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New criteria for stability time-varying delay systems based on delay-
product-type Lyapunov functionals
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Abstract: The problem of stability for time-varying delay systems is investigated using a new Lyapunov functional. Two
delay-product-type Lyapunov functionals are firstly proposed based on Bessel-Legendre integral inequality and improved
free-matrix-based integral inequality. The functional utilizes the information on both the delay d(t) times quadratic
function and the delay h — d(t) times quadratic function. Then, by using the Bessel-Legendre integral inequality and
the improved reciprocally convex method to estimate the derivative of Lyapunov functional, some less conservative
stability criteria are derived for the considered time-varying delay systems. The feasibility and less conservativeness of
the obtained criteria are verified by two numerical examples. The results obtained show that the proposed methods can
provide a larger admissible delay upper bounds than some existing ones.

Keywords: time-varying delay systems; delay-product-type Lyapunov functionals; stability; integral inequality; delay
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I, =
—[(2h — d(t)) /W E5 ES Ry, [d(1)] BeZ11 —
[(h 4 d(t)) /P EHE Ras, [d(1) EeZrs—
sym{ =1, EY [h *hd( Ju, dgl)Hg}Ee_lg}
71 =70+ Sym{Z{| X =15 + 52556},
Ry, = R — (d(t)/R)My, Ry, = R+ (d(t)/h) Mo,
R, [d(t)] = diag{ R, 3R, 5Rr, },
R, [d(t)] = diag{Rur,, 3R, 5Rus, b,
S5 =lef da(t)er 0 0],

= [0a(t)ed 6'5 0 0"

[1]

Lyapunov 72 B4
V(t) = Vo(t) + Veml(t), (28)
HAV, () F1 Ve (t) € e B Al 2. vz iR
Vem (t) B ECH
Ven(t) = " (1) HEE) + d(t) (Js(t) — Ju(t). (29)
Forr: J5(t) A1 Ju(t) & Xﬂfﬁ/‘%ﬂ 2, 1T, & XL # 2.
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*x R %35%

T 2 S (24), T 51 BE 1 M 5] B2 FLE Vo(t) A
Vi (t) IFR S T,

At (Ty(0) = Ta0) = R [ (s)Ri(s)ds =
t (d(t) /1) M1 i (5) s

—hf @ (s)R-
hﬁfaﬂiT@HR+wd@NhMW$u@ds<

t—d(t)
e (P00 2

N B HT (R, (D)) HL B v (1)

ENEHy [Rag, [d(t))]) ' Hy E.Z11+

N () ILE(1). (30)
455 30(16)+(19)+ (29) A1 (30), H AT RE BT
V() < EN (O g dené()- 3D
Hor
Mgy dcey =
Moy + D ey(d(0) + %oy,
O3(d(1)) = £}, EY Ha[Rp, [d(1)]] ' Hy B2,
O4(d(t)) = ELE HY [Ray, [d(1)]] Hy E.Ens.,
g0y AT d(t)+ d2(6) A d(t) A e VL
I B4, By oy < 05 T REEH:
41y dry) + O3(d(t)) <0, (32)
gy —p ey + Oald(t)) <0, (33)
— BNy + Iy g gy + O3(d(t) <0, (34)

WU F Schur 5 38 A7 &0, 28 1 55 B AN 55 5K (32) ~ (34)
I35 (25) ~ (27) S5, 5 56 A (25) ~ (27) BLAL, U &
i () dnE AR E . O

4 T 5 AR FE RS 2R A Lyapunov 72

B 31 N — 25 o O T T4 1O R S 41
AN 5 T 0 4 B U0 B B 42 (1) () Xat).

R2(t) BT (t) ZB(t) &, Lt F& T Bessel-Legendre I {iff 3¢
FUR Lyapunov 2 BRI 3R A3 FRIAS & #E U 0 R <7 P BE /DN,
4 HEHTF

Bl FHEINE RS ), W2 A T RS

. l—2 0 ]7Ad— l—l 0].
0 —-0.9 -1 -1

¥ 78 1M E B 2 P45 45 2R LA SO 5% SCHR T 45
SERINTZR N, [RIIN R SR N e 1R B AN S5 20 H
AR B ) ECE (NoDVs) 31 T3 1.

I3 1A AL, AR SR AS 0 5K Fe PRI b 57 B S
MR [7-8, 12-13, 191 52K, ZR B T fig Hh (19 i o 284 72 e AR
X P 7R B — E B

M = 0.5, 5 B2 0 Or F GiAe 52 1 I i v F

#=1 BAR B rENsXRE LSRR

m

ik NoDVs

0.1 0.2 0.5 0.8

SCHR[12] 47036 3.8340 2.4204 2.1378 10n2 + 3n

SCHRI13] 4.7883  4.0607 3.0557 26150 6512 + 11n

XHR[19] 4910 — 3233 2789 54.5n% 4+ 6.5n

SCHR[S]  4.8441 41419 3.1171 26983  70n° + 12n

SCHR[7] 4.8297 41250 3.1555 27307 114n?% 4 18n

SEFEL 49383 42605 32959 28687 79n? 4 10n

SEFE2 49428 42721 33259 29038 247n? 4 22n

Hh € [0,3.3259], 59 T Wik 5 G ks b,
%At

4G

o(t)=[1,-1",
33259  3.3259 1
d(t) = i ¢
(*) 5 T sm (3.3259 )
e [-3.3259,0],

BE RGHRE B K 1T, X T 45 € %
4, I 1A 1 R G0 (1) =2 Fa e 1.

1.0
[\ _X\(t)
0.5k -—-= X
= of
= 4 3
st V)OS
O 20 a0
t/s
-1.0 - - -
0 10 20 30 40
t/s

El1 Bl RGEREHE

1T 55k, i) ¥ 43 B 8 Lyapunov 72 B8 75 [R K &R 4t
PR~y PET7 A A A DB TSR R Tk S 2
P AT AR B L3 N 10k, 0 i e = 0, =
0.5, = 0.9, % H & B 1 5 B ¥ 73 B 732122 X645
LTH ST AR 0 5 K b gk AT g, 25 sk 2 fr
. B2 WL, E B B SCHR (217 1 58 A I 2 BOT
VA SCIR [22] B I s AN 350 23 B O 325 BT A PR B i R e
M FEE T K, 3% B 7 B 1 A 930/ 51 DR S 18 U T 5 SCHiR
[21-22] [R5 ¥ AH EL R INAE L.

FH 2 2 A DL, IS ¥ 43 B 77 v I o T i X[ 4 B
e m B K, RGN ORI E W, B PR AR &
1) 5 NoDvs 7R3 i, B H 53053 2% B SURIG .
I, TE 3 B m ], 75 58 R eI OR <7 P AT A6
(1 1) . s b, 2 K B — 5 FEFE I P 0 m, PR ST
PECGE AR B R S 40, w1 kAR B B
Xk [21-22](m = 5) 02, XR-RHTLHAEZE T RS



F4H Yhiril 5 B AR Lyapunov 2 ok 69 Bt I B R AR 2 AT H) 3B 1023

HPIR 15 BT S B AE A BRI/ T AR 57 1, 4
M, 2 = 0.5 0 B 1 FriSa i B 3.295, AL
R [211(m = 5) 3% T 33.83 %.

%2 BRE L RFSRR AR LR b

Jiik S NoDVs
0.0 0.5 0.9

THk[21)(m =2) 5717 2375 1987 11.5n2 4 3.5n
THk[22](m =2) 5821  — 2109 13.5n2 4 5.5n
R [210(m = 3)  5.966 2442 2079 17n% + 5n
THR[22](m = 3) 5904 — 2217 20n? 4 8n
YER[21](m = 5)  6.091 2462 2152  28n° +8n
YHR[22](m =5) 6025 — 2468  32n% 4 13n

EHL 6.169 3295 2776  79n% 4 10n

B2 2B RERHH RS (L), 2 a0 RS A

0 1],Ad:l0 01.
1 -2 11

{5 FH SCHR [7-8, 13, 191 I 5 A A e # 1 5 5 # 2,
SFANTE] ot A K VR I s L, 4 SR 2R 3 .

*®3 BARE B SHRREITE LR

A:

7% - NoDVs
0.1 0.2 0.5 0.8

THR[13] 7.1480 4.4660 23521 1.7682 65n% + 11n
THR[19] 7230 4556 2509 1.940 54.5n% + 6.5n
CHR[8]  7.1905 4.5275 24473 18562 70n? + 12n

XiR[7] 71765 4.5438 24963 19225 114n® + 18n
ERLT 73325 4.6719 2.6369 2.0459  79n2% + 10n

ERL2 73723 47254 26872 2.0840 247n® 4 22n

% 3 0] DL, {5 FH Bt O v AR B a5 R T3¢
R [7-8, 13, 19] BT A3 45 L, 3R W 17 BT HE 5 vk I A &
1.

FMF 1, M = 050, h = 2.687 2, 45 E VI 5%
7k

o(t) =2, —1]7,

2.6872 2.6872 . 1
B=—7—+— Sm(2.6872t)’
t e [-2.6872,0],

132 R GERPIRS P I B 2 Fros, AT F1 R S (1) =2 fe

27 x,(1)
——— X0

x(?)
S

/
0 10 20 30 40 50 60
t/s

2 B2 RGRTSHITE

BT AT R RN S, R AR 30T
i, E B A PSR AR B 1B N 79 4 10n, SCHR[7]
fifi FH He S AR B OB N 114n? + 18n, B E L1 L
SCHR (7] B TF 552 4% B SRR 55 4, AR e 1 A8
TR AR B FBUE LE TR [8, 12-13, 191 36 £ (H T 13 45
BHTHRRECE. B, S = 0.8, 52 2 1 X 1
)T B 5 0N 2.868 7, AH AT T SCHR [12] 45 SR 3% 1
34.18 %o. Ny 1 i3k — 0 FRAC T AT 45 10 1 R 57 1, 8 3.2
FIN— RN AR & (W1 X5, Zij, i, 5 = 1,2,3), Lk
FAR B B IL B 247n? + 22n, 3N T R 4
JE. AR 450 AR S M EL R BE LS, IR IGAIE T 4
(A RICPE, B e 31 2 2 ARG I 550 52 2% B AR A R B
TR 45 R PR <3 1 1.

AN T BUEE 2 I R, AR E B 1GE B 2) Hh
A Vp(t) = 0(Vem(t) = 0), % T 1R 2, 4 p =
0.8 I, R FHAH L (14 A5 i 408 T 5 BT 45 e KB vy B 57t
432N 2.7607 F11.985 4. HHFT 1345 40, Ve (t) = 0
Ve (t) = OFEJR/ MRS M 77 T 2 A B ZAE .

5 & @

BT IR AR IS i 58 40 R A 0 12 ) R, R P R S A s
it 36 #3  Lyapunov 72 pR AR 0 A 25 U R, HE S H
PRAN T R B i AR o 2% A, It PR AN BB A1) 13
WE T AT HR 5 v B A AP E RN R AR SCHE H B
i e B A Lyapunov 72 BR Wiy, (¢) A Ve (2), tH AT BAHE
T B A 2 R 1) B AR N R G, AN 2 X 2% R
IR WX 283 1) R G0 BRI ] RG S
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