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Fig. 1. Spring pendulum with base motion in the

horizontal direction.
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Fig. 2. Phase diagram and spectrum of spring pendulum: (a) Ap = 0.3 m, w = 4 rad/s, initial value (1.09, 1.43,
1.26, 0.11), simulation time 7 = 0-800m; (b) A, = 0.3 m, w = 2.22 rad/s, initial value (0.25, 0.93, —0.33, 0.98),

simulation time 7 = 0-800m.
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K; (£), (g), (h) 24 (b) HRHBHOK)

Fig. 5. Time process of the rotational solution (Ap = 0.3 m, w = 4.81 rad/s; initial value (1.133, 1.503, 1.273, 0.113);
panels (c), (d), (e) are the partial enlargement of panel (a), and panels (f), (g), (h) are the partial enlargement of

panel (b)).
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Fig. 6. Bifurcation diagram and Lyapunov exponent of spring pendulum with the change of base frequency

(Ap = 0.3 m): (a) Bifurcation diagram; (b) Lyapunov exponent; (c), (d), (e), (f) enlargement of the
bifurcation diagram (a). The initial value is (—0.27,0.34, —0.63,0.50) when w = 2.8 rad/s. Simulation time

is 7 = 0-800T.
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w = 2.92rad/s; (c) BAMEZE, w = 2.93 rad/s; (d) IRIHEIZF), w = 2.9325 rad/s; (e) A 91E3), w = 2.9346 rad/s;
(f) IRMIES), w = 2.9348 rad/s; (g) MM 6123, w = 2.9632 rad/s; (h) BIEIEH), w = 2.9646 rad/s; (i) #FHMHIE
), w = 2.992 rad/s; (j) WHEZED), w = 3.002 rad/s; (k) AW 7i23), w = 3.17 rad/s; (1) IBMIZZ), w = 3.172 rad/s;
(m) JARA 27123, w = 3.1806 rad/s; (n) WJANIZS), w = 3.182 rad/s; (o) MAMIZE), w = 3.48 rad/s

Fig. 7. Poincare map of typical dynamic behavior of spring pendulum with the change of base frequency: (a) Period 1

2.91 rad/s; (b) almost periodic motion, w = 2.92rad/s; (c) almost periodic motion, w = 2.93 rad/s;
= 2.9325 rad/s; (e) period 9 motion, w = 2.9346 rad/s; (f) chaos, w = 2.9348 rad/s; (g) period 6
2.9632 rad/s; (h) chaos, w = 2.9646 rad/s; (i) almost periodic motion, w = 2.992 rad/s; (j) chaos,
rad/s; (k) period 7 motion, w = 3.17 rad/s; (1) chaos, w = 3.172 rad/s; (m) period 27 motion, w =
3.1806 rad/s; (n) almost periodic motion, w = 3.182 rad/s; (o) almost periodic motion, w = 3.48 rad/s.
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Fig. 8. Influence of base amplitude on the amplitude of system (SP, the static bifurcation point; HP, the Hopf
bifurcation point): (a) w = 2.3 rad/s; (b) w = 2.9 rad/s; (¢) w = 4.6 rad/s; (d) w = 6 rad/s.
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Fig. 10. Poincare map of typical dynamic behavior of spring pendulum with the change of base amplitude: (a) Period 1

motion, Ay = 0.32 m; (b) almost periodic motion, A, = 0.34 m; (c) almost periodic motion, A, = 0.366 m; (d) chaos,

Ap = 0.368 m; (e) period 4 motion, A, = 0.372 m; (f) almost periodic motion, A, = 0.374 m; (g) period 16 motion,
Ap = 0.3752 m; (h) period 11 motion, Ay = 0.38 m; (i) chaos, A, = 0.384 m; (j) almost periodic motion, Ay = 0.4454 m;
(k) period 7 motion, Ay = 0.45 m; (1) chaos, A = 0.485 m.
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%2 8 43 7 KA Floquet 11254k
Table 2. Bifurcation type and change of Floquet multiplier corresponding to Fig. 8.

et S EAE Ay /m Floquet #1224k
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Sy 0.57 0.9669 — 1.0523

S L 8 (a)
A 0.22 1.0048 — 0.9982
iESwaay 0.03137 0.9999 — 1.0008
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Hopf 44 0.33 —0.1466 + 0.98591 — —0.1788 + 1.0153i
F 3 AN~
B Ay 0.27 0.9911 — 1.0499

o RIS (c)
iESwaay 0.11 1.0019 — 0.9985
N
B 0.20 0.9985 — 1.0260
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s 0.53 0.9499 — 1.0250
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Fig. 11. Transition sets of the response on the base mo-
tion parameters plane (BS, boundary of static bifurca-
tion; HF, boundary of Hopf bifurcation; BR, boundary

of continuous rotational motion).
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Periodic solution and its stability of spring pendulum
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Abstract

In this paper, the nonlinear dynamic response of spring pendulum with horizontal base motion is studied. The
dynamical equations of the system are established by using Lagrange equation. The discrete Fourier transform, harmonic
balance method and homotopy continuation method are combined to solve the periodic response of the system, which
avoids the limitation of the small amplitude caused by the Taylor expansion in the traditional analytical method. The
comparison with the numerical results shows that the proposed method in this paper can not only be used to solve
the large amplitude vibration of spring pendulum, but also has a high accuracy. The stability of periodic response is
studied by using Floquet theory. The effects of amplitude and frequency of base motion on the periodic response of the
system are given, and the bifurcation characteristics of the periodic solution are analyzed. The results show that the
influence curve of the base frequency on the periodic response has two peaks, and with the increase of the amplitude
of the base motion, the two peaks will shift to the different sides respectively. When the base amplitude is large, the
periodic response amplitude changes with the frequency of the foundation motion, and there will be two jumps. The
amplitude of the periodic solution increases with the base amplitude. For some base frequencies, the amplitude of the
periodic solution will jump with the change of the base amplitude. When the amplitude and frequency of the system
are large, the periodic response of the system may be unstable. After the instability, the spring pendulum enters the
continuous rotation state, and the amplitude in the breathing direction is great, the system will be destroyed. It is
found that Hopf bifurcation may occur in the periodic response of the system corresponding to some base frequencies
and amplitudes. The variation of the system response with the base frequency and amplitude after the Hopf bifurcation
is studied numerically by the Runge-Kutta method. Complex dynamical behaviors such as periodic motion, almost
periodic motion, torus doubling and chaos are found. It is shown that the main path of the system entering chaos is
almost periodic torus rupture and paroxysmal. Finally, the influence analysis of the base frequency and amplitude is
synthesized, and the transition of the response form on the plane of the basic motion parameters is given. The results

of this paper provide a theoretical reference for the analysis and design of spring pendulum in engineering.
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