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to combined harmonic and colored noise) versus har-

monic excitation frequency Q2

10

b 02 04 06 08 10
¢

FE9 IR 5 0 7 I AU T BELE LE §AS TR) s o Bz Y

HrE
Fig.9 Response mean squared value (of a system subjected
to combined harmonic and colored noise) versus

damping ratio §

50

&
TH R 55 (0 R 7 I 5 TR T AR e P B e S [R] I
Wi 7 4 349 7 (i

Fig. 10 Response mean squared value (of a system subjected

& 10

to combined harmonic and colored noise) versus non-

linear strength e

F18 5T A SR D A0 25 A T 7 o O 9 W 5 R A o

H 1 8 AT, BRI AR 2 = 1.2 &b T Ah F 4R
DCIAL ol T2 9l A0 230 P T 2% %58 A 2 045 i g 4%
FEZ IR N 9-11 fif s o o B9 iR
1 155 D il W AN ) I, 28 6 BHLJE BE 5 B 3 5 (L 2
[ B4 5 2% 5 181 10 Ji 75 g 167 1 9 B A5 AS [R) R fEL IS e

9
8 =
7 F*=2 s
.| i PP
Lo5r Pl
5 4 s SE—
Y
2t ‘ﬁ:f;;
T F*=0.5
%2 03 04 05 06 07 08
q
B1T1 i A0 ah 5 60 W 7S B A S R 43 B B X g S T
W 1 847

Fig. 11 Response mean squared value (of a system subjected
to combined harmonic and colored noise) versus frac-

tional order ¢

5 W IO 359 7 (L 22 T ) 5 A 5 B LT s O 0 B RS
(5] Fof T 8 08 5 3k A0 S R A DA 45 SR XS b T
DL TR VSR A AR AL T A T AR X R, BT $ 07 VA A
I A 235 2R 5 A Sl A (R UL 45 SR 2 W) 4

4 HRERZ

A SCEE G POV B G LA T B 5 TRl
BN E PRI RO B & 1 TR 20 509 AR et a7
R0 RO o 127 ¥ TR R A A TR IR A5 T Y AR A
S 7 ifp A f P 1 96 AR 2 B AL 2 A O K
Jit3z 3 J7 R Ak O 5 T 1 A2 1k S BE AL R 3 e Y s
el L R DA i B R BRI i | S5 B
MG LR T LR A TR A I T as 3 U7 AR L A )
T ARG N T BUE BRI, 2 5SS o
BAFOUT , B WO A A B RORS L o B X TR
FERG, Frdt WOy AR Al A A S5 R o SR, %07
TEAE 7 BEAL B BR (9 2 202 8] A B0 3 P A B0
JEA TR — % 5. WAR ARSI U kK T
G RN TRz E . N, A R % ik
9 SO O R U T B B A o B S B Y T
T 235 ey 2 A1 i 2 HL B A SUAEURS B3 0 B AL e 0z 3 5
Jitke

7 ST T 3 T ORI 4 R B e T BA
HoAb AR L AT A (50 P A3 BEVL IR 19 22 A
IR SRR G

2% X k:

[1] Scott Blair G W, Reiner M. The rheological law under-
lying the nutting equation [J]. Applied Scientific Re-
search, 1951,2(1):225-234.

[2] Oldham K B, Spanier J. The replacement of Fick's law



1 Lo FL, 55 BEHL S AN sl T 2 B Ak Ltk R g gt kA s i

763

[3]

(5]

[6]

[7]

[9]

[11]

[13]

[14]

[15]

by a formulation involving semidifferentiation [J]. Jour-
nal of Electroanalytical Chemistry, 1970, 26 (2) :
331-341.

Nutting P G. A new general law of deformation [J].
Journal of the Franklin Institute, 1921, 191 (5) :
679-685.

Caputo M. Vibrations of an infinite plate with a frequen-
cy independent Q[J]. Journal of the Acoustical Society
of America, 1976,60(3):634-639.

Slonimsky G L. Laws of mechanical relaxation process-
es in polymers[J]. Journal of Polymer Science Polymer
Symposia, 1967,16(3):1667-1672.

Smit W, Vries H D. Rheological models containing
fractional derivatives[ J]. Rheologica Acta, 1970,9(4):
525-534.

Bagley R L., Torvik P J. A theoretical basis for the ap-
plication of fractional calculus to viscoelasticity[J]. Jour-
nal of Rheology, 1983,27(3).

Bagley R L, Torvik P J. On the fractional calculus mod-
el of viscoelastic behavior [J]. Journal of Rheology,
1986,30(1):133-155.

Bagley R L, Torvik P J. Fractional calculus in the tran-
sient analysis of viscoelastically damped structures [J].
ATAA Journal, 1985,23(6):918-925.

Gaul L, Klein P, Kempfle S. Impulse response function
of an oscillator with fractional derivative in damping de-
scription [J]. Mechanics Research Communications,
1989,16(5) :297-305.

Suarez . E, Shokooh A. An eigenvector expansion
method for the solution of motion containing fractional
derivatives[J]. Journal of Applied Mechanics, 1997, 64
(3):629-635.

Wahi P, Chatterjee A. Averaging oscillations with
small fractional damping and delayed terms[J]. Nonlin-
ear Dynamics, 2004,38(1):3-22.

Mainardi F. Fractional Calculus: Some Basic Problems
in Continuum and Statistical Mechanics [M]. New
York: Springer-Veriag, 1997.

Spanos P D, Zeldin B A. Random vibration of systems
with frequency-dependent parameters or fractional deriv-
atives [J]. ASCE Journal of Engineering Mechanics,
1997,123(3) :290-292.

Agrawal O P. An analyticai scheme for stochastic dy-
namic systems containing fractional derivatives[J]. Pro-
ceedings of the American Society of Mechanical Engi-
neers Design Engineering Technical Conferences, Las
Vegas, 1999: 243-249.

Ye K, Li Li, Tang Jiaxiang. Stochastic seismic re-
sponse of structures with added viscoelastic dampers
modeled by fractional derivative [J]. Earthquake Engi-

neering and Engineering Vibration, 2003, 2 (1) :

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

133-139.

W, BHE . BA G S B E R A bR
LR RGN SREMEIC]L B+ —JiaE
LR 3 R BB O\ 4 E AR ek 3 ) % Az
A E M AR 2 3CdE, 2007.

HUANG Zhilong, JIN Xiaoling. Response and stability
of SDOF strongly nonlinear stochastic system with light
fractional derivative damping [C]. Proceedings of the
Eleventh National Conference on Nonlinear Vibration
and the Eighth National Conference on Nonlinear Dy~
namics and Stability of Motion, 2007.

IV . L2 BRI AL R G 1 8y ) 2 ma i, 43 B [ D . v
2L Tk R, 2015.

SUN Chunyan. Dynamic response analysis for several
classes of typical stochastic systems[D]. Xi'an: North-
western Polytechnical University, 2015.

Srinivasan V, Soni A H. Seismic analysis of rotating
mechanical systems—A review [J]. The Shock and Vi-
bration Digest, 1982,14(6):13-19.

Spencer B F, Tang J, Hilal C G. Reliability of non-lin-
ear oscillators subjected to combined periodic and ran-
dom loading[ J]. Journal of Sound and Vibration, 1990,
140(1):163-169.

Namachchivaya N S. Almost sure stability of dynamical
systems under combined harmonic and stochastic excita-
tions [J]. Journal of Sound and Vibration, 1991, 151
(1):77-90.

Iyengar R N. A nonlinear system under combined peri-
odic and random excitation [J]. Journal of Statistical
Physics, 1986,44(5-6):907-920.

Nayfeh A H, Serhan S J. Response statistics of non-lin-
ear systems to combined deterministic and random exci-
tations[J]. International Journal of Nonlinear, 1990, 25
(5):493-509.

Rong Haiwu, Xu Wei, Meng Guang, et al. Response
of a duffing oscillator to combined deterministic harmon-
ic and random excitation[ J]. Journal of Sound &. Vibra-
tion, 2001,242(2) :362-368.

Rong Haiwu, Meng Guang, Wang Xiangdong, et al.
Response statistic of strongly non-linear oscillator to
combined deterministic and random excitation[J]. Inter-
national Journal of Non-Linear Mechanics, 2004, 39
(6):871-878.

Anh N D, Hieu N N. The Duffing oscillator under com-
bined periodic and random excitations [ J]. Probabilistic
Engineering Mechanics, 2012,30(5):27-36.

Spanos P D, Zhang Y, Kong F. Formulation of statisti-
cal linearization for MDOF systems subject to combined
periodic and stochastic excitations [J]. Journal of Ap-

plied Mechanics, 2019,86(10):101003.



764 £ I N - 7 9 34 &

[28] Zhu H T, Guo S S. Periodic response of a Duffing oscil- CHEN Lincong, ZHU Weigiu. Stationary response of
lator under combined harmonic and random excitations Duffing oscillator with fractional derivative damping un-
[J]. Journal of Vibration and Acoustics, 2015, 137(4) : der combined harmonic and wide band noise excitations
041015. [C]. Conference of the Chinese Society of Mechanics,

[29] Chen Lincong, Zhu Weiqiu. Stochastic stability of Duff- 2009.
ing oscillator with fractional derivative damping under [34] Cai G O, Lin Y K. Nonlinearly damped systems under
combined harmonic and white noise parametric excita- simultaneous broad-band and harmonic excitations [ J].
tions[J]. Acta Mechanica, 2009,207(1-2) : 109-120. Nonlinear Dynamics, 1994,6(2):163-177.

[30] Chen Lincong, Zhu Weiqiu. Stochastic jump and bifur- [35] Manohar S C, Iyengar N R. Entrainment in van der
cation of Duffing oscillator with fractional derivative Pol's oscillator in the presence of noise[J]. International
damping under combined harmonic and white noise exci- Journal of Non-Linear Mechanics, 1991,26(5):679-686.
tations[ J]. International Journal of Non-Linear Mechan- [36] Bulsara A R, Lindenberg K, Shuler K E. Spectral anal-
ics, 2011,46(10):1324-1329. ysis of a nonlinear oscillator driven by random and peri-

[31] Chen Lincong, Zhu Weigiu. Stochastic averaging of odic forces. 1. Linearized theory [J]. Journal of Statisti-
strongly nonlinear oscillators with small fractional deriv- cal Physics, 1982,27(4):787-808.
ative damping under combined harmonic and white [37] Budgor A B. Studies in nonlinear stochastic processes.
noise excitations [J]. Nonlinear Dynamics, 2009, 56 IIl . Approximate solutions of nonlinear stochastic differ-
(3):231-241. ential equations excited by Gaussian noise and harmonic

[32] BEAKES, Z5ugis, fF B, & Je8 M s T & 205 disturbances[J]. Journal of Statistical Physics, 1977,17
B 5 5L van der Pol-Duffing 4% F 9 7 424 (7). 75 (1):21-44.

ZE A, 2014,49(01) 14551, [38] Koh C G, Kelly J] M. Application of fractional deriva-
CHEN Lincong, LI Haifeng, MEI Zhen, et al. Relabil- tives to seismic analysis of base-isolated models [J].
ity of van der Pol-Duffing oscillator with fractional deriv- Earthquake Engineering and Structural Dynamics,
ative under wide-band noise excitations [J]. Journal of 1990,19(2) : 229-241.

Southwest Jiaotong University, 2014,49 (01): 45-51. [39] Huang Z L, Zhu W Q, Suzuki Y. Stochastic averaging

[33] BEARES, Jefifk . M5 S M /S B4 m F 2G4 of strongly non-linear oscillators under combined har-
B9 B0M B (19 Dulfing 38 F 10 F R i [C. op E monic and white-noise excitations[J]. Journal of Sound
FEELEAR R, 2009. &. Vibration, 2000,238(2) :233-256.

Statistical linearization method for nonlinear Duffing oscillator under

combined random and harmonic excitations

KONG Fan', CHAO Pan-pan"®, XU Jun®, LI Shu-jin'
(1.School of Civil Engineering and Architecture, Wuhan University of Technology, Wuhan 430070, China;
2.School of Civil Engineering, Hunan University, Changsha 410082, China;
3.Central-South Architectural Design Institute Co. Ltd., Wuhan 430071, China)

Abstract: A statistical linearization method for calculating the second-order moment of a non-linear oscillator endowed with frac-
tional derivative damping under combined random and harmonic excitations is proposed. Assuming the system response to be writ-
ten as the sum of a deterministic mean component and a zero-mean random component, the motion differential equation can be sep-
arated into two coupled differential equations of the deterministic and random parts. The method of harmonic balance and the meth-
od of statistical linearization are used to solve the two differential equations respectively to access the deterministic and random com -

ponents of the response. The effectiveness of the method is verified by Monte Carlo simulation.
Key words: non-linear systems;random and harmonic excitation; harmonic balance; statistical linearization; fractional derivative
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