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Abstract

This paper is concerned with the exponential stability problem for uncertain neu-
tral systems with mixed time-varying delays and nonlinear perturbations. Some new
stability criteria dependent on time delay are derived in terms of linear matrix in-
equalities (LMIs). The proposed method is based on the new Lyapunov-Krasovskii
functionals involving lower and upper bounds of interval time-varying delays and Im-
proved Free-Weighting Matrices approach (IFWM), and is applicable to the case that
the lower bound of discrete delay is not zero. Two numerical examples are provided

to show the effectiveness of the proposed method.
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1. 148

FALRGECAEN DS AT AT Hd RSV 2 S TREHAR R 72 B H AT,
AL R G HBHEAR E VE AR 2 72, RS T EBUEER (1] [2] (3] [4] [5] ATRAE L, W
AL EE 2 FBUP L ARG RER AT E. Bk, BA R A N AL AL 5
H 3L 2R Gk E 1) R O SR BT FE I e e, R RE T VA AT B IR R 5 i 2 WA
B AE B R EE T

5] S7 R G KL A e PSS AR LL, HAe SR e AR B b, flhn, e T2 i 0z ok 7
VRN A BEAN G, SR (6] 90 T MR i R GU I A DGR SRR e M, (RS IR A B IE R S
IR E P SCHR [7) 8t AN AR I RO IS T, ) A 28 QI 58 1 AN G IR i R G O 4R A e
P SCHR (8] AN ST I T B AT SRR S (¥ 572 R G 10 R R BOR e kL AR
i, SCHR [O)7E SRARZMERE 7% 02 bR TR R, S8 51N B HAUE R 7 i sk 7 Semk (8] 45
BRAR T 45 AR ST . B0, 2 HOCHRBE KA () CT ()X STEXTC() M(h—h@)CT ()Y STYTC(t)

DOI: 10.12677/aam.2021.101027 239 I FH# e


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.12677/aam.2021.101027

a0
=

Pax
£

KT K NRCT ()X STEXTC(t) MACT ()Y STYTE(), H%AHE e Z i< R/ (ESE L,
h = (h—h(t)) + h(t)), XFERIAIRTT R 22X R2E MRS = 4E — E ORI SCHR [10)42 1 i
AW RS AR E MR B BBUERE 5, 53] T A RGBS, 1ZTVEE R T B s
KRB Sy AT A T, FEUE B T R R KIS v AR osodE. BRIk, T et ) B BB BT
(IR 2R 1 3R B0 o 7 B R G i AR T ) AT (LA — P A

2. Ti&s5|IE
S e 2K AT VR AR B R 4 P 0 o R
{ #(t) = Az(t) + Ba(t — h(t)) + Ci(t — (1)) + fi(@(®),t) + fa(@(t — h(t), ) + fa(@(t — 7(£)), 1),
2(0) = ¢(0), #(0) = (), V6 € [~ max(ha, 7),0),

(1)
Hrr, z(t) € R RIREZE, A, B,C € RV 2 AHGEAEBIVHE LB ht), 7(t) 75l
I 2 2 TSR ¥ AT SEIE I ELI A2 T B 2 A

0< hy <h(t) <hy, h(t)<hg, (2)
0<7(t) <7, 7(t)<T14<1, (3)
hi,ho, T, hq, T4 7& #(0), () F&1E[— max(hg, 7), 0] FLIESATMIIRIIG AT RS f1(2(t), 1), fola(t—

h(t),t),fg(ab(t—r (t) ),t FEARFMARZLIEDED, Hil2: f1(0,¢) =0, f2(0,t) =0, f3(0,t) = OF

||f1xt ) lI<a @)
I fa2(t = A1), 8) [[< B [| 2t — () [], (4)
I fo(@(t = (@), 8) (< [1 &t = 7)) | -

B, K4 TSN

f @), ) fu(z(t),t) < o’z (B2 (t),
3 (@t = h(), t) fa(a(t = h(t)), 1) < BT (t = h(t))2(t — h(t)), ()
f3 (@t = 7(0), t) fs(@(t = 7(t)),8) <27 (t — 7(£))&(t — 7(1))

h(t)),t)*ﬂfs f3< (t—T( ) t).

HYD:C([-7,0,R") = R" % X NDx, = z(t) — Ca(t — 7).

ENX1 [11]. HFIRESTED2, =0,t > 0,20 =9 € {¢p € C([-7,0] : Dp = 0)} HIEME—I
WLk e R, WAREFD ZFREm.

EX2 9] Hhrge >0 My > 15 2(t) |< ve s | |n, FHHAS | p =
SUD_pc o< o VI 0(s) 2 + [ (s) [I7 WIFRRSG (1) LA Ee FEEE.
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3. EEHR

EIB1. O Hlhy > hy > 0,7 > 0,hy Flry, WRAEIEEHEP > 0,R; > 0,Ry > 0,R3 > 0,Q >
0,81 >0,8 >0,2Z; >0,Zy>0,M>0,U>0,V>0W >0 MEEEEIEEX, Xo,Y1,Ys, Ly 5
PAlee; > 00 = 1,2,3) {15 N FUXSFRE MR BEASE UL

U X,
* Z1

Vv

0, (6)

VoL
(V%)= g
W Y
(" %)=o ®)
W X,
("% )=o ©)
(U+V Yy )20, (10)
* Zy + Zs
= 7Q het"zy (ho—h))TTZy, +TTM
-Q 0 0 0
x  —hyZ 0 0 <0, (11)
* * —(ha — hy)Zs 0
* * * —TM

MRS () fedasE, Hrh,

E=E1+E+E] +hoU+ (ho— )V +7W,

=1 PB 0 0 PC 0 0 P P P

Eoo 0 0 0 0 0 0 0 0

x  —e MR, 0 0 0 0 0 0 0

* * —e"*M2 Ry 0 0 0 0 0 0

- _ * * * Z55 0 0 0 0 0
=1 = * * * * =66 0 0 0 0 ’

* * * * * —Spe” 2T 0 0 0

* * * * * * —e 1 0 0

* * * * * * * —eol 0

* * * * * * * * —esl

Ei11 =2eP+PA+ ATP+ Ry + Ry + Ry + S1 + S5 + €1071,

Zo0 = —(1 — hg)Rie™ 22 + £, 521,

55 = —(1 — 74)Qe 7 + &39I,

Ees = —(1 — 74)S1e7%7,

Bo= (X1 +Xo, - X1 +Y) — Ly, Ly, -Y1,0, - X5 + Y5, -Y5,0,0,0),
= (4,B,0,0,C,0,0,1,1,1).
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MERR. XTRG0(1), Hidhn N2 v RV bR
V(t) = Vi(t) + Va(t) + Va(t) + Va(t) + V5(1), (12)
gl:':l,

Vi(t) = e*'a " (t) Px(t), (13)

t t
Va(t) :/ e*** 2T (s)Ryx(s )ds—l—/ e*** 27 (s)Row(s)ds
t—h(t) t—hy

[ @R, (14
- [ esrasatnis [ s .
o= [ e eQis (16)

0= [ [ s [ [ sz
+ / T /He i (s) M (s)dsdo, (17)

HP=PT" >0,Ri =Rl >0,R; =Rl >0,R3 =Ry >0,8, =57 >0,5 =57 >0,Q=Q" >
0,21 =21 >0,Zy =27 >0 LLRM = MT > 0 2525 k.

TV () WRS(L) K-
Vi(t) = et [:cT(t)(%P + PA+ ATP)x(t) + 27 (¢)2PBx(t — h(t)) + 27 (t)2PCa(t — 7(t))
2T (2P 1 + 2T (D2P f + T (£)2P fs)

e2et |:SE‘T(t)(R1 + Ry + R3);1;<t) — (1 — hd)e_26h2[gT(t — h(t))Rll‘(t — h(t))
—e 2T (¢ — hy)Rox(t — hy) — e~ 2eha g T (f — ho)Rzx(t — hz)},

IN

Va(t)

Vi(t) < e*! [xT(t)(Sl + S)x(t) — (1 — 1g)e 22T (t — 7(¢))S1z(t — 7(t))
—e 27T (t — 7) Syt — T)] :

Valt) < €T (0)Qa(t) — (1 - ma)e7aT (¢ — 7(£)Qa(t — 7(¢)],
t—h(t

: )
Vs(t) = e2€t[ T(@#)(hoZy + (ha — h1)Zy + TM)2(t) — / 05T () 7,0 (s)ds

t—ho

¢ t—h(t)
_/ 625(5 t) ( )le'( )dS - / e26(sft)$T(s)Z2x'(s)dS_
t—h(t) t—h

—n2

t—h,y t—7(t)
/ eze(s*t)iT(s)ZQi(s)ds N / eza(s*t)fvT(s)M:b(s)ds
. —

—h(t) t—r

- fttir(t) eQE(S’t)abT(s)Mx'(s)ds} .
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SATATHR RS € [t — ha, 8], [t — ho, t — ha] Rt — 7,¢], AT

e—2¢cha < 625(5715) < 1.
e~ 2eh2 < er(s—t) < e 2 < 1. (18)
e—2eT < eQa(s—t) < 1.
i A
. t—h(t)
Va(t) < [0 (1) (haZZy + (hy — ) Za + TM)i(1) — =20 / 7 (s) Zoi(s)ds
t—ho
o [RO
e~ 2ehz T(s)Zyi(s ds—e*52/ 21 (8) Zyi(s)ds
/ ()2 T (6)2ils) o)

t— h1 t—7(t)
_25”2/ T(5) Zy2(s) ds—e‘Q‘”/ 7 (s)M(s)ds
¢ _

h(t t—1

,287’ ftf-,-(t ( ) ( )d8:|

SRR SEMEX,, Y;, (1= 1,2), L1, U > 0,V > 0,W > 0, HZF$3EAm 8 7 o 20 T 51 7 FE R

3
pr(t) = 24T (1) X, [(t) — a(t — (1)) - /t t » #(s)ds] =0, (20)
po(t) = 22T (DY, [x(t — h(t)) — a(t — hy) — /t t:(t) x(s)ds} =0, (21)
palt) = 2% CT (1)L [w(t — h) — a(t — h(1)) - /t ::) #(s)ds] = 0, (22)
palt) = 2% CT ()Xo [a(t) — a(t — (1)) - /t ;(t) #(s)ds] =0, (23)
polt) = 26T O a0~ 70) —wt 7~ [ ds] =0, (24)
ot = e [racTovete - [ ovenas— [ crovana] <o, (@9
o) = = (= micvee - [ crovaas - [ croveas] =o. @
i) = [rerowen - [ w1 dowana] 0. @0
oo,

¢T(t) = [2"(t), 2" (t = h(t), 2" (¢t — hn), a” (t = ha), &7 (¢ — 7(t)), & (t = 7(8)), 2" (t = 7), fI, [, f5'].
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>HJ]

o

48

MAEEAREe > 0,60 > 0 Meg > 0, FATH—D1GH]:

a1 (a2 (e (t) — f (@), D fi( (1), 1)) 20,
ea (82T (t = h(t)a(t — h(t)) — fF (@(t = h(1)), ) fo(a(t = h(t)), 1)) >0, (28)
ea (207 (L = m(1)i(t — (1) = [ (@(t = 7(1), ) fa((t = 7(1)),8)) > 0.

A (18)-(28), A

V(£) < VA(t) + Va(t) + Va() + Va() + Va () + e (e1a®a” (0w (t) — &1 [T fy

t+ex 82T (t — h(t))a(t — h(t)) — eaf fo + eay*aT (t = 7(1)i(t — 7(t)) — s T f3)
+p1(t) + pa(t) + p3(t) + pa(t) + ps(t) + ps(t) + pr(t) + ps(t)

< et ((xT(t)(Qsp +PA+ATP+ Ry + Ry + Ry + S1 + Sz + e101)x(t)

+2T(t)(PB + BT P)x(t — h(t)) + 27 (t)(PC + CTP)&(t — 7(t))

2T (t — h(t)) (41 — hg)Rie~2h2 4 52521)95(75 — h(t)) — 2T (t — hy)Roe~2Ma(t — hy)
—zT(t — ho)Rze™2M2x(t — hy) — 2T (t — 7(¢))(1 — 74)S1e= 27 (t — 7(t))

—a(t = 7)She 2 a(t = 7) + 3T (t = 7(1)) (— (1 = ) Qe + 27?1 ) it — (1))

+aT(t)(2P) fi + 2" (t)(2P) fo + 2T (t)(2P) fs — er fl f1 — eaf3 f2 — eaf3 f
+7(1)(Q + haZ + (hy = h1)Z + M ) (1)

t—h(t)
—e’QEhQ/t_ht 7 (s)Z,2(s)ds (29)
¢ t—h(t)
—2chy 27(8)Z,2(s)ds — e~ 2ch2 21(8) Zyi(s)ds
e h/th(t) (5) 21 (5)d / () Zait(5)d
t—hy t—(t)
—e‘25h2/ i“T(s)Zgi(s)ds—ed”/ 7 (s)M(s)ds
t—h(t) t—7
—e_%Tftt 2 BT (8)M(s)ds +2¢7 (¢) X, [.’L‘() z(t — L noy & }
+2CT(1)Yi [a(t = (1) — a(t = ha) = [ (s >ds}
F2CT ()L [t — h) = a(t — (1) L iy #(3)ds]
+2C7 (1)Xs [a(t) - a(t — 7 (1)) L oy E(5)4s]
+20T(1)Ys [@(t = 7(8) —@(t = 7) = [, :(” (s)ds|
+halT(1)UC —ff‘;fi”@( >U< Ys = J, 0 CT(BUC()ds
+<h2—h><T<t> )= [0 T Vetyds — [T CTVE(t)ds
(T (W f:: WS — [ CTOW(D)ds)
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< e (t) (51 +Ey + EF + hoU + (hy — W)V +7W +TTQT + +hoI'T Z,T

+(hy — hl)FTZZF + TFTMF> ¢(t).

[ s () (80
_aW%ﬂllm(€ﬁ>¢W$)<U'§I><§3>ds (30)
_ et /() (¢w i) ( b ) ( ig )ds

e [T () ) ( S ) ( i )d’”

aﬂt—”/ﬂ(f}( () a‘cT(s))(W Z)(C?i )ds

I < 0, (6)-(11) &AL, IAV(t) < e2'¢T(H)IIE() < 0. Hr,

II = El + =9 + = + h2U + (hg hl)V + W + FTQF + +h2FTZ1F + (hg — hl)FTZQF + TFTMF.

WRHEFDRERER, HAAENREEEMREP >0,R, > 0,Ry, >0,R; >0,Q >0,5, > 0,5, >
0,2y >0,Zy > 0,M >0,U >0,V >0W >0 HirEe >0, > 0,65 > 0 fEFLNMHEEAE
K (6)-(11)or, ARG (1)EWTTFeE 1.

AV (1) < 0, MIZRHES A2 B8 (12) S M T RIS, IAXHLEL € [hy, ha)s FAEAFE:
2 A (P) || 2(t) |2 < V() < V() < VO0) < A 2 (31)

:/H\:EF" >\ = ma'X{)\mam(P>7h2)\mam(R1> h )\maz(RQ) h? mar(R3) T)\max(Sl>77—)\maz(SZ)7TAmaz(Q)v
h2>\maz(Zl)7 (hQ - hl)2>\max(Z2); maz( )} *D%X2EPQAIEHE/J| 1% |h ﬁﬁu,

@) | < ve™ [ ln (32)

Horby = /A Amin(P) > 17 B, RGE(1)2 SRR SR RE0RE H.

1. e = 0, M4 wEIE BB FAANERFAMA TR TR E N, RO =0
Ffs(@(t — 7(t)),t) = 0, ARCHAEE KB SR [10]F B, #— DUl e E1 e
PR T v B — e B AR e

t
2. FESCER (9], AR CPOX Vi XTEC(t)ds < h¢T ()X Vi XTC(t) A

t—h(t)

—h()
/t t " Z Y C(t)ds < RCT (YA Z7 Y C(t) T T 3RAS I i A5t i A e Pk U, ST
t—h

BESTRR AR A 5 () BT — h(t) Z IR, T Wb G R R SF b, JRATFE B e |
AN T pe(t), pr(t) Mps(t), I HALp () TRFERERU I EAR()U M (he — h(t)U-
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4. EME

B, ERESCHR 3] TP R S

A:<—1.2 o.1>’ B:<—0.6 0.7 ) C:<c 0>’
-0.1 -1 -1 -08 0 ¢

[ @), 0) fi(z(t),1) < o22T (D)(t),

3 ((t = h(X)), ) fala(t = h(t)),t) < BT (t — h(t))z(t — h(t)),

f3 (@t = 7(1), ) fs(@(t — 7(2)), 1) < 22T (t — 7(8))2(t — 7(1)),
He=01,0>0,>0,7>0. Xﬁ?ﬁzm T=1714=0hg=05h =0,e=0,a=0Ffla=0.1,

R T AR E T R fith. IXSERERRY], BT AR E M B 7 545 2 10 45 R 2 A
TR (2] [3] [4] [5]TH IR, JF HAROKE hy 2B o By FRIHE AN T 96/

Table 1. Maximum upper bound of he with different values of a and ~

£ 1. EAFAM Ry Fhe WA LR

a=0 a=0.1
y 0 0.1 0.2 0.3 ¥ 0 0.1 0.2 0.3
2] 0.9488 0.7695 0.6087  0.4667  [2] 0.8408  0.6841 0.5420 0.4144
(3] 0.9839 0.8024 0.6392 0.4941 [3] 0.8752  0.7166 0.5727  0.4438
[4] 1.4886  1.2437 0.9921 0.7367  [4] 1.3244  1.0901 0.8475  0.6300
[5] 1.6325 1.3386  1.0816 0.8563 [5] 1.4440 1.1950 0.9734 0.7760
P 1.9744  1.6317  1.3073  1.0001 EFE1  1.7591  1.4451 1.1414 0.8616

BRI AR A AN AR LR PE B O AR E Th AL R R G, AN S B g AR B E M E
JiiEe BIN B B RE 7V SR A 2R T v 2 pR R BN e 2R TR VR RE R AN AR 5K, HEUT B
HHR B E T 2% fhe ASCHET T — BG4 R, I HIRK 74 RIRT . &5, sl
(BB U B AR S AG R A Rk

EEUlH

[ G5 H (S201910449045); =M 2P0 H (BYJYYB201733, BYJYZD201808); 4% H
PR S HHFIH (ZR2016FQ16).
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