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ABSTRACT

Chaos theory developed in the late half of 20" century gives a new approach to the research
on nonlinear dynamical system. The researches on strong nonlinear behavior such as chaos in
complex mechanical system and application of chaos theory in machinery fault diagnosis are of sig-
nificance to design, operation, diagnosis and maintenance of complex mechanical system.

With the increase of machinery operating speed and wide application of various new-style
materials in high-speed machinery, nonlinear problem of mechanical system which may cause ab-
normal state even fault directly or indirectly becomes more and more obvious. Theoretical and ex-
perimental studies focusing on this problem are very important. Particularly, it is more important
to study the prediction of nonlinear behavior and chaotic behavior, early detection of operating
state and signal/information processing method based on chaos theory. Under this circumstance,
this dissertation suggests two research aspects, namely experimental study on complex nonlinear
behavior underlying rotor system with stator-rotor rub and deep study on identification method and
early diagnosis of rotor fault based on chaos theory.

Subsequently, this dissertation mainly includes, observation and identification of chaotic
phenomena from rub-impact rotor rig, analysis and prediction for nonlinear behavior of rotor rub-
impact based on nonlinear signal processing, early detection and recognition of rub-impact fault
based on nonlinear theory and chaos theory. The detailed contents and innovative work include.

1. Nonlinear behavior and characteristic rule of rub-impact rotor are deeply and systemati-
cally studied.

(1) Combined with quantitative and qualitative analysis, solutions of vibration response of
sharp rub-impact rotor are obtained by the improved sharp rub-impact model of rotor. Test rig of
sharp rub-impact rotor is designed and meticulous experiment has been accomplished. Character-
istic rule of vibration response is obtained in various cases of rub-impact. The result that the
1/3X,2/3X sub-harmonic components ( X denotes operating frequency component) occur in in-
ception of rub-impact in the case of sharp rub-impact under certain condition, is obtained via the-
oretical and experimental analysis.

(2) Dynamic model of Jeffcott nonlinear rotor with eccentric between stator and rotor is built
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based on rub-impact force. Numerical simulation demonstrates that local rub-impact has sub-har-
monic phenomena and bifurcation phenomena. The rub-impact rotor response includes quasi-peri-
odic or chaotic vibration when severe unbalance, small damping and high rotating speed. Based
on the result of numerical analysis, rotor test rig about local rub-impact is designed and built.
Experimental research has been done within broad range of rotating speeds. Very rich and compli-
cated vibration phenomena including not only periodic ( synchronous and non-synchronous) com-
ponents but also quasiperiodic and chaotic motions, are observed. The observed result is qualita-
tively consistent with that of simulation.

(3) Phase space reconstruction analysis method based on observed time series is used to an-
alyze and identify nonlinear dynamics of rotor system. The evidence with statistical meaning repr-
esenting strong nonlinear behavior is obtained. The results show that sub-harmonic phenomena
produced by local rub-impact provide mechanism and evidence for the early diagnosis of this
fault. Vibration response characteristics of rub-impact rotor obtained by theoretical and experi-
mental analysis are of significance to prediction of rub-impact.

2. Phase space reconstruction technology and characteristic indices algorithms, which show
the wide prospects of engineering application, are presented to distinguish dynamical behavior un-
derlying observed time series from rub-impact rotor.

(1) In the case of short data set, to select embedding space parameters as fast and exact as
possible, the improved across displacement method for selecting time delay and the relative gain
ratio of false neighbors distances method for selecting embedding dimension are presented. These
methods have high computational speed and good repeatable capacity.

(2) Various factors related to the estimation of correlation dimension are analyzed deeply and
the implemented method for estimating correlation dimension is also presented under the constraint
of short data set.

(3) The method for estimating largest Lyapunov exponent via instantaneous largest Lyapunov
exponent is presented under the condition of short data set. An important property is concluded
that the sum of Lyapunov exponents is related to the generalized divergence of the flow in phase
space of the system, and related to the energy dissipation mechanism of a system. Theoretical
analysis demonstrates that the sum of Lyapunov exponents must be related to the damping of a me-
chanical system, and can be utilized to monitor any damping change of the system. Consequent-
ly, a new strategy is presented to monitor changes of states of complex nonlinear system.

The above research shows that identification of nonlinear behavior using correlation dimen-

sion and the largest Lyapunov exponent synchronously is feasible and their effectiveness is validat-
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ed on classification and identification of various states of rub-impact rotor.

3. A new integrated method is presented to identify chaotic property of signal by short-term
predictability, non-long-term predictability of observed data and the result of characteristic indices
including correlation dimension and the largest Lyapunov exponent.

(1) Local linear fitting method for predicting nonlinear time series is improved.

(2) Prediction method based on phase trajectory (PBPT ) for predicting nonlinear time series
is presented.

(3) A new idea on identification of dynamical behavior is presented via short-term predict-
ability and long-term predictability of observed data.

The research shows that the above predicting method combined with characteristic indices
analysis can classify and identify nonlinear behavior. Experimental data are analyzed with several
indices and from multi-angle. Consequently, the identified result will be more reliable. The ef-
fectiveness of the above method has been validated on classification and identification for nonlinear
behavior of rub-impact rotor system.

4. On the basis of characteristic pattern of rub-impact fault from theoretical and experimental
analysis, a new idea is presented for the early detection of rub-impact fault of rotor using weak
signal detection method via Duffing oscillator.

(1) All forms of solutions and global bifurcations of Duffing equation are analyzed in theory.
Various bifurcations thresholds varying with damping and external exciting amplitude are dis-
cussed. The analysis concludes that the bifurcation threshold corresponding to the maximum orbit
of solutions outside homoclinic orbit of Duffing equation can be used to detect weak signal.

(2) The implemented model of Duffing oscillator for weak signal detection is presented and
some aspects considered about weak signal detection via Duffing oscillator for practical reasons are
discussed deeply.

(3) The approaches for testing existence of characteristic signal and estimating the amplitude
and frequency of certain signal are presented.

(4) In view of practical application environment of machinery fault diagnosis, A decision-
making strategy is presented for early fault detection via Duffing oscillator method.

(5) It is for the first time that a quick identification method and implemented procedure us-
ing symbolic time series analysis technique (STSA) based on symbolic dynamics are presented to
determine the phase transition of oscillator autonomously.

Numerical and experimental analysis demonstrate that the method can reliably detect weak
signal with signal-noise ratio as small as — 25dB. This method is feasible for characteristics detec-
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tion of early fault such as rub-impact fault of rotor.

5. It is the first time that the theory and method of stochastic resonance (SR) are introduced
to machinery fault diagnosis. A new detection method for weak characteristic signal based on SR
is presented to catch the characteristic signal of mechanical faults as early and accurately as possi-
ble. The result shows that this method is simple, robust and reliable. The weak sinusoid signal of
lower signal-to-noise ratio can be reliably extracted from heavy noise. This method is valuable in

practical engineering for characteristics detection of early fault.

Keywords: Rotor system, Rub-impact fault, Phase space reconstruction, Correlation di-
mension, Largest Lyapunov exponent, Largest instantaneous Lyapunov exponent, Phase trajectory
evolution, Nonlinear time series prediction, Duffing chaotic oscillator, Stochastic resonance,
Symbolic time series analysis, Weak signal detection, Diagnosis and prediction for inception of
fault
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