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Abstract—In this paper, polynomial chriplet transform (PCT) is
introduced to extract the time-frequency characteristics of the
rotor orbit during full rub in active magnetic bearings (AMB).
In order to analyze the advantages and disadvantages of
different time-frequency methods in the analysis of time-
frequency characteristics of the signal, the short-time Fourier
transform (STFT), Wigner-Ville distribution, general linear
chirplet transform (GLCT) and PCT have been used to process
the sample signal. Comparison between the four methods have
been made and it is found that PCT has the highest accuracy in
extracting the instantaneous frequency (IF) of the signal. Finally,
PCT has been used to extract the IF during full rub in
touchdowns of AMBs.

. INTRODUCTION

Active magnetic bearings (AMB) have been increasingly
used in rotary machines due to its advantages such as non-
friction, suitable for high speed and adjustable stiffness and
damping.

When AMB components or power fails, the rotor and
touchdown bearings (TDB) will contact. As defined in ISO
14839-41, the rotor may exhibit three typical orbit responses
which are pendulum vibration, combined rub and bouncing,
and full rub during the rotor-TDB interaction in touchdowns.
Full rub has the largest rotor-TDB contact forces and the
vibration frequency, thus it may lead to the most serious
damage to the system. Because of this, it is necessary to
monitor full rub in case of touchdowns.

The literaturel® pointed out that IF of full rub has obvious
non-steady-state characteristics. At present, a lot of research
work has been carried out on the principle and application of
time-frequency analysis methods, such as Short-time Fourier
transform (STFT)El, Wavelet transform (WT)E7], Bilinear
distribution®*4, For time-frequency analysis based on inner
product, time-frequency concentration is a key indicator for
measuring time-frequency analysis methods, which will affect
the correctness of time-frequency feature extraction. STFT
and WT are difficult to implement, because the time-
frequency characteristics of frame atom is fixed. General
linear chirplet transform (GLCT) is a combination of multi-
frequency analysis window and maximal search method [,
Analyze the frequency of the window function and adapt it to

get the ideal time-frequency concentration. However, GLCT
needs to perform multiple STFT calculations with a large
amount of calculation.

Polynomial chirplet transform (PCT)*%% can construct
frame atoms based on the time-frequency characteristics of the
signal and enhance the time-frequency concentration of the
transform. Here, the PCT is introduced into the time-
frequency analysis of the vibration of the shaft system in the
case of full rub. An attempt is made to obtain IF with ideal
calculation accuracy.

II. COMPARISON OF TIME-FREQUENCY ANALYSIS
METHODS

The characteristics of IF during full rub is non-steady-state.
In order to extract frequency characteristics of the full rub
accurately. The signal processing methods of STFT, Wigner-
Ville distribution, GLCT and PCT have been compared.
Figure 1 shows a sample signal waveform. The STFT,
Wigner-Ville, GLCT and PCT distribution are shown in Fig.
2-5, respectively. Peak scan method is used here to extract the
IF in each method.

As can be seen in Fig. 2, with the increase of the IF, the
energy spreads in a wider area, in other words, the time-
frequency concentration becomes worse, which affects the
calculation accuracy of the instantaneous frequency. From Fig.
2(b), we can see that due to the poor time-frequency focus
ability of the STFT, the peak energy will rapidly decrease in
the part where the frequency changes rapidly and is easily
affected by the colored noise. When calculating the
instantaneous frequency, it brings a large calculation error.

Although the time-frequency resolution of Wigner-Ville
distribution reaches the lower limit of the uncertainty principle,
it has better time-frequency concentration. From Fig. 3, we
can see that there are cross terms in the Wigner-Ville
distribution, which confuses the real time-frequency
distribution of the signal and brings errors to the calculation
accuracy of IF. From Fig. 3(b), Wigner-Ville distribution is
affected by the cross terms, and it also brings a large
calculation error.

From Fig. 4, we can see that GLCT has a better adaptive
ability to the change of the signal's IF modulation frequency,
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so that the time-frequency conversion of the signal has an From Fig. 5 (a-c), it can be found that the time-frequency

ideal time-frequency concentration. This will greatly improve concentration is getting better after several iterations of PCT

the noise resistance and ensure the accuracy of the calculation and the accuracy is also become higher. From Fig. 5(d), The

of IF. From Fig. 4(b), the GLCT is more robust to noise IF calculated by PCT has the highest time-frequency

because of its ideal time-frequency concentration. resolution, which lead a higher accuracy of calculation of IF,
as shown in Fig. 6.
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Figure 1. Sample signal waveform
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Figure 2. (a) Short-time Fourier transform and (b) IF of the signal
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Figure 3. (a) Wigner-Ville distribution and (b) IF of the signal



~
o

~
w
o
(=]

(b) 160
¥ 140

N
wn
(=}

— True IF

1207

N
o
(=]

100
80

1

60

40~

Frequency (Hz)
o
Instantaneous frequency (Hz

04 06 8 2 ""02 04 06 08 1

Time (s) Time (s)

Figure 4. (a) GLCT distribution and (b) IF of the signal
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Figure 5. Multiple iterations of PCT
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Figure 6. IF obtained from Fig. 5(d).

IIl.  IF EXTRACTION OF FULL RUB BASED ON PCT

The thermo-dynamic model in Ref. [6] has been used to
obtain the rotor displacement signal during full rub. Figure 6
shows an example signal of the rotor displacement in vertical
direction during full rub of AMBSs. In order to make the
simulation result closer to the actual situation, white noise has
been added in the signal.
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As shown in Fig. 7, the distribution of PCT spread in a
wide area after the first iteration. However, the distribution
concentrated in a very small area after the second iteration.
The results after the second and third iterations are similar and
the accuracy of the results is very high. IF during full rub is
extracted by peak scan method, as shown in Fig. 7(d). The IF
showed an increasing trend during the initial phase of full rub
which is identical to the results shown in Ref. [6].
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Figure 7. PCT after multiple iterations and the corresponding IF.

IV. CONCLUSION

This paper analyzes the time-frequency characteristics of
the rotor displacement signal during touchdowns in AMBs
with the STFT, Wigner-Ville distribution, GLCT and PCT

methods. The results show that the time-frequency resolution
of STFT is not ideal, and it will bring the calculation error. In
Wigner-Ville distribution, the cross term confuses the real
time-frequency distribution and also affects the accuracy of
instantaneous frequency. The GLCT has a better time-



frequency resolution. PCT is able to construct the frame atoms
according to the time-frequency characteristics of the signal
itself to enhance the time-frequency concentration of the
transform. Subsequent work can be based on PCT to extract

the

full rub response, and realize the orbit response

recognition based on the rotor displacement signal.

[1]

[2]

B3]

(4]

[5]

(6]

[71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

REFERENCES

International Standardization Organization. 1ISO 14839-4. Mechanical
vibration — Vibration of rotating machinery equipped with active
magnetic bearings—Part 4: Technical guidelines. 2012.

Lyu M, Wang Z, Liu T, et al. Frequency Analysis of the Orbit
Responses of Active Magnetic Bearings in Touchdown Using Hilbert
Transform[J]. International Journal of Structural Stability & Dynamics,
2016:1750086.

Griffin D, Lim J S. Signal estimation from modified short-time Fourier
transform[J]. |EEE Transactions on Acoustics Speech & Signal
Processing, 1984, 32(2):236-243.

Adeli H, Zhou Z, Dadmehr N. Analysis of EEG records in an epileptic
patient using wavelet transform[J]. Journal of Neuroscience Methods,
2003, 123(1):69-87.

Liu T, Zhang W, Yan S. A novel image enhancement algorithm based
on stationary wavelet transform for infrared thermography to the de-
bonding defect in solid rocket motors[J]. Mechanical Systems & Signal
Processing, 2015, s 62-63:366-380.

Kingsbury N. A dual-tree complex wavelet transform with improved
orthogonality and symmetry properties[J]. 2000, 2(4):347-351(5).

Liu T, Yan S, Zhang W. Time-frequency analysis of nonstationary
vibration signals for deployable structures by using the constant-Q
nonstationary gabor transform[J]. Mechanical Systems & Signal
Processing, 2016, 75:228-244.

White L B. Transition kernels for bilinear time-frequency
distributions[J]. IEEE Transactions on Signal Processing, 1991,
39(2):542-544.

Ma Y, Yan W, He H, et al. Damage Detection Based on Cross-Term
Extraction  from  Bilinear =~ Time-Frequency  Distributions[J].
Mathematical Problems in Engineering, 2014(3):816-830.

Hlawatsch F. Regularity and unitarity of bilinear time-frequency signal
representations[J]. IEEE Transactions on Information Theory, 1992,
38(1):82-94.

Nam S.W, Powers E.J. Volterra series representation of time-frequency
distributions[J]. IEEE Transactions on Signal Processing, 2003,
51(6):1532-1537.

Yu G, Zhou Y. General linear chirplet transform[J]. Mechanical
Systems & Signal Processing, 2015, s 70-71:958-973.

Deng Y, Cheng C M, Yang Y, et al. Parametric Identification of
Nonlinear Vibration Systems Via Polynomial Chirplet Transform[J].
Journal of Vibration & Acoustics, 2016, 138(5).

Yang Y, Peng Z K, Dong X J, et al. Nonlinear time-varying vibration
system identification using parametric time—frequency transform with
spline kernel[J]. Nonlinear Dynamics, 2016, 85:1-16.

Yang VY, Peng Z K, Dong X J, et al. General Parameterized Time-
Frequency Transform[J]. IEEE Transactions on Signal Processing,
2014, 62(11):2751-2764.



