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Fig. 1. Comparisons of amplitude-frequency curves.
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Fig. 3. Amplitude-frequency curves of steady-state response:
(a) a1 = —0.4, stiffness softening; (b) a1 = 0.4, stiffness
hardening (the circles for stable solution and the asterisks

for unstable one).
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for unstable one).

ul = U2, (208“)
g = _wgul +yud4¢ (81 coswit + 8y coswat — 2nus) .
(20b)

M =00, R4L RS H Hamilton R4G::

’lll = U2, (21&)

Uy = —wgul + ’yu:{’, (21b)
H: Hamilton &8

1 1 1
H (uy,up) = ~u3 + fwguf - Zyu‘ll. (22)

2 2
I 55 1 4
A(uy) = §w0u1 — 4'yu1, (23)

x%%%@nﬁzﬁﬁﬁﬁwm,cwwj

ﬂ
wo
=0 0).
(#9)
i T
A" (0) = wi — 3yu? |u,—0 = wi >0, (24a)

040502-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 70, No. 4 (2021) 040502

1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 24 25
Wi

K5 AFAMERE cn EEI (a) WIEZERAL; (b) MIRE A
b (IBIFRRTEM S, B RR AT EM L)

Fig. 5. Effects of the nonlinear coefficient «j: (a) Stiffness
softening; (b) stiffness hardening (the circles for stable solu-

tion and the asterisks for unstable one).
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Fig. 6. Bifurcation diagram of Eq. (1) changing with Fb:

(a) Panoramic view; (b) local enlarged view.
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Fig. 9. Chaotic state for F» = 0.2595: (a) Poincare map;

(b) displacement time histories; (c) phase trajectory.
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lytical results and the circles for numerical simulation res-
ults).
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Abstract

There are many resonance phenomena in a nonlinear dynamical system subjected to forced excitation,
especially the excitation with multiple frequencies. Duffing oscillator subjected to the excitation with multiple
frequencies may exhibit some complex resonance phenomena, such as simultaneous resonance and combination
resonance. In this paper, the simultaneous primary and super-harmonic resonance of Duffing oscillator is
studied, and it is analyzed in periodic motion and chaotic motion. Firstly, the approximate analytical solution is
obtained by the method of multiple scales, and the correctness and accuracy of the analytical solution are
verified through numerical simulation. Furthermore, the amplitude-frequency equation and phase-frequency
equation of the steady-state response are derived from the approximate solution, and the stability of the steady-
state response is analyzed based on Lyapunov’s first method. It is found that there are at most two stable
periodic solutions and one unstable periodic solution. The effects of nonlinear stiffness on steady-state response
is also analyzed through numerical simulation. However, the approximate solution obtained by the singular
perturbation method is not sufficient to describe the global characteristics of the system, therefore, the
necessary condition for the chaos in the sense of Smale horseshoes is derived based on the Melnikov method.
Finally, one-demonstrational system that meets the condition of simultaneous resonance is analyzed through
numerical simulation, and the bifurcation diagram shows the two thresholds of the demonstration system. At
the first threshold, the heteroclinic orbit of the system breaks, and the system goes to chaos in crisis way. At
the second threshold, the crisis reappears and the new strange attractor appears. The variation of the first
critical value under various frequency combinations is investigated based on the Melnikov method, and the
results are compared with the results of numerical simulation. The analytical and numerical results are

qualitatively the same although there is a quantitative difference between them.
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