))ETe] —(d, ~d (t))e] d(t)ETe] ~d(t)e] ] .

T.T T T T T T T T T u
A3:[r1 I, rsJ ,A4=[I’4 5 re] 1A5:[r7 g rg] ,A6:[I’10,I’11] ,A7=[I’12,I‘13] '

n=e—e,r=e+e,-26,r=¢ —¢,—6¢e +12¢,,
r,=e, —e,r,=e6+e,—2¢,,=¢—¢,—6¢, +12¢,
r,=e,—¢,L=¢6+¢ —2¢, I, =¢6,—¢,—66 +12¢e,,
Mo =€ —€,h; =€ +28 —6€y;,1, =€, €, I3 =€, —4e; +6e;,

= (1_ 2] ) A;Y1§171Y1A3 + a1A4TY1§171Y1A4 vy = (l_ a, ) Ang §271Y2A5 + azAng §271Y2A6'

_40) a —d(t)_dl,mtzl—d(t),§l:diag{Sl,381,581},§2i =diag{S,,3S,,5S,},

o = )
d, dy,

Z, =diag{22,,42,},Z, = diag{2z,,4Z,},

0 i=1---,14.

& :|:0(2n+k)x(i—1)(2n+k) Lane) Oznsipaasiyznsk) (2n+k)><(m+q+|):|'
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ER: ESEIEMI RGBT BNk, fF4E M, N L

(1 [ A w7 %]
0 0 A21 AZZ P21 P22

HE'R=P'E, WHIP,=0, #/AATUNMNHQ, <0, W AP, +PIA, <0, HA, RIEFFI.
PRt det (A, ) # 0 Fll det(det (sE — A ))=r=rank(E) » W (E,A)RIEWK. Tk, [FFet, #7754

SB[ - ] R - 1] B (A+A) P+PT(A +Aﬁi)+§;7rijETPjE<OEJ%D(E,A + Ay ) R IE
W, Tk, BRAR[21E X 1 RGEIEN, ki . BTk, iEJ;E%é}E%ﬁﬁiﬂ%\%, Ha LKF 55
LU
v(xt):gvk,
Vl(Xt)=XT(t)ETF’iX(t)mT(t)Pﬂ(t)v
Va (%)=, X" (s)Ryx(s)ds+ j o X s)dsdo,
v3<xt):J:_‘jj’ T(S)Rax(s)ds+ [}, X (8)Rax(s)ds+ [, [ X7 (5)Qux(s)sde,

j | XT(S)ETS,EX(s)dsdf+d,, [ | [l X" (S)ETS,Ex(s)dsdd,
L oo X7 () ETZEx(s)dsdadu+ [, [ [)XT(s)ETZ,Ex(s)dsdetly
ﬂ(t):[j;:(lt) x" (t)E"ds jtidz T(t)E"ds Ld X (ETds [ :(11),[;)(1— (t)ETdsdo
f::z(t) [ X" (t)ETdsdo | (J; X" (t)E dsd 9} _
LANSSETH NET, A

LV; (%) =27 (1) AT RA,¥ (1) +2xT (1) ERX(t)+¥7 (t )ATZEIJPJAT( )+x"(t)ET Z”u X(t)

[sym + A

(iﬁ,pj } ()Zﬂ”PJx()+sym[xT(t)ETPiX(t)]
[sym(ﬂm ol o [ @ et 20 (AN

+2x" () RAAX(t)+2x" (1) PRB AKX (t)+2x" (t)PAx(t—d (t))+2x" () RAAX(t—d (1))
+2x" () RBKx(t)+ 2" (t) RBy Kyx(t—d (t))+2x" (t) RByAK x(t—d (t))
+2xT(t)RB,f (t)+2x™ (t)RBy f (t-d(t)),

LV, (%) =¥ (t)(e] (Ry +0,Q, )&, —e] Ry, ) ¥ (1) + jt X (s)(

Mz

iRy —Qlj x(s)ds,
LV, (x)="¥" (t)(e1T (Ry +d,Q, )&, +mte, (R, —Ry; )&, —e;RZie?,)‘P(t)

[0 S ) e L ) S s

j=1

1]
AN
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LV, (% )="T (t)(eT(dZS +d3S, )es ) ¥ (1)~ d, ||, ETXT(5)S,Ex(s)ds

t—

—dy, | ET X" (s)S,Ex(s)ds,

LV, (x)=¥" (t)(“'—zlze&.,T(zl +ZZ)95J\P(I)—_[:dJ;ETXT (s)Z,Ex(s)dsd@

- I I BT (5)Z,Ex(s) dedo,
W)=y (1) wi(t) vi () w ()],

wa (8)=[ X7 (t) X" (t=d,) X" (t=d,) X" (t=d (t)) X" ()ET | ,

v, (t):{mj‘:;&)ﬂ (s)ETds dz—ld 0 J.:Z(I)XT(S)ETds ﬁfd(t)xT(s)ETds dil-f:dl x"(s)ETds | ,
va () =| ———— [ ['x7 (s)ETdsd0 ——— [“*O['x (s)Edsdo
(d(t)—dl)z t-d(t)Jo (dz—d(t)) t-d, Jo
1 t t !
— x" (s)ETdsd0 — E'ds | .
(d (t)) J.t d(t)j S) S J. J- S) S :|
m8]H5IHE 2, 4 FfRi 1, 2
2x7 () RAAX (1) =2xT (1) AMF () Nx (1) < A" (1) RMMTRTX (1) + A XT () NN (t),
X (t) RAAx(t-d ()) 2XT(t)P ()Nd.X( ~d(t))
Ao X" (H)PM MR, (t—d (1)) + 25X" (1) NgNgx(t—d (1)),
2x" (t)RBAKx(t)=2x" (t)PBM;F, ()N x(t) < A x" (1) PB,M;MTRTB X (t)+ 4;X" () NgNx(t),
2x" (t)PBAK, 4 x(t—d (t )) x"(t)RBM;MTRTB x(t—d (t))+ 2'X" (t)Ng Ny x(t—d (t)),
2xT (t)PB; f (1)< Ax" (t)PBB R x(t)+ 45 f 7 (t) f (t)< Asx" (t)RBB R x(t)+ 45 x" (1) T2x(t),
2xT<t)aBd.f(t—d(t>)sa.exT Y)RBABIRX(1)+ 457 (t=d (1)) (t-d (1))
< AX" (1) PByBgGR X (1) + Agx" (t—d (1)) T2x(t—d (t)).
LVl(xt)s\PT(t){sym(A PA )+A1T(i JijA1:|‘{’( )+x" (t) iﬂ'UPJ+Pi<2A +2B K +A'N'N,
+ 25 NNy + 2MMTPT + 2B MM RTB! +2,B, BiP" )+ 45T }
+Xx" (t)R (Z'A\ﬂ + 2B Ky + A5 N Ny + 2 Ny Ny + 2,M;MTRT
+ 2, BMMTRTBT ) x(t—d (t))+45'X" (t=d (1)) T?x(t—d (t))
- (){sym(ATPA )-‘rAI[iﬂ'u J]A +e/ 08 +e/ PO, +e) 1 T? ez} (1),
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N
O, =2 ;P + B (2A + 2B K + 4NN + 25 NGNy + ;M MR +2,BMMRTBT + 4B, BiRT )+ 45'T?,

0, = 2A; + 2B, Ky + A5 NSNy + AN N, + 4,M MR+ 4,BM,MPTB],
[914516 1 FI[10]51 ¥ 3, A

~d, [, ETX()S,EX(s)ds =~d, [ ETX(s)S,Ex(s)ds ~d j VETX" (5)S,EX(5)ds

1 1

T (t)FT S_1 +(l—a1)(S_1 +l _Y1§171Y1T) Y Cy t)
- ' S +ay (S +al -YS,)

<yT (t){—o{i(rﬁslrl +31,Sr, + 5r3T81r3)—1L(r4T81r4 +3rS,1, +5rSyr, )}‘P(t)

=" (t)( -Ti @, )W
j $)S,EX(s) < W (1) (1, —T3@,1, ) W7 (1)

w=1-a) AJY,S YA+ ALY S YA,
= (1=, ) ALY,S,Y,Ag + 2,ALY,S, 'Y, A, S, =diag{S,,3S,,5S,},
MRAE[L1]91(9), (10), A5 H
‘L dlj E"X" (s)Z,Ex(s)dsdd < —¥7 (t)[ 20525, + 4125, | (1) = ¥7 (t)[—(Agz_lAe)]\{/(t)
- jt_dl L_dl ETX" (5)Z,EX(5)dsd0 < —WT (t)] 2652, + 485Z,5, | (1) = W (1) ~(ATZA, ) ¥ (1)

R Bk, AT AR

LV (%) < &7 (DO (),
Hor QO—E1,”|d()d(l)+E2+771+772, F Schur %, AT,
E1,#| )d(t)+E2+771+772<0,

LV (x,)<0,
KRR LV (%)< —ox" (t)x(t), f£H Dynkin A=, Fifiiel, T>0, #ffiel, T>0,

EV (x(T).r(T))}=V (x(0).r(0)) < —<E{]; x" (5)x(5)|(x(0).r (0))},

BAb, AET oo, E{[TXT(5)X(3)|(x(0), r(O))}séV(x(O),r(O))<oo
R E X 2.1, RG(2.2)2FENAEN . T REATE & H A ERERREL I,
J :_[:ZT (t)z(t)—y*w' (t)w(t)dtg_[: LV (x)+z" (t)z(t)—y*w' (t)w(t)dt
= [ ¥T ()P (t)dt,

HATH 3 <00 HERECIIE. RAE GUTR FEFEME L, FRATEIRDS LR =FE 00 1 Eid A
WO iUy, Ul ={ki, -k}, TAEIEERRE, v, eR™ (ieUy, jeU)) Ml eUy f
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E" E, e, ME(R,-F) IE(P, ~F)
* E, 0 0 0
* * _
! 0 0 -0
ik
* * * *
* * * * * X
L ik |
Y iU}, BRI, IR T Y @ = -m— Y, 7y 20, RS U], 12 ],
jeuk, j=i jeuk

fEETRE-E'RE>0, &X

Q:E+E2+E3+A1T{z P+ P+ Y ﬂiij]Al

jeug jeUy, j=i

(2.6)

()ET[ZﬂUPJ-'—”"P'-'— Z ”'JPJ] ()

jeug jeUyg, j=i

Q=E+E,+E;+A] ZE,JPJA + AT PA+A] Y mPA +X ()ETzﬁ,J X(t)
jeUk jeUg, j=i jeUk

X" (E mRx(t)+x" () ET D mPx(t)

jeUuk, j=i

+

]

SE+E, +E+A] D mP A+ A T RA +A] ( _ZﬂiijIAler (DE" 2 mPx(t)

jeUg jeUy jeUy

+xT(t)ETmPx(t)+xT (t)ET {—ﬁ“ - g ; ] Px(t)

A+ Y mxT (DET (P —R)x(t)

jeUg

=E+E, +E;+ ) Al (

jeUk

R)
+E, +E,+ Z(ﬂ + 77 )A (P] )A + Z(ﬁij+ﬂij)xT(t)ET(Pj—P,)x(t)
)

[1]

jeUx jeUk

2.7
=S4 B+ Bt X AA (P -R) A+ X mAl (P -R) A+ X 2T (DET (P =R )x(Y) 0

jeUx jeUx jeUx

+ > X (t)ET(Pj —P,)x(t).

jeUy
Ak, BFEIE 2.1, TR E]
Z_ ”ijAlT (Pj - R)Al+ Z ”ijETXT (t)(Pj -R )X(t)
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Figure 1. x(t) status response with external input w(t)
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