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a b s t r a c t

This study presents a new weak signal detection method based on the van der Pol–Duffing
oscillator. The principle of the proposed method is described. A weak signal is detected
through the transition from the chaotic to the periodic state. Numerical simulation shows
that the van der Pol–Duffing oscillator is sensitive to a weak signal under strong noise
conditions. Several aspects of the proposed method, including the noise influence,
influence of different frequency signals, and influence of the phase shift, are studied in
detail. Results indicate that the application of the van der Pol–Duffing oscillator to weak
signal detection is feasible.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Weak signal detection is a challenging task in signal detection and early machinery fault detection. Conventional detec-
tion methods, such as wavelet method, are limited under strong noise conditions. The chaotic oscillator is highly effective in
weak signal detection because of its properties of noise immunity and sensitivity to specific frequency signals.

The Duffing oscillator is the most frequently used chaotic oscillator for detecting weak signals [1–5]. When the Duffing
system is in a critical state, a small perturbation may result in system state changes. The weak signal is often detected
through the transition from the chaotic to the periodic state. Although the Duffing oscillator is widely used for weak signal
detection, further research is necessary to determine whether other chaotic oscillators are suitable for detecting weak signals
[6].

The van der Pol–Duffing oscillator is employed to solve physical, engineering, and even biological problems. This oscilla-
tor type is a generalization of the classic van der Pol oscillator. The van der Pol–Duffing oscillator without an external force
has a rich dynamic behavior [7,8], including chaos and bifurcation.

This study focuses on weak signal detection based on the van der Pol–Duffing oscillator. First, we analyze the dynamic
behavior of the van der Pol–Duffing oscillator. Second, we realize weak signal detection according to the phase trajectory
change of the van der Pol–Duffing oscillator from the chaos to the periodic state. Finally, some problems are discussed
relative to weak signal detection by the van der Pol–Duffing oscillator. This study is the first to use the Van der Pol–Duffing
oscillator for weak signal detection. Numerical simulation results show that the proposed method has satisfactory detecting
performance.
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The remainder of this paper is organized as follows: Section 2 introduces the van der Pol–Duffing oscillator. Section 3
describes the principle and implementation of weak signal detection using the van der Pol–Duffing oscillator. Section 4
presents the related aspects of the proposed method. Section 5 concludes.

2. van der Pol–Duffing oscillator

The van der Pol–Duffing oscillator is described by the following nonlinear equation [9,10]:

€x� lð1� x2Þ _xþ xþ ax3 ¼ F cosðxtÞ ð1Þ

where l and a are two positive coefficients; and F and x are the amplitude and frequency of the external excitation, respec-
tively. Eq. (1) is a generalization of the classic van der Pol oscillator equation.

The three equilibrium points of the system in Eq. (1) for F = 0 correspond to x + ax3 = 0, such that we have the fixed points
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Assuming _x ¼ y; we then derive the following:

_x ¼ y
_y ¼ lð1� x2Þ _x� x� ax3 þ F cosðxtÞ

�
ð2Þ

3 3.5 4 4.5 5 5.5
-0.6

-0.4

-0.2

0

0.2

Drive amplitude, F

Ly
ap

un
ov

 e
xp

on
en

t

Fig. 1. Maximum Lyapunov exponent versus the amplitude F under the initial conditions of (0.1, 0.1).
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Fig. 2. (a) Phase plane diagram of chaotic motion with F = 4.9. (b) Time series diagram of chaotic motion.
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