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Abstract Rotor—stator rubbing is occasional problem faced by rotating machines
especially during startups and shut downs when passing through their critical
speeds. The rubbing often occurs in rotating machinery at position with small
clearances and can sometimes cause catastrophic breakdown of machine. So it is
important to develop reliable tools for rub diagnosis. This paper investigates partial
rub occurrence during constant and slightly variable speed operation and try to
define vibration diagnosis patterns for its detection with Hilbert Huang Transform
(HHT). The HHT is relatively new method which includes Empirical Mode
Decomposition (EMD) and the Hilbert Transform. Diagnostic tool is tested on
laboratory test rig for rotor to stator contact dynamics research at two different rotor
operating conditions i.e. without rotor—stator contact and with partial rotor—stator
rub. Measurements were performed with non-contact eddy current displacement
sensors. Results are presented in the shape of HHT spectra of Intrinsic Mode
Functions (IMF) and are compared to classical FFT spectra and spectrograms based
on Short Time Fourier Transform (STFT). Rotor orbits are also presented to
additionally verify rubbing condition.
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1 Introduction

Contact between rotor and stator during the operation of the rotating machine is
usually called rubbing and it represents a defect that could lead to serious failure as
well as downtime losses. The requirement of higher machine efficiency has reduced
clearances between rotor and stator and thus increased the possibility of rubbing
occurrences. Depending on rotor and stator structure configuration rotor-stator
contact phenomena can be classified as a rigid rotor disc-rigid stator contact [1-4],
bladed disc-stator contacts [5] and rotor-stator contact in retainer bearings of the
active magnetic bearings [6, 7].

From an experimental analysis point of view [8—10], rotor vibration are usually
measured by accelerometers at bearing pedestals and/or with non-contacting probes
relatively from bearing pedestals to shaft in two radial directions (horizontal, ver-
tical) and if needed in axial direction too.

The vibration generated by rotor—stator contact always contains nonlinear and
non-stationary signals. Recently, a number of new methods have been proposed to
analyze such signals. One of the promising methods is the Hilbert—-Huang
Transform (HHT) [11-13]. This method basically consists of two steps: Empirical
mode decomposition (EMD) and Hilbert Transform (HT) [14]. EMD start first and
it is in charge for the sifting process. It decomposes the signal into a set of Intrinsic
Mode Functions (IMF’s), not assuming linearity, stationarity, or any a priori bases
for decomposition. HT is employed then to form instantaneous amplitude and
frequency from the corresponding IMFs. HHT spectrum can be finally obtained as a
composition of all instantaneous frequencies and amplitudes as a function of time.
Nowadays, HHT method has become very popular in various areas including
vibrations of rotating machinery [15-17].

This paper considers light rotor—stator rub occurrence and test the capability of
HHT method to detect it. Lateral rotor displacements are measured near and at
critical speed i.e. without rotor—stator contact and with noticed light partial rub.

It was shown that HHT spectrum can detect partial rotor—stator rub condition but
EMD sifting in combination with traditional tools such as FFT and STFT gives
certainly extra information to the final decision.

2 Hilbert-Huanng Transform

The HHT is an empirically based adaptive data analysis method that was first
proposed by Huang et al. [11] and has been utilized for nonlinear and non-sta-
tionary data analysis in various applications. Although is EMD today considered as
a first step of HHT, it was original name for the whole procedure. The essence of
the method is to identify the intrinsic oscillatory modes by their characteristic time
scales in the signal empirically, and then decompose the signal. The method utilizes
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an iterative sifting process which successively subtracts the local mean from a
signal. The sifting process consists of following steps:

e Determine the local extrema (maxima, minima) of the signal x(z).

e Connect the maxima with appropriate interpolation function, creating an upper
envelope about the signal.

e Connect the minima with appropriate interpolation function, creating a lower
envelope about the signal.

e Calculate the local mean m; as half the difference between the upper and lower
envelopes.

e Subtract the local mean from the signal, #; = x(f)—m; and inspect whether the
number of extrema and the number of zero crossings are equal or differ at most
by one. Also, inspect whether all the local maxima are positive and all the local
minima are negative.

o If signal meets definition of IMF (after k iteration), designate it as a ¢; = hy

Now, first IMF can be subtracted from original signal
r :x(t)—cl (1)

The reminder r; should be treated as a new data set/signal and repeat the sifting
process to obtain ¢,. Described process should be repeated until the original signal
is decomposed in terms of IMFs, that is:

n

x(0) =) eilt) + ralt) )

i=1

where c¢,(?) is the i-th IMF of the signal x(¢) and r,, is the final residue. Huang et al.
proposed [11] a measure of Standard Deviation (SD) for an iteration stopping
criterion:

h h
SD = Z [‘ SO (t)”‘( ) 1 02<SD<0.3 (3)
-1
Having obtained the intrinsic mode function components, it is straightforward
task to apply the Hilbert transform to each IMF component, and to obtain the
instantaneous frequency.

3 Description of the Test Rig

Experimental evaluation of the proposed algorithms for light rubbing detection is
performed on a laboratory test rig shown in Fig. 1. The test rig, originally built for
rotor—stator contact dynamics investigation, consists of a rotor supported by two
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Fig. 1 Laboratory test rig

self aligning roller bearings and connected via elastic coupling to induction motor
with speed controller.

Shaft has total length of 1 m and diameter of 17 mm. Three discs are mounted
very closely to each other at the shaft midspan. The biggest disc has diameter of
120 mm and is designed to establish contact with the stator ring while the other two
smaller discs of diameter 80 mm are intended for measurements of lateral dis-
placements with non-contacting probes and for phase. The total rotor mass is
approximately 5 kg.

The stator is made of annular plate elastically suspended on four circular beams.
The radial clearance between rotor and stator is 0.4 mm. According to modal testing
first two bending normal modes have frequencies at 27.8 and 145 Hz while first
torsional mode have frequency 134 Hz. Stator first lateral (bending concerning the
support beams) is 90 Hz.

The measurement system used for this purpose was based on National
Instruments PCI card NI 4472 with 3 non-contacting displacement probes IN 085
made by Schenck (2 for rotor radial displacement, one for stator radial displacement
in horizontal direction and 1 optical sensors P-84 also made by Schenck for phase
measurement.

Measurements were performed at 5 kHz sampling frequency.

4 Analysis of Experimental Results

To test light rub detection capabilities of HHT spectrum, many tests are performed
but due to limited space only two of them will be presented. The idea was to
compare two similar measurements, first of them without rotor—stator contact (at the
speed 25.8 Hz i.e. 1548 rpm) and the other one with noticed partial rotor—stator rub
(at the speed 27.6 Hz which is almost at critical speed). During tests rotor had slight
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Fig. 2 Intrinsic Mode Functions for a case without rotor—stator contact

unbalance (5e—5 kg m) but also shaft bow equal to 0.11 mm. Measurements are
compared via HHT spectra as well as in the shape of FFT spectra and spectrogram

of representative IMF component.

Figures 2, 3, 4 and 5a represents situation without rotor—stator contact. Figure 2
shows IMF component of a rotor lateral signal for a case without contact. First four
IMF represent higher frequencies which are out of the scope of this paper. IMF No
5 represents vibration related to the rotor speed and possible contact condition.
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Fig. 3 Hilbert Huang spectra for radial rotor displacements for a case without r/s contact;

a horizontal direction—x, b vertical direction—y,
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Fig. 4 Spectra of a IMF No 5 for a case without 1/s contact; a FFT spectrum, b STFT spectrogram
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Fig. 5 Rotor orbit a case without contact between r/s, b case of light partial rub

In Fig. 3 HHT spectra are shown of two lateral rotor displacements in horizontal
and vertical directions. Beside expected oscillating instantaneous frequency at
about value of rotating speed (25.8 Hz) there are some frequency component
greatly oscillating in time from 0.1x up to 0.5x harmonic. According to Muszynska
[18] and Peng et al. [19] if partial rotor—stator rub is happening there must exist
stable subharmonic vibration with frequencies equal to exact fraction of the rotating
speed (most often this fraction is /%) harmonic. Muszynska [18] further explains that
during partial rub it should be also observed presence of the higher fraction har-
monics e.g. 3/2 and 5/2. FFT of IMF No. 5 for horizontal lateral vibration signal
(Fig. 4a) and STFT spectrogram of the same IMF No. 5 component (Fig. 4b) show
no noticeable 0.5x harmonic whatsoever. Accordingly it can be concluded that
there was no partial rubbing in the first measurement. The orbit shown in Fig. 5a
confirms that claim. On contrary orbit in Fig. 5b suggest that some rubbing should
happen. During this second test metal punching sound was heard. On HHT spectra
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Fig. 6 Hilbert Huang Spectra for radial rotor displacements for a case of light partial rub;
a horizontal direction—x, b vertical direction—y,

shown in Fig. 6 now can be seen more stable 1/2 fraction order vibration. Truly, it is
more visible in Fig. 6b for the vertical rotor vibration but still could be observed in
Fig. 6a. While in the case without rubbing crucial IMF was No. 5 in the case of
second measurement crucial IMF is No. 4. FFT of IMF No. 4 for horizontal lateral
vibration signal of the second measurements (Fig. 7a) and STFT spectrogram of the
same IMF No. 4 component (Fig. 7b) now clearly shows noticeable 1/2x harmonic
as well as 3/2x harmonic. Fractional harmonic 5/2x is somewhat less visible but is
also present in spectra. Figure 8 shows corresponding IMF components of the rotor
lateral vibration signal for the case of partial rotor—stator rub.
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Fig. 7 Spectra of a IMF No 4 for a case of light partial rub; a FFT spectrum, b STFT spectrogram
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Fig. 8 IMFs for a case of light partial rub

5 Conclusion

This paper considers possibility of partial rub detection using HHT method. For this
purpose two measurements are performed on the specially designed test rig. First
measurement presents subcritical rotor operation without rotor—stator contact.
Corresponding HHT spectra clearly have 1x harmonic of the rotor speed but on the
same time didn’t have stable subharmonic 1/2x vibration. IMF No. 5 of the same
measurement showed meaningful frequencies concerning the detection for the
rubbing but without observed subharmonics (1/2x) or superharmonics (3/2x and 5/
2x). On contrary in HHT spectra of the second measurement (critical rotor opera-
tion with established partial rotor—stator rub) it is observed more stable 1/2x fraction
order vibration. Corresponding FFT spectra of IMF No. 4 for horizontal lateral
vibration signal and STFT spectrogram of the same IMF No. 4 component now
clearly shows noticeable 1/2x harmonic as well as 3/2x harmonic. Fractional
harmonic 5/2x is somewhat less visible but is also present in spectra.

It can be concluded that HHT spectrum can detect partial rotor—stator rub
condition but EMD sifting in combination with traditional tools such as FFT and
STFT gives certainly extra information to the final decision.
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