MW HZE A D] 58 32 5 57 9 Applied Mathematics and Mechanics
2011 4E9 H 15 H AR Vol. 32 ,No.9,Sep. 15,2011

X E 45 :1000-0887(2011)09-1084-08 © REJHHCF I 4% 22 1SSN 1000-0887
EH RSB T IEMER SR
AER, EEEK, FHEWR, & &, F R

(1. PhILER: BF AR, T 2R Bl 528000
2. PEAE Tk K% W HECE R FA%E 710072)

. WISE A R EEE A Rl AR GEAE AR A R AL R IR T A U e 1 ()L ) Zhurav-
lev 2 ks it 2R Ge e Ak R RS2 R AR RS 2R 48, SRS FIBEHL P H 3615 2 1 OC 718 28 1 i BEAL M o
Jr PR AELPIE S O I, PR 0 VR4 10 T AR e I MR A B R (4 e Ay Rk 20 ZEZ9RBE B 0
IR SBT3 T 2R G IO B SRR A AT s 5, e T R GER R T A R AL AR A4 S A
O LA S AR 52 B S HO0 T R G0 7 FY S0 SRS T SRR B AL R B R G
(ELHRS TE SUA ATAS AT T U SR A I 38 3 5 A T 224 850Dl A0 243 0 i 125 U L R A48 I 28 92 i i
TR Yol BB DL B B 1 00 5 VA 0.

X # . PRI RS KRN Zhuravlev ZRHRTE;  BEBLFHL
hESES. 0324 XHkFRERE: A

DOI: 10.3879/j. issn. 1000-0887.2011.09. 007

5 F

TR 248 DL R G 1938 Bl ARASTE — AR ST 1 B 1] P R A S8 A8 I B, 191 L A e sl R 452
GEMMAMERL AR | R 2R GRS BR TRE A |2 B LT ) A2 e sl 7 ) R 3 o 4
SR AR T 5 BRI Z B VK 11 B R | H ) b US55 L (R Al R AR
MEREFE , DR N il 2R SEAN e — D ISR R GE M [  1Y). I HLAESC PR R S8 | REATLIE = A A e
ANRLEEGLY , BANAS 2R SR Y 28 XU MR AR VR A, T, AR 2R 8 B AL 107 ) A 2 28
BFFEAR IR O HAR I TR 2R, Bl g Ak ik s Markov 3 2
LT RERLE R AR e A kO R P AT (B Rl Poincare BT A
Monte Carlo BEALBILI: " 4545, SCHk[ 2 ] 0 EBFFE 80T 2k, BBtk , 6 TRlE R G AE Rl
BB & ZR GE0 L0 B BT FEAL T30 40 By B, I H R 70 F 98 48 e e Ml i 2R 4t (X LAY
LA AR G I UCRIE $E (8] 28 S8 30 19 Bl o0 7 R 2R ) X6 S5 AL Sl ) 0D 157 A
WA AT BEALIRD T i 2R GEne N B AT S AR A WL (ERAEAR 2 S PR RGP, RS
52 B 10 50l A R A g W P 9 IR ) o S5 R T M I 9 R A — SRR 1R A A I
i ——Z SIBHLYE B IE 358050 T 2R Gen B (7] #1, Dimentberg' "> %45 T VEAN A WFSE. 1 4 SCHk

« WFRAH. 2010-11-12; &iTHHEI: 2011-06-16
EL2TH: EFARBEES R H (107720465 50978058 ) ;) 74 H R Bl 24 3L 4 ¥ Bh I H
(7010407 ; 05300566)
EE®E T BB (1966—) , 55, Wil T A, #3824 (B HR A. Tel: +86-757-82984643 ; E-mail ;
ronghw@ foshan. net) .
1084



iR EmA FEBE kA F 1085

[15 JAEBANTS B  ZEAR Z2 18 B0 T 8 FH Y Z B U8 e A R Sy 2y e P A O 5 348, A
SCHUBFFEX R B, SR T B 7807 M SR T A B DB Y BIFSY 1 B8 | o e Ml 3R
GEAE A B LR RS AR T 8wl 1 [0 R A SR FH it s v A Y | RV 3 o o B[] Sy O, Al 48 5
T R B Re s R, R AT A9 B AR AL R 2 R Bk IR, 455 Zhuravlev 28 # F1 Bl AL -
Brgian 17 R G AR AS AR AT HEAR AL BB T RGBT A8 B AILME A AT SR O AR
FRUA SRR S F2H5 SO0 T 2 Gemel b 1. BRI THSR RN BB ASE AU 3R BT 2 0 17 s {4
TE WU A 34230 T U AR AT AR 3K B B T T 224 988l 0 23 0 W O 23 R L AR A 3 Ff | 8 48 Wiy i
1 AR B BRe  Ar
AT 32 B FE AL A O 0 B e R L Ml R
Y +2B7 + 2y =hE(1), ¥ <A,
y.=-ey, y =4,

K, y BB B R R XS I ] ¢ 19580, 8 I RGEHIBH)E R A, QAR R G A IR e 2 hlf
I REL,0 < e < 1,A RLRIFE, — | + 3 I FOR AT S I 2], h AQR BEH LI 4 5 B
7 BEAILME FS & (¢) SR AT /9 B Ay .

£+l v DE= Iy W, (2)
K, O B Oy JEIRIE AR YA TE HLBUEEU DN, W(e) SZRASREER Gauss M
P2 E(1) S Ab— SRR IR 7 A W A —— 2 B BEHLA 3h 1 T L A Y

§(t) =sing(1), o(1) =42, +yW(t) (3)
Bb, 2240 (1) B R [, Dimentberg "™ 254 T PEARAOAFFE. {HIE A0 SCHk [ 15 17 & 48 H A AREE
TEARZAG BT 5 TG Wi A A (2) MR A8l M e AR T 5l AR SCDMBEARY (2) 1 Ry 78 e
FRRL, SRR £(o) AT DACE U gt

E(t) =¢,(t)sin Qi + &,(t)cos 1, (4)
A, &,(1) &, (1) SERERRIZAS AU RENLE R, 52 F 42 (4) RS (2) 1 3E4 73 2 P Fn Bl
LT, AT £, (1) ,&,(0) W ALRITT TR,

é]"'%lzﬂl%wnéz*'%z:,/%wz’ (5)

A, W, F W, SR E ST B AL Gauss FIMER. H1(5) ATLIARE] £, (1) F1E, (1) BYF AR PR
e

(D)

R, (7) =Ry (7)=me” Iz
B, (1) 1) BRI 01/y) 5y FAINK £, (1) (1) TTIAT B 12025
PIBEALIE R X (4) ,6(0) ATRICE

E(1) =./& + Esin(Q1 + (1)), @(t):arctangz. (6)
TR RERE RS0 (1) B, 51 Zhuravley ZE#
y=|x|+A, y=xsgnu, (7)

o sgnx B SHREL I  x > O sgna =1, x < 00 sgnx =— 1. R, 1T Zhuravlev
AR REAEREAREBER] (x = 0) KAEBRERAYHEE v He A B LER I & X, 7R (1) 2850



1086 PR BEAILISE P YAl A I f8E 2R 5 S I

¥ +02°x=-2Bx - AD’sgnx - (1 —e)x|x[d(x) +

h/& + & sgnasin(21 + (1)), (8)
A 8(x) M Dirac & PREX.

RGE(8) Je A BHE AT R GE , AT LU 25 3 AR 7 42 G B AL 34 12 2 i A T 09T
XTFRiE 258, Zhuravley 82— MEA S T H, XEHFENIFTR e = 1 BIRG (1) I AR
PEREE RGERITEIE , MR BERSE(8) A RECB, A h SR /NS HL IR n] LU BE N 2475
MR GE(8) ML, B 2, ~ 2ndd, 3% HL n g IERERL, RIAFSE RS0 (8) MR ILIR ML i p =
0, - 200 HESEL MHE

x =A(t)sin®@(t), x =2A(t)cos®(t), (9)
HIIARAR 0(1) =t + ¢(1) - 20D (1), TAFI(8) oAb h
cos®
)

(1 = e)2’Acos® | Acos ¢ |3(Asin®) +
hMSgn(sin(ﬁ)sin(ﬁ +2nd) ],

. 2nsin®
0NA

(1 - e)2*Acos® | Acos @ |8(Asin®) +

A [ - 2802Acos® — A 2*sgn(sin®) -

(10)
[— 280 Acos® — A *sgn(sind) —

W,¢ - W
h /& + £ sgn(sin®)sin(0 + 2nd) + % 2252152
1t 6

1R (10) 4, A,0,&, &, AR TIHE] ¢ AYMR AR 1 @, W, , W, S Ps & XEEER (10) Fh o6
FHAs g @ W, W, BEFR SR DR RN R 56 TS AR A Fl 0 1T R

A=-aA + qlcosb, 9:,u - %{sin@ + %,

_ 4nh _ 4I'LQA _ ) )
0.g= i 0=, L=V G (11)
ME(11) AT LA 2, SRR (e = 1) FIEHEFPERE (e < 1) AR, A 500 RE 13 09 1 T3
T RGEREE , BRGER A E REUN B 7

a:,B+1_e
)

1

a=8+ ;6

0.

YEAR 4
u =Acosf, v = Asinf, (12)
AL (1) #54kh

w=—Qu — U -

= X'E
u +v

(13)

DV=—aw +puu + —
u v
BREHR TR (13) FHARE S, X IR AT IHE ML BB A =0(5 =0) MRHATEIE X
IR (13) 22 AN B2t e .
w=—ou-u+ql,v=—0v+puu. (14)
FRED O RRAL (14) T LIRS SET w,v AT RIS, X LBRAT SR R . X



iR EmA FEBE kA F 1087

TR, A
dEu’? _ dEv? _ dEuw _ dEul _ dEvl -0
di de de de de ’
Kb E FonBesiie Nt =(15) L (14) F(5) Al 1%
- aEu’ — uEuv + gEul =0, uEuv - aFEv® =0,

(15)

lu,Euz - 2aEuw —/.LEU2 +qEvl =0, (16)
(o + ) Bud + b = B, g = (a + 2 ) Bt =0.
B (S) TSI EC = E(& + £) = 1, K= (16) 1T LA
Byt 4(e +’y/2 +p’y/A)
a(a +p*)[(a+y/2)" +u’]’
qu(a +y/4)

Euv = ’

T @ ) [(a+y2) ] o)
o = gw’ (o +y/4)

ala +u’) [ (a+y/2) +u*]’
E - q(a+'y/2) E _ qM .
a2 i T @) e
O REAL(17) AT A7 )
2

EA® = B’ + B? = 1@+ /2) (18)

af (e +y/2)* +u’]”
TE— BB I T BB RGN B — B, [FRE Al R (14) TS

67
Fu =51 F, Ev=—" K¢,
o+ o+

TS A # 0 B JEZR T FRA (13) IR, IC A% =EA® =E(u’ +07) , 7 R4
(13) Fdih/u® +o* WUH AL AR5 AT LA 2R A2 7 e .

Ll:—au—(M+%)v+q§,1}=—av+(ﬂ+%)u. (19)
TR (19) FOT AR (14) 2600, T HI X (18) AT IR RISET A, myI7 e

2 _ ¢ (a+7y/2)

A _a[(a+'y/2)2+(,u+5/A*)2]' (20)
72 (20) A LAf#AS

A = —aud +/a'uw'd +af (a+y/2) +u ][ (a+7y/2) —ad ] ) (21)

al (a +v/2)" +47]
ARFE Y A —0 B 6 —0 i, = (21) 45 1B RGN A IRIE 56 A% Fidi=(18) %4
A £A® 2—B0. thaC(18) FI(21) 1T LA T R G445 SO0 T R G0 B A4 5200

2 K fH R U

A R REAL R FE BB T35 T WSk [ 1921 ], ARSCEUEEI R £(1) BTSSR N
1

S(w) ={2m

0, w > 20,

0 <w=<20,



1088

PR BEAILISE P YAl A I f8E 2R 5 S I

W &) TECHIF R,

&(t) = ﬂﬁcos[ﬁ@k - 1)t + gok] ,

K, o, J2(0,2m ] 5100 A Ak 57 [ o AR BERLAS 5781, NV O — MR R AL
TEASCHIBAERBL b IR GE (1) F1(2) HRISEANT .

h=20,A=0.1,0=1,n=1,

RIFERER T FZTI8 0, = 2 BFIETE. 25 0, =2n,n=2,3 4, WIHIE , WAG3] TRLUH

Z5e, X A THE T,

6
4
A*
2+ theoretical solution(4=0.1)
-—- theoretical solution ($=0.15)
+ numerical solution ($=0.1)
o numerical solution (4=0.15)
0 , . . . ,
1.6 1.8 2.0 22
1
B R ()BEEmBHE (y = 0.1, e = 0.9)
Fig. 1 Frequency response of system (1)
(y=0.1,¢=0.9)
6
5\
o]
4,
A %3
2t
1t — theoretical solution
o numerical solution
0 0.04  0.08 A 0.12  0.16 0.20

2.4

B3 ZR&E(1)mMhek (0 =2.08,8=0.1,

e=0.9,h=20,y=01)

Fig.3 Response of system (1) (£, =2.08, 8 =0.1,

e=0.9,h=20,y=01)

7
— theoretical solution(e=1.0)
-—- theoretical solution(e=0.9)
6
* *
Ay S~y -
o Tv—
o 0 TN ——
4 o
+ numerical solution (e=1.0)
o numerical solution (¢=0.9)
3 ' ' L L
0 0.1 0.2 0.3
Y
B2 RGE(1)mNHL (2, =2.08,8=0.1)

Fig.2  Response of system (1)
(0, =2.08,8=0.1)

TEBA BEFERS , H DU Runge-Kutta 35 7] 715
MRS (1) Wm R flf 1 & e, R iR A X
& =—ex” WU MO 5 FEH Runge-Kutta {27517
THEL 75 FERHLJE 80 B AN B ATL S 11 Hh 0 A5
0, 3T RGN BRI, 2y =0.1,e=0.9 I, %}
N TFARE B FRIAIR 2, , 248 =0.1,0. 15 i, l =8
U SHRPRS (1) m R PRI A, HHESES
BT B A L LR 1, R B A A R
A, TIRIEUE R A2 = 2E (2/2)% K1 7T 0 B3
Wit SEBUEARY 1R X ULH FH Zhuravlev 28
HRPE B R g R (1) AR,

H I 1 AT UL, 2RHJE B SRR, R 50 i Ml i AR
N BRSBTS B Y B AL
AT Q) B TR 2 B RGEHIR

BRI iR, 5 0, B s 2 I, RGeS AR AR PR, 5 HLh =X (21) 25 A BRI il ARSCfE e

ZIRIEAT i 22 3 AT RER P HE S R 1.

NIRRT S R B e M 5 HR (2) 28 BB 28 58 v XF T RGN FREIR. 24 0, =
2.08,8=0. 10 XN ARy, Me=1.0,0.9 B, = (21) A RS (1) o o8 iE
A, BHISHE SEUETTEER L ILIE 2.

HIPE 2 T O, Yy AT RGN A HRIE A, U80S 1024 e I/ RGN AR /N, Y e <



iR EmA FEBE kA F 1089

1 B RS0 w2 AR Skl , ml e v R G R RE A TS, e /N FR GEAE Rl R Ao 6 2K 11 BE
R MY TN T RS BLIE R B, ST A ELE BT — 2L

TS A X T RGN I EZ I, X TR AHTYE A, 20, =2.08, 8=0.1, e =
0.9, h=2.0,y=0.1 0,z (21) L MATRGE (1) W Y HRIE A, BFIS(E S5 BH T HAE Y
L UL 3.

A3 A Y A BT A, Kb, 250, =2.08,8=0.1,e=1.0,y=0. 1 I, R&Z (1)
7 PRy 18] A (BB LI 4 TR 2(0) = 3 (1) Fomidi i,

W 6
-1
Y = 2
= ™
g 3 2
: -
a °
2 -5 >
e -6
- S S -10 S S S S—
200 240 280 320 360 400 200 240 280. 320 360 400
time ¢ time ¢
(a) DR nymS ] e & (b) B B[] g A2 A
(a) Time history of y(1) (b) Time history of z(¢)

B4 RE()BEHESER (y=0.1,8=0.1,0 =208, ¢ =1.0)
Fig.4 Numerical results of equation (1) (y = 0.1, 8 =0.15, 2, =2.08, ¢ = 1.0)

3 it

RICK Zhuravlev A4k 5| ALNEREHLRESE 2 G ROME L0 B b, FF45 G BENLT- 32350058 1
ill 88 2R GEAE 2R Al REALIE AV R R R R ILIR WAL, R T TS 28 G 19 S 2% 1 (B ML A
JEHHE) REBR AR AR R XEEL 222 AN T fE R, 592 b, BVRERS T PE g A il AR R 4
AR SIARAS T BESK KRG B (0 AT ik, S RETE A A AP I AT Ik A/ NS R0k AR IR 1 R BT
Ml A EZHE KBM Ik SFRLER AR 0775 | Ritz-Galerkin 35, 5555, X T AR e b
PLRGE, AR AT IER B T Z AT, SR8 R AL FIBEHLF- 2475 55, BEAL R SE R 5554
LML AT A0 E P R G I A AN AT A BERL AR e B HE T, o e M 2R e i HoAtb il
U I, G I A 2 R 22 I v 4 R T A B BRI RE R S AT e 2k

PSR AEUE AR MR R GEAIBLIE | T LADS 28 S8 0 W0 J07. 52 il f3 R0 A 5 il
fE 00 DI 2, AR SRR RERE AV FHAR 5 T30 T R GERIBHIE. 2R GEmi N R (ECHS 7 SR R i T
URICHRMIAR N TR B e K 17 25 ol 32 D 25 O AR R 5, 28 28 Wi b 3k Dk, 8 o B AL
WP B 5, ARG /DN,

N T BE UL AR SCRIRSE IR ek R e, (R AR SCRY Ty 0 AR L 2R G A iy B At it
W, B R A XS R R ATS G — P TR AU R BT RGBS B, A b 5N
NSRRI, RSB HONIE/NS B, A R AR e 1 18 WL (E A — P E 5T, 5
P EAEBAERA R b = 2 BOEIFA/N, 24 b B0/ R LA A BRI L ) 5,



1090

PR BEAILISE P YAl A I f8E 2R 5 S I

SE 3k

(1]

(2]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

SPRT BE. MRS SR I M), 58— R JUaT. B4 L i, 2005. (JIN Dong-ping, HU
Hai-yan. Impact Vibration and Control[ M]. 1st ed. Beijing: Science Press, 2005. (in Chi-
nese) )

Dimentberg M F, Ioutchenko D V. Random vibrations with impacts: a review|[J|. Nonlinear
Dynamics, 2004, 36(2/4) :229-254.

Metrikyn V' S. On the theory of vibro-impact devices with randomly varying parameters|[ J].
Tzvestiya Vysshikh Uchebnykh Zavedenii, Radiofizika, 1970, 13. 4-6. ( in Russian)
Stratonovich R L. Topics in the Theory of Random Noise[ M]. Vol 1/2. New York: Gordon
and Breach, 1963, 1967.

Dimentberg M F, Menyailov A. Certain stochastic problems of vibroimpact systems[ J]. Me-
chanics of Solids, 1976, 11(2) . 4-7.

Jing H S, Sheu K C. Exact stationary solutions of the random response of a single-degree-of-
freedom vibroimpact system[ J]. Journal of Sound and Vibration, 1990, 141(3) . 363-373.
Jing H S, Young M. Random response of a single-degree-of-freedom vibroimpact system with
clearance[ J |. Earthquake Engineering and Structural Dynamics, 1990, 19(6) . 789-798.
Huang Z L, Liu Z H, Zhu W Q. Stationary response of multi-degree-of-freedom vibro-impact
systems under white noise excitations[ J |. Journal of Sound and Vibration, 2004, 275(1/2) .
223-240.

FENG Jin-gian, XU Wei, RONG Hai-wu, WANG Rui. Stochastic response of Duffing-van der
Pol vibro-impact system under additive and multiplicative random excitations [ J|. Interna-
tional Journal of Non-Linear Mechanics, 2009, 44(1) .51-57.

Zhuravlev V F. A method for analyzing vibration-impact systems by means of special functions
[J]. Mechanics of Solids, 1976, 11(2) : 23-27.

Dimentberg M F. Random vibrations of an isochronous SDOF bilinear system[ J]. Nonlinear
Dynamics, 1996, 11(4) . 401-405.

Iourtchenko D V, Dimentberg M F. Energy balance for random vibrations of piecewise-con-
servative systems| J]. Journal of Sound and Vibration, 2001, 248(5) : 913-923.

Feng Q, He H. Modeling of the mean Poincaré map on a class of random impact oscillators
[J]. European Journal of Mechanics A/Solids, 2003, 22(2) : 267-281.

Tourtchenko D V, Song L L. Numerical investigation of a response probability density function
of stochastic vibroimpact systems with inelastic impacts|[ J]. International Journal of Non-
Linear Mechanics, 2006, 41(3) :447-455.

Dimentberg M F, Iourtchenko D V, Vanewijk O. Subharmonic response of a quasi-isochro-
nous vibroimpact system to a randomly disordered periodic excitation[ J]. Nonlinear Dy-
namics, 1998, 17(2) . 173-186.

Nayfeh A H, Serhan S J. Response statistics of nonlinear systems to combined deterministic
and random excitations[ J]. International Journal of Non-Linear Mechawics, 1990, 25(5) .
493-509.

Zhuravlev V F. A method for analyzing vibration-impact systems by means of special functions
[J]. Mechanics of Solids, 1976, 11 (2) :23-27. ( English translation of the Russian journal
Mekhanika Tverdogo Tela)

Sanders J, Verhulst F. Averaging Methods in Nonlinear Dynamical Systems|[ M ]. New



iR EEA FEE K A T H 1091

(23]

York: Springer-Verlag, 1985.

R, BENLIRZN M. Jb 5T B2 iRAt, 1992, (ZHU Wei-qiu. Random Vibration[ M]. Bei-
jing: Science Press, 1992. (in Chinese) )

Shinozuka M. Simulation of multivariate and multidimensional random processes[ J]. Journal
of Sound and Vibration, 1971, 19(4) . 357-367.

Shinozuka M. Digital simulation of random processes and its applications[ J]. Journal of
Sound and Vibration, 1972, 25(1) . 111-128.

RONG Hai-wu, XU Wei, MENG Guang, FANG Tong. Response of Duffing oscillator to com-
bined deterministic harmonic and random excitation[ J]. Journal of Sound and Vibration,
2001, 242(2) :362-368.

/DR, AR, A, W€ LT Chebyshev Z3iE T 1UFfHL van der Pol R4 M5 E 1155
M I, W BREEdR, 2005, 54(8) :3508-3515. (MA Shao-juan, XU Wei, LI Wei, JIN Yan-

fei. Period-doubling bifurcation analysis of stochastic van der Pol system via Chebyshev poly-

nomial approximation[ J]. Acta Physica Sinica, 2005, 54(8) :3508-3515. (in Chinese) )

Subharmonic Response of a Single-Degree-of-Freedom
Linear Vibroimpact System to a Narrow-Band
Random Excitation

RONG Hai-wu', WANG Xiang-dong', LUO Qi-zhi',
XU Wei*, FANG Tong’
(1. Department of Mathematics, Foshan University,
Foshan, Guangdong 528000, P. R. China;
2. Department of Applied Mathematics, Northwestern Polytechnical University,
Xi’ an 710072, P. R. China)

Abstract: The subharmonic response of single-degree-of-freedom linear vibroimpact oscillator
with a one-sided barrier to narrow-band random excitation was investigated. The analysis was
based on a special Zhuravlev transformation, which reduces the system to one without impacts,
or velocity jumps, thereby permitting the applications of asymptotic averaging over the period
for slowly varying inphase and quadrature responses. The averaged stochastic equations were
solved exactly by the method of moments for the mean square response amplitude for the case
of zero offset. A perturbation-based moment closure scheme was proposed for the case of non-
zero offset. The effects of damping, detuning, bandwidth and magnitudes of random excita-
tions were analyzed. The theoretical analyses were verified by numerical results. Theoretical
analyses and numerical simulations show that the peak amplitudes may be strongly reduced at

large detunings.

Key words: single-degree-of-freedom linear vibroimpact system; subharmonic responses;

Zhuravlev transformation method; random averaging method



