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Astract — The chaotic system is sensitive to the initial value, and this
property can be applied in the weak signal detection. There are peri-
odic, critical and chaotic states in a chaotic system. When the system
is in the critical state, a small perturbation of system parameter may
lead to a qualitative change of the system’s state. This paper intro-
duces a new method to detect weak signals by the way of disturbing
the damping ratio. The authors choose the duffing equation, using
MATLAB to carry on the simulation, to study the changes of the sys-
tem when the signal to be measured is added to the damping ratio. By
means of observing the phase locus chart and time domain chart, the
weak signal will be detected.

Key words — chaotic system; duffing oscillator ; damping ratio; sig-
nal detection

Manuscript Number: 1674-8042(2011)02-0161-03
dio: 10.3969/j.issn. 1674-8042.2011.02.15

1 Introduction

Chaos refers to a phenomenon that a process which is
very similar to the random process, appears in a determin-
istic system, which is called intrinsic random phenome-
non. The characteristics of chaos are: highly sensitive to
initial value, intrinsic random and unpredictability charac-
teristics. In the recent years, chaos and control of chaos
have been studied by more and more people in the re-
scarches of nonlinear control field" .

Duffing equation is a chaotic system that has been
proved. The nonlinear dynamic system described by duff-
ing equation has complex states, including the periodic os-
cillation, bifurcation and chaos. Therefore the duffing

equation has become one of the important research models
of chaos™'. The steps of detecting weak signal by duffing
system are as follows. First, identify the critical value of
the system, which is called threshold. Then adjust the sys-
tem parameter to the vicinity of threshold and make the
system go into the critical state, in which state the system
is highly sensitive to the weak signal. Add the signal to
the system and the phase diagram of the system will great-
ly changed. In this way the weak signal will be detected.

2 The principle of weak signal detection
using duffing system

The duffing equation is a second order differential
equation which could produce periodic oscillations and
chaotic movements by means of external excitation. Its
general form is

() + Me(t) — 2(2) + 2°(¢) = Feos(at) + n(2), (1)
where Fcos(wt) is the forced periodic term in the
equation, M is the damping ratio, n(¢) denotes the noise,
and the term — x(z) + 2°(¢) is the nonlinear recovery
force term of the equation” .

Rewriting the equation as

(1) == Me(2) + 2(2) — 2 (¢) + Feos(at) + n(2). (2)

According to Eq. (2), we can construct the simulation
model based on the duffing system by using MATLAB
software. There are many different functional modules in
SIMULINK. We can simulate the duffing system by

choosing different modules® , as shown in Fig. 150,
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When M=0.5, the phase point is performing a periodic
oscillation motion around the focus points ( —1,0) and
(1,0). The system is in a steady state of periodic motion.
When M = 0.6, the system is between almost period and
chaos, that is in the critical state. It is worth noticing that
if the simulation time is not long enough, the critical state
might be ignored and mistaken for a periodic state. When
M = 0.7, the chaotic motion of the system occurs. The
phase locus charts and time domain charts of the system
model are shown in Fig. 2. The horizontal axis of time
domain charts in Fig. 2 refers to the simulation process
time in seconds, and the vertical axis refers to the ampli-
tude of the output signal.

According to the simulation, we could find that dis-
turbing the damping ratio will lead to a great change in
the phase locus chart of the system. In this way we can
achieve the purpose of weak signal detection. Ref. [6]
points out that when the system is in the critical state, the
parameters M and F' meet a linear relationship which is
F/M =1.667 . In the above simulation, F/M = 1/0.6~
1.667 , which is coincident with the linear relationship.
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Fig.2 Phase locus charts and time domain charts of the duffing
system: (a) the periodic state; (b) the critical state; (c) the chaotic
state

3 The research and simulation on weak
signal detection based on damping ratio
perturbation

Now disturb the damping ratio of duffing system by
using the weak signal 6 to be measured, and use the dis-
turbance manner of addition and multiplication””. Then
the mathematical model of duffing system will become in-
to the following form:

)+ (M+Mx*8)x(t) —2(t) + 2 (1) =
Feos(at) + n(t). (3)

When the signal § has been added into the system,
the general damping ratio of duffing system (M + M * &)
will change with the changes of signal & . The simulation
model of the system is shown in Fig.3.

Ifx' =y, M+ M*x8=eM,F=¢F,n=en,
0 < e<<1", then the equivalent expression is

xr =y
vV =x-2 +eF+en —eMy @)

When ¢ = 0, Eq. (4) is Hamilton system, and the

hamilton amount is

1 1 1
) : ; H(jc,y):*yz**J;ZJr*;C4 = h. (5)
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Fig.3 Simulation model of duffing system based on dampling ratio perturbation
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The phase locus charts and time domain charts are
shown in Fig.4. From the shape we can see that the tra-
jectory of the phase space starts from (0,0) and goes to
(1,0), then goes back to (0,0). After that it moves from
(0,0) to (—1,0), then goes back to (0,0) again. And it
repeats to continue. Since the trajectory goes around
(1,0) and (—1,0) in a different manner each time, the
two points are unstable. When the trajectory is near
(0,0), a little change of initial position will lead to a
great change of the trajectory in Fig.4.
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Fig.4 The phase locus charts and time domain charts of the
duffing system based on damping ratio perturbation: (a) The
periodic state; (b) The critical state; (c) The chaotic state
Although the overall look of the phase trajectory re-
mains unchanged, the ways in which the trajectory goes
around (1,0) and (1,0) are obviously random and unpre-
dictable. And this is the sensitive dependence on initial
conditions of the chaotic systemm . The horizontal axis of
time domain charts in Fig.4 refers to the simulation pro-
cess time in seconds, and the vertical axis refers to the
amplitude of the output signal. By means of observing the

time domain charts, we found that the signal amplitude in
periodic state is two times as large as the signal amplitude
in chaotic state. Therefore we can achieve the purpose of
detecting the weak signal by observing the changes of sig-
nal amplitude.

4 Conclusion

Though comparing the above simulation results, we
come to the conclusions that:

For a nonlinear dynamic system, such as the duffing
system, we can control the states of a chaotic system by
means of disturbing the system parameters. The tradition-
al duffing oscillator used to detecting the weak signal by
disturbing the forced periodic term, that makes the fre-
quency of the weak signal to be measured is limited. The
damping ratio perturbation is a method to disturb the
characteristic of the system itself, which is not limited by
the signal’s frequency.

Detecting weak signal by using duffing system based
on damping ratio perturbation is a new idea for chaos de-
tection, which needs further optimization in order to im-
prove the precision.
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