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ABSTRACT

Chaos is honored as the third greatest discovery in science in the 20th century. Chaos theory
introduces the fascinating idea that apparently random time series might have been generated by a
low-dimensional deterministic system, according to which chaos provides an alluring explanation
for erratic behavior in nature. In high speed rotating machinery, it is frequently encountered that
a rotor, excited by unbalance, is running in local contact with a stator. The rotordynamics is ob-
viously nonlinear when rotor rubs with stator. This nonlinearity was observed as early as 1960s.
Since then, great concems for the anomalous vibration of rubbed rotor have been attracted from
many researchers.

This dissertation is supported by the National Natural Science Foundation of China (Project
name: Research on Relationship between Chaotic Behavior and Fault in Rotors and Its Prediction
Method. Grant No.: 59775025). By means of experimental observations and data analysis, as
well as numerical analysis of the theoretical model, the nonlinear vibration in a rotor rubbing a
static part is studied in this dissertation. The main contents are as follows:

1. A Jeffcott rotor eccentrically placed within a stiffer stator is investigated numerically and
experimentally. In both investigations, we notice that the vibratory motion has subharmonic
pseudo-resonant peaks which are large components asynchronous with the rotational frequency,
and that the vibration period increases by one and one rotating period when the rotating speed
increases. It is worthy of note that disordered aperiodic vibration is observed when the Jeffcott
rotor is operated in a clearance bearing with eccentricity. In these data sets the chaotic character-
istics are found.

2. The methods of choosing delay times and embedding dimension for attractor reconstruction
are discussed. A new approach to selecting delays, named as average combined displacements
(ACD), is developed based on the method of average displacement (AD). Besides the merits
inherited from AD, such as being reliable with small and noisy data sets and modest computational
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cost, ACD deals with the matter of AD that the reconstruction attractor expands from identity line
of embedding space but does not expand from other diagonal lines. The criterion to choose delays
for ACD is significative of the largest reconstruction expansion. A practical method to determine
the minimum embedding dimension is recommended. The proper reconstruction parameters of
observed data are determined by using above methods.

3. In order to test the nonlinearity of the observed vibration data, the method of surrogate
data is thoroughly discussed. It is pointed out that the phase randomized surrogate data test of
linear non-Gaussian time series with non-minimum phase (NMP) might indicate false nonlinearity .
So, a new method to test the hypothesis of linear non-Gaussian process is proposed in light of
typical realization of surrogates. The observed data sets are convinced of nonlinearity according to
the results of surrogate data tests.

(1) We have made a scrutiny into the method of surrogate data. The explicit null hypothesis
normally used is that the time series was generated from a linear, stochastic, Gaussian stationary
process, possibly including an invertible nonlinear static observation function. It is pointed out
that the rejection of such a hypothesis may not only result from an underlying nonlinear or even
chaotic system, but also from, e.g., a linear, stochastic, non-Gaussian and NMP process.
Numerical examples are presented in this dissertation to show such cases.

(2) To avoid false nonlinearity in surrogate data test result, we have proposed an algorithm
to generate surrogates for the hypothesis of linear non-Gaussian stochastic process. Based on tl';e
concept of power spectrum equivalence, a method to extract the non-Gaussian white noise from
the NMP time series is deduced, which is the bottleneck to generate surrogates for such time
series. Combining the phase randomized surrogate data test with ARMA surrogate data test, we
can test the nonlinearity of time series reliably.

(3) With the IAAFT surrogates based on phase randomization and ARMA surrogates prop-
osed in this dissertation, the observed vibration data sets with broad spectrum are tested. All the
results indicate that they were generated by nonlinear dynamical system.

4. The algorithms for the numerical estimation of correlation dimension (D, ) and maxim

Lyapunov exponent (MLE) from time series are discussed. For estimation of D,, the GP

algorithm and its improvements are summarized and employed. The algorithm to estimate MLE



proposed by Kantz is ameliorated. The D, and MLE of the observed data sets are calculated
exploiting these algorithms, which indicate that they are chaotic.

5. Pilot study of controlling chaotic vibration in rubbed rotor is discussed at the end of this
dissertation. A method using linear quadratic regulator to control chaos (LQR) is proposed based
on the OGY method. Because the limitation of transition state and parameter perturbation is
considered in the objective function of the LQR, the proposed method is more efficient than
OGY. Numerical simulation for comparison is presented.

To sum up, the existence of chaotic vibration in rubbed rotor is confirmed both in numerical
analysis and experiments. The methods to control chaos are also discussed. The results in this
dissertation are helpful to understand the nonlinear dynamics of rubbed rotor, and useful in its
diagnosis. The methods and algorithms about chaotic time series analysis and control may be
referenced to dealing with other chaotic systems.

Keywords: Rotor rubbed with stator, Rub-impact forces model, Nonlinear vibration,

Chaotic vibration, Phase space reconstruction, Surrogate data test, Chaotic characteristics,

Controlling chaos
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