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Abstract. Rub-impact source localization is an important indicator to evaluate incipi-
ent faults in rotating machine. The accurate evaluation of damage location can assist in
early warning of failure. This paper proposes a Near-Field Multiple Signal Classification
method (NFM) to estimate the location of acoustic emission (AE) source in rub-impact,
using an array of sensors closed placed in a local region. This method combines the
Wavelet Packet Transform (WPT) for the zero order extensional (S0) and flexural waves
(A0) extraction, Modal Plate Wave Theory (MPWT) analysis for the revised propagation
velocity and NFM algorithm to find the AE source position. The localization accuracy
of rubbing source based on NFM, time of arrival (TOA), Delta-T and delay time beam-
forming (DTB) methods are compared by rubbing test carried on a test rig of rotation
machinery. The results indicate that the improved method can localize rub fault more
reliable and efficient than the others and is a helpful analysis tool for rub-impact fault
diagnosis.
Keywords: Rub-impact, Acoustic emission, Near field, Multiple signal classification

1. Introduction. Condition monitoring systems for rotating machinery used in indus-
tries are vital to keep the plant at healthy condition for maximum production, detect
incipient faults and avoid serious damages and accidents. The rotating machine rubbing
emits acoustic energy and one of the advantages of acoustic emission (AE) testing is in-
service inspection technique which can reduce downtime for inspection and extend run
time between inspection and overhauls [1]. Due to its potential advantages, AE tech-
nique, as a kind of non-destructive testing tools, has expanded towards rub-impact fault
diagnosis and sources localization of rotating machines.

AE source localization is an important reference to rub-impact monitoring between
rotor and stator. AE source localization has been seen considerable academic interest in
recent years. The conventional time of arrival (TOA) method in two-dimensional space,
using the concept of triangulation to determine the origin of a source was explained in
detail by Miller et al. [2,3]. The major defect, the location error is sensitive to some
parameters such as preset AE signal threshold, Effective Velocity, noise, dispersion and
energy attenuation during propagation process of waves [4]. Especially, the threshold
effect caused by the first hit arrival and first threshold crossing may also hazard the
location accuracy [5].

Baxter developed Delta-T mapping technique to minimize the velocity and geometry
errors and improve the accuracy effectively. Nevertheless, it is noted that a map of con-
stant Delta-T contours for sensors pairs must be calculated before the practical location
and the sensor arrays must be unchanged [6].
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Mohd et al. [7] presented wavelet transform analysis and modal localization (WTML)
method using the time delay of the zero order extensional (S0) and flexural (A0) modal
waves extracted from each AE event to minimize the threshold effect and achieve some
better localization results than TOA method. Furthermore, it was considered as a more
reliable and easier source localization methodology than Delta-T as no necessary test
grid and H-N source for training data. However, the triangulation to locate AE source in
WTML may also figure out erroneous results and confuse localization accuracy.

McLaskey et al. [8] investigated the damage of large structures in civil engineering
by using AE delay time beamforming (DTB) method, which was the first application
in AE source localization. It was also verified that beamforming method in AE source
localization was a probable way to localize rub fault [9]. However, the localization accuracy
is still threatened by the noise rooting in AE records.

This paper proposes a Near-Field Multiple Signal Classification (NFM) algorithm to al-
leviate the noise effect, combining Wavelet Packet Transform (WPT) analysis with Modal
Plate Wave Theory (MPWT) to revise velocity and improve the localization accuracy of
rub-impact source in rolling element. The rest of this paper is organized as the following.
First, we briefly analyze MPWT for the pre-processing of AE signals dispersion in steel
plate in Section 2. Then the proposed model for AE source localization is presented in
Section 3. Section 4 shows the experimental results in detail. Finally, we conclude this
paper in Section 5.

2. Dispersion Relation of MPWT. The steel plate thickness, 10mm, is much shorter
than the acoustic wavelength. The equations from plate theory can be used to explain
the propagation characteristics of AE signal [10].

Equation (1) and Equation (2) indicate the dispersion equations of extensional wave
(S) and flexural wave (A) respectively. Here p and q are two temporary variables, cp is the
propagation velocity of longitudinal wave, cs is the propagation velocity of shear wave, k
is the wave number, c is the phase velocity, cg is the group velocity, h is the half thickness
of plate and ω is the circular frequency.
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The dispersion curves can be obtained by the numerical solutions of Equation (1) and
Equation (2) using dichotomy [11]. Figure 1 describes four modes dispersion curves where
cp is 5790m/s , cs is 3200m/s, steel plate thickness is 10mm and the preset frequency range
is from 0MHz to 2MHz.

(a) (b)

Figure 1. Four orders dispersion curves: (a) phase velocity, (b) group velocity
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It is convenient from the dispersion curves to get the velocity of any mode under the
frequency range concerned. It shows that the high order modes will appear only when
the frequency is set at a certain value. Therefore, the two modes A0 and S0, frequency
below 200kHz, have enough energy and weak dispersion. Hence, based on the measured
wave modals, the localization algorithm can improve localization accuracy.

3. NFM Localization Algorithm. The definition of near field source can be expressed
as |r| ≤ 2d2/λ, where |r| is the distance form source to sensor, d is the aperture array of
sensors and λ is the operating wavelength. The basic principle of near-field beamforming
is described in Figure 2. Source 1 and source 2 are preset AE sources in twice test respec-
tively. The output of these incident spherical waves can be illustrated by Equation (3),
where m is the number of the sensors, and xn(t) is the records from the n-th sensor. wn

is the weighting coefficient for the channel of the n-th sensor, w(r, θ) is the direction and
distance vector from sensors to AE source, and furthermore, rk1 and θk1 are the distance
and the angle of arrival from the k-th AE source to the referenced sensor separately.
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Figure 2. Illustration of NFM model: (a) schematic diagram, (b) sensor
array model

Multiple Signal Classification algorithm can decompose the acquired AE data into signal
subspace and noise subspace, where the maximum eigenvector and eigenvalue correspond
to the signal subspace and the others mean noise subspace. According to these subspace
matrices, the angle and the distance of arrival can be estimated. The signal association
matrix should be defined as

Rss =
1

N

N∑
n=1

S(n)SH(n) (4)

The covariance matrix can be eigenvalue decomposed as

Rss = UΣUH = Rxx + Rnn = UxxΣxxU
H
xx + UnnΣnnU

H
nn (5)

Rxx is the autocorrelation matrix due to signal without noise and Rnn is the autocorre-
lation matrix due to noise. Based on the condition, noise and signal are independent of
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each other, the signal subspace orthogonal with noise subspace.

wH(r, θ)Un = 0 (6)

Then the multiple signal classification spectrum is presented below:

P(r, θ) =
1

wH(r, θ)Rnnw(r, θ)
(7)

As the denominator of P(r, θ) approximates at zero, the spectrum approaches to the
peak. Then the parameters θ and r updated constantly, and the peak is the goal to locate
the AE source.

θ = argθ max
1

wH(r, θ)Rnnw(r, θ)

r = argr max
1

wH(r, θ)Rnnw(r, θ)

(8)

4. Experiment Analysis. In order to test the localization performance of the NFM
method, the test table of the rotary machine rubbing experiment was carried out in Figure
3. As it is shown, four AE sensors were arranged in a line at the end of the case made by
10mm thick, arch steel plate. The coordinate origin was placed in the left of the linear
sensor array and the aperture array was 50mm. In the test, the rubbing screw rubbed
the rotor at preset position, and the AE acquisition system made by PAC Corporation,
recorded test data at the sampling frequency 10MHz and with 60dB pre-amplifier to
obtain optimal AE records.

Figure 3. Experimental setup of the rotary machine

The AE energy in Figure 4(a) is gradually attenuated before the next rubbing occurs
during the experiment. The amplified waveform of the signal in Figure 4(b) describes that
the main energy of the previous AE signal has attenuated before next rubbing reaches.
It is a stringent tendency to overlap the S and A waves together in each AE event.

(a) (b)

Figure 4. Rubbing AE signal: (a) waveform in time domain, (b) magnified spectrogram
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4.1. WPT for S0 and A0 extraction. To solve the overlap problem, based on the
dispersion characteristics in Figure 1, the optimal WPT can be selected to extract A0 and
S0 modes. Hemmati F demonstrated that the WPT for rubbing fault diagnostic utilizing
Daubechies11 (Db11) orthogonal mother wavelet to decompose the signal into 9 levels
presented an optimal SNR [12].

Figure 5(a) presents that each envelope peak is the arrival time of a wave travelling
with the group velocity. As mentioned before, the first envelope peak is S0 and the second
envelope peak is A0. Figure 5(b) describes the first large energy plots as the correspon-
dence frequency f0 in localization AE source. Considering the dispersion effect, based on
the defined f0, the revised velocity is defined as the group velocity of S0 calculated from
the dispersion curves in Figure 1 [9].

(a) (b)

Figure 5. Reconstructed each AE event: (a) waveform in time domain,
(b) spectrogram

4.2. NFM algorithm localization results. Figure 6 shows the localization results
based on the NFM, TOA, Delta-T and DTB methods. Three events at each preset source
location are required to provide an average result and move erroneous data away.

(a) (b)

Figure 6. Comparison with the NFM, TOA, Delta-T and DTB methods:
(a) localization results (mm), (b) source localization RMS errors (mm)

It is clearly shown that the NFM and Delta-T obtain more accurate localization results
than TOA and DTB methods. The reasons are that the revised wave velocities are close
to the actual value and some noise effects are filtered away. Besides, the computational
complexity of NFM is superior to Delta-T since NFM can be executed without grids and
H-N source for training data for initial location mapping in Delta-T.

Figure 6(b) presents the average NFM localization RMS error compared with the other
three methods. However, NFM localization approach provides the most precise results in
the experimentation. Therefore, NFM method can be applied to monitor the sole rubbing
fault source in rotary machine.
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5. Conclusion. This paper proposes a novel NFM algorithm into detecting AE source in
rotor rubbing. The superiorities of this algorithm to traditional methods are the extracted
S0 and A0 through MPWT and WPT for overcoming dispersion effect and revised velocity,
the following NFM algorithm for weakening the noise effects and increasing computational
efficiency. The experiment results show that NFM can be considered as the best candidate
for AE source localization methodology to be utilized for the fatigue location diagnosis of
rotor rubbing in rotary machine. Further work aims to complete the workability of this
method for detection multi-sources in rubbing and impacting.
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