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nonlinear perturbations

WU Bin'f, WANG Chang-long!, XU Jin-fa2, HU Yong-jiang"
(1. UAV Engineering Department, Ordnance Engineering College, Shijiazhuang Hebei 050003, China;
2. National Key Laboratory of Rotorcraft Aeromechanics, Nanjing University of Aeronautics and Astronautics,
Nanjing Jiangsu 210016, China)

Abstract: The stability problem of systems with time-varying delay and nonlinear perturbations is researched. Based
on delay decomposition approach, a less conservative stability criterion is proposed. The delay interval is divided into two
subintervals by a free parameter. Then, an appropriate Lyapunov-Krasovskii functional (LKF) containing state information
of the partition point and some triple-integral terms is constructed. Cross-terms in the time derivative of LKF is dealt
with free-matrix integral inequality. According to Lyapunov stability theory, a delay-dependent stability criteria in the
framework of linear matrix inequality (LMI) is obtained. Numerical examples demonstrate that the proposed stability
criteria can achieve larger upper bounds and has less conservatism than existing results.
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%5 FOREE: WA TR O I  RG R M 697
H 5| F2 015 sym{[N3 — N5, —N3 — N5, 2Ns]},
1 t
) R (s)ds = 0 =60 " t-d) 5], (s
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(0 [ (s | :dl T(s)ds B V(1) < 0, REHRaE.
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[ a2t (s)ds T g".
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t . .
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ZEn En Qi %14 %15 %16 Sir Zis S Ziowe Th T %W1

*  Zop Zoz Eoy by S Zor Ebs Zbe Zoi10 Sbonn Zooa Ciswz

* * 533 —ng W3 —)/3 0 0 0 0 0 0 dsW3

* * * =P %45 —~Y;1 0 %48 %49 %4—10 0 0 %W4

* * * * Eiss %56 W7T 5258 %59 Z5_10 W1T1 ng %Ws

* * * * *  Zge —Y7T Zes Z69 Z6-10 —Y1T1 —Yg %WG

* * * * * * = Py P Py T; T d,W; | <0, (32)

* * * * * * x*  Fgg O 0 0 0 (LWg

* % * * * * * % oo 0 0 0 CLWg

* * * * * * * * * 510_10 0 0 JSWm

* * * * * * * * * * —e11 0 (LWH

* * * * * * * * * * * —eol JSWH

* * * * * * * * * * * * —R;
ZEn En Qi %14 %15 %16 Sir Zis S Zicwe Th T 615Y1
k  Sop Soz Zoy by S Zor Eos Zhe Zoi10 Sbonn Zooae CisYQ
* x  Zi3 —Q W3 =Y; 0 0 0 0 0 0 dyYs3
* * * Sy %45 —~Y4 0 ~:248 %49 %4—10 0 0 %@Y;l
* * * * Zss5 %56 W7T %58 %59 %5—10 W1T1 ng (fist:s
* * * * *  Ege —Y7T Zes Zeo Z6-10 —Y1T1 —Ylg d.Ys

¥ % % % %k %« Fgm Po Py Py Ty Ty d)Y.| <0, (33)

* % * * * * x  Sgg 0 0 0 0 CLYg
* % * * * * * % oo 0 0 0 CLYg

x k% * * * * x kS0 0 0 dYi

* * * * * * * * * * —e 0 JSYH

* * * * * * * * * * * —eol él;le
* * * * * * * * * * * * —R;
~ 1

-~ Sys = Wi+ (do — dy)(Ni2 + 5 Na2) —

M, M, My B

« My M| >0, (34) Mo = =

| x xRy Sy = —P21;+P2Tz))+d%(M15+§M45)+
N1 Ny Nj dy(2Msy — Mgy — M),
* Ny Ns| >0 35 -
I G 549:—P23+P3T3+N13+éN43+
/\EPI d 1 d (2N51+N3’)T3—N5g>,
_ 1 2 — a1
S = —P12+P13+d%(M12+§M42> - = —Poy + Py,

di (M1 — Msy + My, — M),

—Pi3 + Py + W, Eig=—Pu— Yi,
W+ YE B =W, - WS + YT,
—Yo =W Y

Q2 — Q1+ Q2+ Qs+ Nay +

N3:r1 — N5, — ]\%T1 — d¥(Msy — ]\43T2 —
Msy — M) + d3(Myy + éM44) +

1
(dy — dy)(Ny1 + §N41)7

—Qo+ Qs+ W5 + W +
1

(dy —dy)(Nwa + §N44) —
N3y — Ngy — Nz — N,

Yy + WF, S5 = —PL+ PL+ W],

1
—Pi+ Py + Wy + Nis + 35 +
1

dy — dq
5—10:—P34+P4T4+W1T07

(2Ns2 — N3z — NJy),

[
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S5 RS
Seg = —Q3 — Y5 — Yéauﬁs——Y;gT—Pszp
Ego = _YgT - P:gp :6—10 = _Pzgl - YlTOv
~ 1 1
S99 = =S Zo+ ——+(N —N,
99 o — 43 dg—dl( 16+3 16) +
2

2 (Ns+ NZ),
(d2_d1>2( 53 53)

Ero-10 = =S5 — Zs, dy = \/(ds — da).

SE 2 (IUE B 7155 e 31 R0, AR .

FE1 S mIURE, 2Mdt) € [dy, ds]if, A%
HAB)-(6) MR (32)-B5) AN, RGtHiitasE.

2 Mde)RER, B d(t) S p R d(6) AR
IR, R REE R e E 2 5 Qo A S B TR AT A5 3
R e HEHEN.

FE3 EAREERLMERE, W =g=0n, X5
E FRLZEALL0 5 0 m] LAAS B AH B i A e PR HE T, % 5 e
PRI 208 N ) S5 18 73 RC N HER 1AL 2.
4  BUE A E (Numerical simulation)

T TR (R SR LU A AT A SCRE HH i R AR

Bl XRZQ), BRARGESEU T

A —-1.2 0.1 A, = —-0.6 0.7 7
-0.1 -1.0 —-1.0 —-0.8

Aot o]’G:ll o]_
0 1 01

Hdy, = 1, W, 8, p NAHNAER, FIHASCE
PRANE BR2A] L2y il o B HY R SR E 1 d R Fo VIS
i, SRR IPT7R. 2d(6) N E, dy, = O [ 45
RIHEK2.

%1 RAAFFHdY(d, = 1)
Table 1 Maximum allowable delay bound
(MADB) for dU (dL = ].)

ofi8 a =0, a=0.1,

=01 B=0.1

TEA[I7I(N =4) 19930  1.6380

SCHR[14] 1.8316  1.6541

H=05 = 03) 29242 24929
EH2n=0.3) 22454  2.0007
THRILTIN =4)  1.9930  1.6380

HR[14] 1.8316  1.6541

P=09 ey Z03) 29242 24929
EF2(n =0.3) 22454 2.0007
HR[I7I(N =4)  1.9930  1.6380

HR[14] 1.8316  1.6541

w=11 EH1(n=0.3) 29242 24929
EH2(n=0.3) 22454  2.0007

& 2 R A R K AFI I dy (dr, = 0)
Table 2 MADB with constant delay for dy(dy, = 0)

oflB a=0,8=01 a=0.1, 3=0.1
CHR[14] 2.9081 1.9672
EF1(n = 0.5) 9.1393 6.3774
ER2(n = 0.5) 4.0465 2.9389

P 12 0] 0, R A ST H (1) 7320 AR 2 EE K
1) Fe VI s b 5, AR SC AR e MEE I LA B /N
TRsF .

AR BT, A SC BT LSS S SCHR[15,191%
Eb, TRIE R Gk iR SO Qi 3R 3. 33
AT, ASSCHER T H R 5 R S0 VR I il b SR [15,19]
(8 AR, DRI ELA /NI ARy k.

* 3 mRAAHFNFdy(uks)
Table 3 MADB for dy (unknown p1)

dy, 0.3 0.5 0.8 1.0 2.0

CHR[15] 1.4210 1.5240 1.7078 1.8446 2.6344
XHER[19](n = 0.55) 1.6350 1.7751 1.9978 2.1519 2.9669
HER1(n = 0.55) 2.0188 2.1042 2.2640 2.3858 3.1034
HEWR2(n = 0.55)  2.3058 2.4267 2.6362 2.8031 3.7143

5l 2 HEWT RS
0 0

. 0 1
x(t) = l_l _2] x(t) + l_l 1] z(t —d(t)).
B3 FHEWR3 RS

[—1.0 0.0 0.0]
i(t)=| 00 —20 0.0]z() +
| 00 0.0 -09
[—1.0 0.0 0.0]
0.0 —1.0  0.1| z(t—d(t)).
| 00 -1.0 -10

Hp = 0.30, 45 dp FE, tHRMER SRR ER
B SCVFINT, AR SCRISCHR [3] BROx ERZs RUNR AR,
R4 R R, AT IR RENS SRAS BRI SR VRN, OR T

PEBE/N.
4 RRXAHFFdy(n = 0.3)
Table 4 MADB for dy (u = 0.3)
dr, 0 0.1 0.4 0.7 1.0
SCHR[3] 3.4724 3.5303 3.6780 3.7870 3.8565

HER1(n = 0.4) 6.3803 7.0271 7.5342 8.1751 8.8393
HE1B2(n = 0.4) 3.8556 3.9115 4.0253 4.0537 4.1213

5 4Z5iE(Conclusions)
AT T A A AR MR BI I AR I 1 R S
T s A vl L. S P 7 B g v, S X ()9 4 A
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2 F X ], #4313 24 I Lyapunov-KrasovskiiyZ b,
K H H R FEFR 2 A 55 3% Lyapunov-KrasovskiiyZ
BRI S EOHAT IR, LGt H FEAN AT S T
TR R g feoe MEHE. i )5, Jm st 2 E 17 B SL )
ULBH 7 A SCHE B R 792 0T LIRS B K SR VRN, 2
BT IA JERR SR, BOUE T A ST IE IR
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