W46 % % 3 W hF
20144 5 H

Chinese Journal of Theoretical and Applied Mechanics

=R \ol. 46, No. 3

M2g14

MRIEX

5 JE) BR 0 B R A R B 9 ER 2k 1 R e Y
%5118 5 55 H o) S A 52

' X e 2

(P AR R AW UBR A ¥ ) 27 B P 1B X B i S %, 7t 210016)

WE BMAT RN AL E R AW R IS 2 —, M0 R B BRBENLE) ) R SR E LU SE B L AR 2 &

GIBHHLER B TR 5y — R R BN A, 4 BURITE R G — A IR 8 )y A5,

X2 BRI 5 A BEAL AR

¢, AR FEREIBENLB) ) R Ge, BRI BENLZ) ) RSB ARG AL O T A5 R] I 52 Jo S0 1 e 75 38l
o B etk R4, 4] Poincar&k i AR FL 71 Jo M 75 i 8 M 30 112447, 48544 H Monte Carlofbéil
o FLAE e R 0 AT AT T BUE AR AT, Tk, O T ERE SR S, RAMTY
YABILIE E] (mean first-passage time, MFRTJ ] van der Pols i, BENLFI:, 7 A3 shid st & ik fr
TR WX ER 4 RSB R LT, RIGR: URGER T T N R 80 R B Ak
I, He g5 RS R R ZE RO TSRS i SR IR I LUG , BR 45 S B g A A W) A

KR B ARSE, B, R ORI TR

FESES: 0324 ICEFRINED: A

E1=

24 H ) 8L (exit problem) & 7ERF I 50
(15 1) RS IRENLS) T3 24T . X T — AR R 1)
BEMLZRSE, 7EA RN, RGPV E
REFAR R 5y — DA P RS AT REME, 1iX
PG BRR R B LS. R, RG34 1 UGl
1 IS E] (mean first-passage time, MFPR) &k 1 & 55
AT A SRR 2 —. B H I8 AR 3 R 4t
FIFEVE T 25 N 2R A HT DL ) 24 1 B
RN Sy AT A AT B A — B, BENLIRSN
BB RAMKIT A H BN YW, A
BRI Z /N, NERGE TR 1 X ioe
SRR, HES 7 K], RGP &
LRI 95 0 R MOV /NI E R M T2 P R RN 2 = ]
=)

LAk, MMIT—HAES ) 20k X Rl 4
RS 2. SN ) RE L B AT MR 1 5
SR, 4 REA B LA IR A] R F8 BB AL R 1K AT

201309165 £%5 1 7, 20131209 15 Mok,

doi: 10.60520459-1879-13-300

T, BENLE) I RSB )1 REAN R, 5 i A
FAME AL T E BAEH AL BN R R FEA L4
1EBA B AR SRR I E TR, RG8h)
AT R, MR W SR RIS RN IRAEZ . i
TEBNLEN )28 RGP AR BGATIRE S, W, % RSt
MR 1 RSE PERIERE 1 4322 B85 K LyapunoviE 4.
D- 4 A RN FAEE . eah, R b Jrik, Jok
Je Je S 4 A 1) T BB AN I FH T ) A, R
25 AR PR B R4 R AR e A AT

20 40 40 AR, Kramerstif 5% 1 B2 5 J7FE )
B, AT RGRF YGRS ], 58T
— ANz SR

() ~ exp(AU/D) 1)

o (o) AP UG R, AU AR JE, D
Shy e P iR RE L 40 MR PR T RS2 7 T R R S H )
19674 Ventselfl Freidlin 237 T “ K Z=H# 2 (large
deviation theory, LD, Jf15 &7 5 8072443 21 11 45
Rt a—3 B, #onr LIS S — R R P o g

1) [E %K AR E}- L4 (11072107, 91016022,1123200 A LI ZE 14 71 27 Je 4 il 5 AU A0 % (R UL e iR R2%) B EWFARCEE (0113GO1)fI

LR R R R B TR R B I

2) XSERK, #%, BB B S, B, BENLAN )4, BELIRS). E-mail: xbliu@nuaa.edu.cn



448 7] Ea

2 EiCd 2014 4 55 46 &

I A EL e A K, H T2 R B A 1
B HARM L5 R 19754 Ludwigh! A ] T3 H T
THE R Y i 7y 77 2 4 RGBS 2 v A
FRAIE 2R BV B il 2 T REAE R I 2 Ak — 4
WY T REARSRAE, X A VIS4 1 UG L i )
T Heml. 2 )5, Schussfil Matkowshy 54 ] 77 5+
B B0} B ) AT T IR AN BT o, %73
T U I B ()RS R A A AR T AR R I 4y
1 B8, JEH ST FPK J7 REI A, RO 5 3 5
XA P AR R SN U, B T RBAEIA )2
T3 2547k, URAh T Kramersfi# AN 2 5 7
JEZ Ak 781 20 40 90 FFAR LS, Roy 548 T
T BB RN 7 VAV T P s (]
J5j Monte CarlofSH4ll &5 AT LU, 153 7RG
GG AR, Zhu M AR B AT T HoAt e o
SR —— LT3k Bkt R 22 k5 ik,
G xof B A T AR 22 1 A 22281 S R AT X
Y Hamilton REAEH LA 55 T 40 il St ek
H 1 UOE I T AR S R G e s E T, 3R T
REAEXILER.

FESCHR [12-13] ', Roy Xf —7r B2kt RGui 1
TEA BB AT, A S VAT T R
SR, HEEANIRELER (REMTY
U ], 3202 S AU RS R 2
RAHBKM R R, A ST A T 83— 2D 15
BT, VHEL T RGUAE S — ANSIATR (0738 15 G
REWIE], £33 TR AR, BN B RGN
A AR A B AR T A2t BRI g 25
5%, W RS — B EIY Poincarék
T A e AN B A S LR 5 P A et L, IR R 4
(R MRS 0 AT A BT T R AR SN (1)
RGO AW FE AN Y, 432 AU S THE. Bl S
f ] van der PolE 4 FIBHAL V- 3VE R R4 1 41
FRANL T AT DA B A AL B 300 ok 32 36 Y A R 7 e 28
FHEIRIAZR T, VFE T REE0F- Y7 YO i ],
P33 TRSCHR [13] B ISR B E LR T A
S5 UL A G RGN R R G 1 45 RN R 2 Ak
RN G5 AR SO I (W 5 | A 1 1 5 e v et
A R BRI LR R 25 5, i SO0 Y. (R 5 | sk St
T AR A5 21 (1 5 AR N A 22

1 HEENSREERS

Ir B AR GUAE TR L YT A e Tl )

B SRS A 0, 0L N IR TR AT
TR S 7 Bedeve R e rhid v] DOMLEE 21 45 10
RN R GRS 1B 24T B R T 3]
TIEAT IR 2R E, AERE SRS AT 20, SE Wl
RGIE AT N, R RGMIM G T, W5
AR N g ARG TR

% + Zg% + f(X) = F(1) 2
Ferp £ 2 Bl rEm
X+1, x<-1
f() =10, IX <1 ®3)
Xx-1, x>1
SN F(t) B A S AN s 7 il
F(t) = fo + f, cOSEt) + £(t) (4)

£() N BAISERR B 2D6(t) 122 A fe 0 1 T
FH R G o BeMEBRE fl, W B AAE x <
-1,-1 < x < L,x > 1 X[HHE2RFERS SE#.
A t I ZIHT X(t) = X, X(t) = Yo 24 -1 < x< LI
f
X(t+ At t, X, Vi) = ((2:—;)e‘2cAt + 2%+
(fo + &t
2
& A B BCRAS BN FE, & £(t) ZERR]
Bt = kALt = (k+ 1)AL] 1934 5 A PR = SR AR 43
Ty

+ acost) + bsin(wt) (5)

t+At

& = Aitf f(n)dr, Atk 1 (6)
Gy O T IR Ky G 2R FMEHTT %R ZA_[t) (1)
T A R BEAL AR . 5K (5) I R
_ —f1 _ -2¢a
W+ 42T T W

CL=-Yt+ fo%ggk — aw Sin(wt) + bw cost)

Co = 26% + Yt — (fo + &)(t + 2—1§)— )

a[2¢ cost) — wsin(wt)]-

b[2¢ sin(wt) + w coswt)]
Y x<-1,x>1HH
X(t + At; t, X, yt) = vy cost) + § sin(wt) + k+

e M@ cos(gAt) + B sin(wgAt)] (8)



% 3

AL BRAE: B2 JAIIYIAT A Pl A 23 BEAR I AR SRR 5 s 8 T U 5

Hrb, wa= V1- %0 AR, Al REHAT

_ fi(1 - w?)
7T @ w022+ (25w)?
3 2ficw
T (1-w?)? + (2w)?
K= fo + fk Fl (9)

@ = %X — kK —y COSt) — 6 Sin(wt)

B= wi[yt + ga + yw Sin(wt) — 6w COsSt)]
d

S5 E WM (X(0), y(0)) Jri» W LA #e A iy Uy ki i =X
(5) FI=k (8)(¢ = 0) THENRAMITEEEAR, Mt —> oo Hf
BB RAIFAS AR
I HRL 2 G R SOl P A 0 2R G e . 7 A 1)
B, UGBS E ¢ = 001, fo = f; = 0.25. F
Poincaréeg i
zmzﬂx%onzm,nmdgﬁ (10)
w
B A3 5] 0.65 < w < 0.9 I EME RS (I £ = 0) 11
FOEMR I AT 5 53 AT A
R LR, TR 2 MEGEM, TR x 7T
WRAELACR R 1 5 391 SE A fi# (resonant solution) x
J7 MR B /INE) L I A AE AL YR AR (non-resonant
solution). M & o AT DL 48 M 21 7R IX AR By 3t
A —EAEAE, FF H x J7 1) i i B 5 A e 34K i AR
Ko AR L2 w = 0.68 BT T 2> 25 1M

TR0 5 AT A BRI 23 328 B3N 0 20 s DR
T38RI RGN A R B B AR, XN P 5)
TIEEAT AR AR,

449
8.
6.
4.
=
2.
+3
ot . kil -
’,.-..-—-ﬁ'" +
-2

0.65 0.70 0.75 0.80 0.85 0.90
frequency / (rad-s~")

M1 #R% Q) maEEg
R v D B P v e B L
Fig. 1 A bifurcation diagram of system (2)

“*” for period-1 solutions, “+” for period-3 solutions

F w = 0.89 Pt tHIL T —2ef3 e i) 3 Ji
it AEL I T LA e 1K 2 3 ) AR AE Poincaré&i i I
(R HARRLE, DUAIBE AT 23 R Mt 1 J8 S 1) 73 AT
() I 3 A5 UL 558 A LR A 1R W 73 | 32t dan e it 4 A
JAl AR R AR AR T AR A 1. W5 13 /Nt mT DLW
T AR AR SR A0 N RS () BBUBAR . [FIAE R K (5)
=K (8) (¢ = 0), ARIAEILARARLE Poincaresk i 11
W5 | 3551 3 A A4k

2 HAT LA BB w MBER, JEIL4R MR )
SIS M A K, AR e . K 2(F)
B HILT 3R, 46K 1R o = 0.90 [
T HIL 3 MR F 5L n] DUAIE, Y w = 0.90 IN7E
W5 | B 53 20 R B T RSE 1R 3 e S Ui 1] 1 v
w = 0.89 T —2L8 3 J W A2 HELAE 1
JESLPRAR T, DA S 520 1 R HIAE ) 23 A, B
Bl w = 0.90 I 71 E AR AR 5 ) P9 35 23 20 HA I
3 JEMfEA 2 s mant 1 AR 34, BT B T 23
M4l w = 0.90 J#5R LR, I AT LUK 5 |36 1) ok

(b) w=0.84

2 A IHRARAE Poincargiii LW 5 | Bl S MBI ) A2 Ak

Fig. 2 The attracting region of non-resonant solution on Poincaré wftbreit values ofo



450 Vi =2

EiCd 2014 4 55 46 &

+E

-3 B
-5 -4 -3 -2 -1 0 1 2 3
X

(d) w=0.88

() w=0.89

() w=0.90

2 AILHRAFAE Poincargfl i L W 5 | BN 10224k (45)

Fig. 2 The attracting region of non-resonant solution on Poincaré wfitereint values ofy (continued)

ANETCAE LA H R0 A 5o W 75 (1 e
AW N, SPX 8 GE I I TR N %S AR K.

FHERS (2) ol NmE BT AR £(t). 4
E, NS 2N, St KR, R85
Mo ME R E RS E R R S — MR RE, &
BT PR 5] - 0228, R AL (5) Ak
(8), PILUMRZ 2 MBI PN 4. 1% HL H % 18 0.65 <
w < 0.9 INAETE AN E M I L T R A B ISR
EIXANTEE N, %HE w = 0.80, 0.89H 4 LL i M R )
TEBUBEA 3 HT. w = 0.80 I, AR 511 W
S A, AR ST R 2 IR 0 = 0.89
I, ARILARI S |7 IR 5 e R Sy, i Hs%A
I 2.

HHE w = 0.8 [IIEHL, 24HL D = 0.000 11/
W P PRI O 0T LUR S 2 B 31 R G AR SL IR AR
SE i B B PR AR E MR B, W IR AR 2 M REA
MG TE P30l T AAS 3 R U AR SL R A P
JER/CTBUN I 1 PN

B3 T Faobsih 1, B 2n/w. [ 3() K
TR DR T, B R AR bR LR T Ok B T4
(I TR], HARAR R SZ 3B R AT Poincarégkii b (147
B x ALFR. & 3(b) i 10 0004 B S S REAS I 25
I 2N GE vt oA B, B R AR bR LRI T 4 5 qr
THE 25 H I 2R T), GNAR R A 55 HE IR 2 TR AR
B, 19 2IHEILHRAE B35 15 ORI IS TB] () = 1134T.
taX (1) v DA AL 4 545 B AR L AR A 2 L 1 22
1 AUNR ~ 2.9x 1074, X ANEUE AT BAFH SR 5 E = T
(PR A 5 A

MR gt 25t 20l e A 10 B 5 ) 75 2 B KT
WP R T D, Sl B S AR PR S Rl E 3L
e, BT LUEAN LG IHAE G e X AT IR IX Fh

0 500 1000 1500

D=0.0001
mean=1134.009T

distribution

00 1000 2000 3000 4000 5000
/T
(b)
[ 3 w = 0.80,D = 0.000 1AE IR ES H I ) iR 51 vk
B R 3 A

Fig. 3 The time history of exiting from non-resonant solution and the

distribution of first-exit time withw = 0.80,D = 0.000 1

oL, FURFE Y D > 0.02 I, FEH AR 1 B s a]
KF) 10T HE K.

YT w = 0.89 I IL, FEAE WS ISR, E3L
P oS g 75 (R U FE 0/ (] 2), T AR IZ A3t 1O
T T R (A R e S B E LR A B IR
I D = 0.006 5/, M 5 i 5 2 {1 15 00 1) 65 %, 11



¥ 3

AL BREE: 32 JAIRN 1 7 1 7 Be Rk AR GE I 5 1 8 ) R 451

SR R I ) S R TR AR 2, I RIRE ) 5 A
B 55 ] 3 AR 5 L IR 1) [ A2 5 2t B ) () 90 A7
IR R E PGB I ) (r) = 12187, #HL (1) [
FEAT DL A3 3 w = 0.89 I K AR ILHR AR 1) A fit i JEE
AUng ~ 4.5 x 1072, XMEAH OB L1 17 50 22K H
TRZ, i A H i ) AR e T

U, KRG (2) AT TR BT E i A
By, S TR X L G A B B o AT S T
M. SchussHl Matkowsky Az H: & 1E & A148 F 27 5+
TANEM T MU 2 TAE, 52 TR 2 EE )4
i Br811sl Yhs NS gl X W RN
TXLEBR A MR R I P FE RGN AB) R
RS R R 2(e) s G L A, i
B HE R 2(a) Fros i A A St il X
AT AR T Gtk 22 (RS 25 I 5% R 80 5 | 311
JR A A SRR BIE A HE N IR A& IE H 244k
PN IR IR,

EH T3 LI 0 2 A BB (1) 8 tHAT Sk, AT
AR BE, BT UL AR R AL T VA, KA BR PR AL
H A E NS R CAT S S A B — A
AT 154 van der PoPS# B “ e i - AH A A%
e (VL SCHR [19-200), KB FRER ) 25 AT A A A
van der PolfH E a8 “ G - AHAR” AHE EIRAS) R
B AT R, WA Z, GE AR )
IARLRE, RJEX) 73 Be R itk R e & 5 e pi Jh s 2L i
fiff. AT — L2 AR SR R ER ) B AT R 1,
SCHR [21), HA2RIFEAE ) AR, N van
der Pol 23} R MATIT AR AL AL EE, Z J57E van
der Pol & N8 FH BEALF- 3992,

2 ELRS

MRS (2) 2 Ak B RS, Joxt 158 W
K Hi van der PolE 2 (11) xRl %44k 51 van der Pol
AHIEL. P TP 2R L T AE R, AR Y T E VR 3R
GERMTIT.
X(t) = a(t) coswt) + b(t) sin(wt) + c(t) =
r(t) coswt — ¢(t)) + c(t)
y(t) = x(t) = —a(t)w sin(wt) + b(t)w coswt) =

“r(w sin(t — ¢(t))

(11)

L, a(t), b(t), r(t), o(t) U R R, JF H 20
e(t). RGE (2) MARLMETR f(x) n) LA B g g

H
f(c+rcosd) = cNo(c,r) + rNg(c,r)cosd +---  (12)
0= wt—¢, No,Ny WI'F
r l-c -1-c
NO(C,r):1+E;[G( r )-6( . )]
1 1-c -1-c (13)
Ni(e.1) = 1= 5[H(=—=) - H(——)]
Z(xsin’lx+ Vi-x2), |X<1
G =1 "
X, x| > 1
-1, x<-1 ¢ (14)
H(x) = %(sin‘lx+xV1—x2), IX <1
1, x>1

X (11)~ X (12 AR (2), BHEENT 0 SEIL,
A LAT3 3] van der Poli &l (a(t), b(t)) F HYA R4t

a(t) = A(a,b,c) + eWi(a, b) + Veéi(t) =

N]_b bw a
- —8m + Ve (t)

"2 2
b(t) = B(a, b, ¢) + eWa(a, b) + Ve&a(t) =
wa aN; l_ b
20 2@+ 1?)

+ Veéa(t)
(15)
ST o = 0 0,00 AT O 15
BERLIERE, (&@&t+1) = 6(),i = 1,2 el 1H EAH
KEREL. c(t) Bl 7 FEn] L e(t) £ X 6 P34 e
T 0 4153 21
27T
%r fo (X(t) + w?r cosA)ds = 0 (16)
AN (2) FF 2w e s 1] LA 24 o) AR
ok

cNo = fo 17)

XA, 3 (15) XA 110 = SR IIBE ML /> 7 BRI
HOTRE (A7) fE— il 5E e T R4¢ (2) 75 van der Pol
FHIE L1880 12447 0. 45 5 503k van der PolfH ] L1
Al (1) XN TR FRSE (2) 1A 18
fiff B E A VS T DUR A 5 SR BP0 LLS R 4
(15), (17) I P47 S A LA K 0.65 < w < 0.9 SR Bt
(AR PE 2k, LI 4.



452 Vi =2

2 EiCd 2014 4 55 46 &

L4 //
-l
2 -«”‘M
- WM

e T—

0.65 070 0.75 0.80 085 090
frequency / (rad-s~!)

@

0.4

0.2 : - - - -
0.65 070 075 080 085 090

frequency / (rad-s~!)
(b)
K 4 PR S (15), (L7)FIEAREE 2R re — w, Ce — @

Fig. 4 Frequency response plotsandce versus forcing frequenay

P 4 Fp e ) — Sl 2O AFUE MR, B R Bl
PSR AR E M. 5 1 EEET ANt (15) 55X (2)
AL BN 32447 0, B HE LA A B &
PR AP FEE MR AN — A ANRRE R, U AT TR A )
UL PP AE B W RS Y. T ALY AL i R R
4t (15), AW Bl R 48 (2) I AT 4.

3 R E BT E

SCHR [7] o) 25 HA 1) R AN B2 R AR B P
T4 Y T I RN 2 S AR T A B AL 1
X,y AW 5k Do AT, Sy AW GIIALS aDo L)
UL B, WA x A0 303 S0 P34 1 o aok 1 )
(T(X)) 75 (R4 HAE T WL SCHR [7])

p(x, y)dy
(X)) = Do (18)
fa I Y) - VY)S,

o plxy) RS A4 (19) FIWI4G 41
(20) () FPK J5 FERIAR. J(xY) A p(xy) %F I I HE 2
T (21), NP &, by K FPK O REH 28—

5 FHOE, WA R TARRAZIE. vy) A oDo (1]
HNEL T 1.

p(x, y)|xeDo,yeﬁDo =0 (19)

p(x.y) = 6(y - %) (20)

ey =ap- 550 e @Y
H 2 (15) 7T MR 2433 a, by FTE

ay=A+sW;, aa=B+cW,

(22)

D
b11=b22=8=w—, bio=1p1=0

2

X (18) ML X4y B2, 2 REAR 93RRI 5 |
5 Do N I A R R TR 2R, 43 AR
Iy IR BRI 0Do A L IR H A, xR
(18) 5l v LAAR [ AR M B A P34 e i ik i [a],
W0 (18), P34 Y i I a] (1) vk St A 25
SR A A2 28 (19) MK (20) i) FPK T FEfE. T i
T RGEMIA AN Z RN, JUTA ARk 200 L
3 (19) 150 (20) 19 FPK 7 REI AT g, RIS 25 (
fil AR R HE. SCHR [7] o B 72 =X (19) #12K (20)
(1) FPK 77 B AR (A8 jl X (23), P EA RN T T4k
Ji R, AT A TG 7 TR R AR

p(x,y) = p(y)a(x. y) (23)

ply) FPK IBaAME; qixy) AAEL S i e 41
(19), BIAFBEE T y WL qixy) = 1 @, BRid
FLIZ R, M ply) T T A TR 2 10 TAE,
Al L WKB 1AL (24) Fli 2k 71 (ray method ) 2.
qixy) ATRAH L (23) R FPK 5 A3 3] q(x,y) =
B sk o 4 1l T R, AR A RS 2 A 1 m] LUK
32 q(x, y) IIARNTIR 1. T R 6, XHEA
F SN AT R R, N p(xy) = py). IXFFE
Af LA 2T AL 22 50 (25).

pO) = W) exp 2 (24)

f _ p(y)dy
QA7)

(7) =
f 30) - v)dS,
aQ(¥)

(25)

A (25) U PR R YA T M A 2
(— R BEREE P i 35 E N 0), QP) R i ib 453
e B U X, 9Q(P) Ay LXK I 2 Ft. X P AL



% 3 AL BREE: 32 JAIRN 1 7 1 7 Be Rk AR GE I 5 1 8 ) R 453

SEA NG T A S Z AR R, T SR AN
7t oDo BHEA1EM, T UK R Al i A7 K 2 A%
R ARG B, AHL ROR b fi Ak 1 T 5.

XFE VT SF-34) B sk B[] 14 ) RUsgR U5 &5 by R
fift FPK 7 REHURSAS I p(y) 1) L. 31X LA P A £ 7
PR iR, 2 (24) RN FPK 5 R EIT I 70
B e WEF L, WA 2] wy) BIAR AR 6T R,
Hamilton-Jacobi/ £ (26), 5 w(y) HIAFf# R 7 FE,
iz J5 Fi (transport equation)(27).

or  _ov 1[(ew\* (ow\?
A—+B—+-||—] +|=—]| |=0 26
oy 9y, 2 [(5)’1) (5)/2) } (20)

(e o )
oy1  0y2/| o1 dy1  9y2)| dy»

[6A 0B 1(62T 82T)_

—t et =+ =
ayr  dy2 2\ ay?  oy2
oV ov
Wi— -Wo—| =0 27
W - wl | @)

3 (26) AT LIE G £k 7 VR A Ry B AT I T FER
kARG w(y), BEJE (27) ] LAEEAL A H o 7
Fiskfig, 1o @7 EaE Py) M =prS5, frblic
AT A AN T RE S 3 MUK FE LK AR P (y)
(0 B S ALK AR FPK J7 PR Ra A AR sk Ak A sk
fift LOANF I T FER 3 AMREUT REMIfR, LhE Bk
file — B sk oy 5 R TR 2. WTAR 4% A4 W) e 5 ST Ay
S ERTEACHETE AT A 2, VRAH 13 WL SCHR [4],
X HAFRA T R

A7 P SR 28 5 VB0 B 1 AT DR A 2] A
SFTARSLHR AR e BE ¥, 5% w = 0.80 I (1B 1L,
R P 2(a) ) Y. )1 L.

K] 5t “+” 1k van der Polff B H g s 4
i (10 e A A8 FH T Y250 B34S B PR BT e e IR AIE
2. WA RIS R AU = 0.017. XAEE R 52
I BB S AUNR ~ 29 x 1074 SERATE—A
g b AT RIRE G J7 v n] DA B L PR ig
fRI EEARE AUR = 0.138. X4 Bl 5 Ji R 4E )
B, ST

Z5¢ = 0.89 (K-, BIXHI K 2(e) (4 L. A
SCH o I AT 2 (1 25 5 AUNR ~ 0.045. 3
A RIS RN AUng = 0.078, AHXTT-HTTHI
THEOLIT S, XA A5 B0l 25 IR W) & 158 AL
IR A (1 77 9 T A7 380 A St P AR 1 e it v 4 A
AUg = 0.254 1, 1X/ 45 B 5 I R 4 A0 25 S AH
LERZ.

-15 H i H
-3 -2 -1 0 1
X

K5 w =080, i HIITHLIETHSEADNS T LY it (¥ s fE g
Fig.5 Using shooting method to get the quasi-potential of the saddle

point relative to non-resonant point wiiéh= 0.80

AT AT VAR, HFE AW 6 gy
TIEZ A 5 8 AH S 1 gt v ] AT B0 5 [ (1) FPK 7
FERIRESR, it (25) THEE /S R & 45 . Nl
Bpipl g g 30 Q) mfliih g3t 3 (25) 4 R4
Bl 7.

(b)
K6 w =089, {#HITHED BITHEEHDN T AR CIRAR L IR 1
BTG

Fig.6 Using shooting method to get the quasi-potential of the saddle
point relative to non-resonant point and resonant point respectively with

w =0.89



454 Wi 2 2 I 2014 4F % 46 &
K7 FrlLIE L, ANFET w = 0.80 BRI, 4 —
2 (25) HTH5E 45 5 5 ML 3 11 45 SRR S [ 11 g R N
TR HR BRI R, 3 (1) M 455 5 58 (25) 2'// \\
FRO 5745 A A AR A IR (2 5 5 D 45 SR A - N |
Ly XN ZE N AZ R T I T AW T LR | S~/ /
IR, RN ////
\“ L
10° —4 . . .
—4 -2 0 2 4
B~ X
2 1t
f (a)
% 10 4
% ; T - simulation ’/ - - x“ - h
o " analytical solation P (1) g / /“ ~ N
~.—.- analytical solution of Eq.(25) / N
1 L . i
10100 120 140 160 180 200 B O( \‘ C) \ /

1/D

K7 w=089H, Kl (1) 53 (25) I il5 45 K SR LR
Fig. 7 Result from Egs.(1), (25) and simulation with= 0.89

iUl b 2 M A, SR T
TEE BN 25 L A0 w06 N R 5 [ AH Pl i 7k
T I A BEAT BB I 25 B, SR Y. R 5 | 4 7t
T AT W45 2] (1) 45 AR 22

XL e N BB AT A [RIRE (R 71206 —
FRIRASTCR, X 55— PR EAG 2% AHE 1T DL E WY
B2 B RAAE w = 0.80 B FPIREZ L w = 0.89 W 11
WEERNZ, wrthmfsZ (WK 2), X 52l
FH 4 T H UGS T AR B i RE0IRES, Bk
b BR S AT T LIRS, AE v AT ek R B 2k T A
F AT 0] e 30T X R AN [

4 RES5RE

AR SO S G BT AR AN SR R v B A
(RREA T, B s R B AR 2 T 2 £ P-4
Fea s Pk 1) B van der Polg e, ¥4JE [ ¥4 1) Uk,
b A T R BT 3490, LKA P34 1 i o i
[ AL R IE S (25). oAl vy & (AL B 0 i
REMTRIAL, 5 WA TR R L. & 8 45
H T w =080, JFARS (2) MBI IR E
fi# (H 8(a)) 5 V-G RS (15) IRt faisi (B
8(b)) ik =X (11) iE S 2 (x,y) A1 E RIS L.

Bl 8(b) H 18] (R PAMR — D AFUE IR,

m\‘ —_— ’X/
-4
-4 -2 0 2 4
X
(b)
8 w=0.801], JRRL (2) WiE M 5T HWRG (15) 1
TR L

Fig. 8 Comparing the stationary solution of the original system (2) with

the averaged system (15)at= 0.80

T 8(a) & AR R 1), PrLA oA 2 8(b) H
X AN AR e A PR A o L 194 P Fr A s A PR A ] LA
W B 2 TR BT 250, ARG L —
s CEIM S I RS N RGIR, IX 2 van der
Pol A4t J5 e (1), IR 46 72 AR VR 2 S 20T i )
S5 AT 5 0 A A ) 92 R RE RS 2 L X
HLH P ZE

LM RGERAT N SR E R, Roy 55 12 4k
THIARLME RN 4 DNEZGRE: Tk B e
PER G W REIR PR AR s SR 5 MR i A B 4 1) J 38
FOE TEHEAT 732 BEJG 0 AT o0 3 i, WA R GEAA )
RIENEOL; B o R A RtaE v, NS 2ie
AW | 5 |3k, 3 B i e AN T
)RR A PR T K ok s ) 5 A A7 R
5|22 TRV AFDO S o 2 1) T 48 A

ASCAETT N TAE RS L gk Eemt o8 7 4 Bt vk
REME AT R, BB S TR R RN —
BB AT NG, AR U E R R R



% 3 Y AL BRAE: B2 JAIIYIAT A Pl A 23 BEAR I AR SRR 5 s 8 T U 5 455

ANEEAL T PIAS S SNSRI A (-1 220 18 U L
8], JFAF 3 T IX LT T AR AT 2%, T =%
AR PR 20 K AR 2948 T AT 1 e 5 38 7 52 2%
FEPE V)€ SEMTTE, LU 70 B ) 5 A M) AR
LU BIWTFE H b

Journal of Sound and Vibratigri995, 183(2): 269-295

13 Roy RV. Global stability analysis of nonlinear dynamical systems.
Series on Stability, Vibration and Control of Systems Serjd9B7,
9: 261-295

14 Klosek-Dygas MM, Matkowsky BJ, Schuss Z. Stochastic stability
of nonlinear oscillatorsSIAM J Appl Math1988, 48: 1115-1127

15 Katz A, Schuss Z. Reliability of elastic structures driven by random

s ¥ X Wk loads.SIAM J Appl Math 1985, 45: 383-402

16 Matkowsky BJ, Schuss Z, Ben-Jacob E. A singular perturbation ap-
proach to Kramer's diusion problemSIAM J Appl Math1982, 42:
835-849

17 Matkowsky BJ, Schuss Z. Eigenvalues of the Fokker-Planck opera-
tor and the approach to equilibrium forfilisions in potential fields.
SIAM J Appl Math 1981, 40: 242-254

18 Schuss Z, Matkowsky BJ. The exit problem: a new approach to dif-
fusion across potential barrierSIAM J Appl Math 1979, 35: 604-
623

19 Roy RV. Averaging method for strongly nonlinear oscillators with
periodic excitationslnternational Journal of Non-Linear Mechan-
ics, 1994, 29: 737-753

20 Roy RV. Probabilistic analysis of a nonlinear penduluketa Me-

1 XS, BREL, BRI, ARZe P BENLEN 72 R G RIRSE PERI 53 7
9T, Jy2#3kE, 1996, 26: 437-452 (Liu Xianbin, Chen Qiu, Chen
Dapeng. The researches on the stability and bifurcation of nonlinear
stochastic dynamical systemédvances in Mechanic4996, 26:
437-452 (in Chinese))

2 Roy RV. Large deviation theory, weak-noise asymptotics, and first-
passage problems: review and results. In: Lemaire M, Favre JL,
Mebarki A, eds. Applications of Statistics and Probability. Rotter-
dam: Balkema AA, 1995. 1129-1135

3 Roy RV. Noise perturbations of nonlinear dynamical systems. In:
Cheng AHD, Yang CY, eds. Computational Stochastic Mechanics.
Amsterdam: Elsevier, 1993. 125-148

4 Ludwig D. Persistence of dynamical systems under random pertur- chanica 1996, 115: 87-101
bations.SIAM Review1975, 17: 605-640 21 Williams RG. The problem of stochastic exBIAM J Appl Math

5 Matkowshy BJ, Schuss Z. The exit problem for randomly perturbed 1981, 40: 208-223
dynamical systemsSIAM J Appl Math1977, 33: 365-382

6 Schuss Z, Spivak A. Where is the exit poin@hemical Physics

1998, 235: 227-242

22 ZhuWQ, Wu YJ. First-passage time offing oscillator under com-
bined harmonic and white-noise excitatioridonlinear Dynamics
2003, 32: 291-305

7 Naeh T, Klosek MM, Matkowsky BJ, et al. A direct approach tothe - 23 chen LC, Zhu WQ. First passage failure of quasi-partial integrable

exit problem.Siam J Appl Math1990, 50: 595-627 generalized Hamiltonian systemdnternational Journal of Non-

8 Matkowsky BJ, Schuss Z, Tier C. Uniform expansion of the transi- Linear Mechanics2010, 45: 56-62
tion rate in Kramers’ problemJournal of Statistical Physic4984, 24 Chen LC, Zhu WQ. Reliability of quasi integrable generalized
35: 443-456 Hamiltonian systemsProbabilistic Engineering Mechanic2010,
9 Roy RV. Noise-induced transitions in weakly-nonlinear oscillators 25: 61-66
near resonancdournal of Applied Mechanic4995, 62: 496-504 25 Chen LC, Deng ML, Zhu WQ. First passage failure of quasi
10 Roy RV. Noise perturbations of a non-linear system with multiple integrable-Hamiltonian systems under combined harmonic and

steady statednt J Non-Linear Mechanigsl994, 29: 755-773

11 Roy RV. Asymptotic analysis of first-passage problens.J Non-

Linear Mechanics1997, 32: 173-186

12 Roy RV, Nauman E. Noise-inducefiexts on a non-linear oscillator.

white noise excitationsActa Mech 2009, 206: 133-148

26 Chen LC, Zhu WQ. First passage failure of quasi non-integrable
generalized Hamiltonian system&rch Appl Mech 2010, 80: 883-
893

(Fr:smiE: AAL



456 Vi £ 2014 4 55 46 &

4k
g3

RESEARCH FOR ATTRACTING REGION AND EXIT PROBLEM OF A PIECEWISE
LINEAR SYSTEM UNDER PERIODIC AND WHITE NOISE EXCITATIONS Y

Kong Chen Liu XianbiR
(State Key Laboratory of Mechanics and Control of Mechanical Structukéamjing University of Aeronautics and Astronautics

Nanjing210016 Ching)

Abstract Exit behaviour is one of the significant phenomena of stochastic nonlinear systems, other than the theory
of random dynamical system, the exit problem is an another way to investigate the stochastic stability for a stochastic
nonlinear system. The piecewise linear system is a classical model in non-linear dynamics, for which, the stochastic
excitation leads to a stochastic system, not a rigorous random dynamical system, and then the theory of random dynamic.
system is not applicable. Thus, in order to learn the stochastic dynamical behaviours for a piecewise linear systen
that is under a periodic and a Gaussian white noise excitations, its exit behaviour is examined in the present paper vi
investigating the mean first-passage time which is one of the most important quantities within exit problem and is also
used to quantify the global stability of a stochastic system. Some numerical experiments are designed to investigate th
deterministic dynamical behaviors in the case that only the periodic excitations are added, and based upon the Mont
Carlo simulation, the other numerical procedures are designed to reveal the exit behavior of the system that is under bot
periodic and Gaussian white noise excitations. In order to obtain the analytical expression of the mean first-passage time
van der Pol transition and stochastic averaging method are firstly applied to simplify the system, then singular perturbatior
method and ray method are used to quantify the mean first-passage time. Comparing the analytical results with the analc
ones, we conclude that if the attracting boundary is fractal, the two results argféaedi; otherwise if the attracting
boundary is smooth enough, the two results match very well.

Key words piecewise linear systems, exit problem, mean first-passage time
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