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and digging. By analyzing the frequency spectrum of these three types of signals, the frequency
range of the useful leak vibration signals was found to be between 1 to 8.5 kHz. Then, a
piezoelectric sensor with a sensitivity of 4 pC/ms and a response frequency range of 1 to 10 kHz
was used to collect the mixed signals. The sampling rate of the data acquisition channel
corresponding to each sensor was 50 k sample/second.

a) Schematic of experimental system

b) Layout of pipeline leak detection sensors and stimulated vibration interferences
Fig. 7. Schematic experiment system and layout

Fig. 8. Experiment schematic of simulated leaks with ~ Fig. 9. Experimental installation of piezoelectric
different apertures sensor

5.2. Vibration signals separation and evaluation

In the experiment, the different types of interference signals and stimulated leak vibration
signals were first individually collected as the preference source signals and the observation
signals were then collected from dual-channel sensors. The time-domain waveforms of the
reference vibration source signals of @kage, moving car, and digging that were collected in the
experiment were shown in Fig. 10. The X-axis value indicated the sample points and Y-axis value
indicated the amplitude of signals and its unit is voltage.

Fig. 11 showed the dual-channel mixed signals of the leak, moving car, and digging obtained
by the vibration signal acquisition modules in the same environment. The X-axis value indicated
the sample dots and Y-axis value indicated the amplitude of signals and its unit was voltage.

After preprocessing the experimental signal, EMD was used to decompose the vibration
signals collected by Sensors 1 and 2, respectively. The EMD decomposition results for Sensor 1
were shown in Fig. 12. The “res” in the figure denoted the residual component.

These IMF components were different from each other. The IMFs’ normalized kurtosis values
were calculated and analyzed and then principal IMF components were chosen for reconstruction.
Fig. 13(a) shows the IMFs’ normalized kurtosis characteristics corresponding to the signals
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collected by sensors shown in Fig. 11. From the processing results, most features of Sensor 1
signal were contained in IMF4 and IMF5. The normalized kurtosis of IMF4 accounted for more
than 80 % of total kurtosis, and the sum of normalized kurtosis of IMF4 and IMF5 accounted for
more than 95 %. The features of Sensor 2 were mainly contained in IMF3-IMF5. After analysis,
the principal characteristic vectors selected in this study were IMF4 and IMF5 of Sensor 1 and
IMF3-IMFS5 of Sensor 2. The reconstructed vibration signal waveforms of Sensors 1 and 2 were
shown in Fig. 13(b).
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Fig. 12. EMD decomposition results for Sensor 1 vibration signal

The originally observed signals and the reconstructed vibration signals comprised the new

observation signals. The new observation signals were separated with the JADE algorithm, and
the resulting signal waveforms are shown in Fig. 14. The X-axis value indicated the sample dots
and Y-axis value indicated the amplitude of signals and its unit was voltage.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAY 2015, VOLUME 17, ISSUE 3. ISSN 1392-8716

By comparing the results in Fig. 10 and Fig. 14, it can be readily seen that the time-domain
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waveforms of the three separated vibration signals as shown in Fig. 10 were essentially the same
as the source signals shown in Fig. 14, and that the leak vibration signal was well separated.
Compared with the source signals in Fig. 10, the amplitudes of the three separated vibration signals
in Fig. 14 changed and the orders of separated results were not consistent with that of the source
signals. This was mainly due to the two uncertainties involved in BSS.
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Fig. 13. Normalized kurtosis and reconstructed vibration signals of dual-channel sensors

The separated vibration signals Y;, Y,, and Y; were compared with source signals Sy, S,, and
S;. Eq. (12) was used to calculate the correlation coefficient of separation signals and source
signals. Table 2 listed the results.

It can be seen from Table 2 that the separated signal Y; was the estimate of the source signal
S1; Y, was the estimate of S and Y3 was the estimate of S,. The Pearson coefficients indicated
that the source vibration signals were well separated by the proposed method.
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Fig. 14. Estimated source vibration signals

The processing result of the acquisition signals of dual-channel sensors used in the experiment
indicated that using EMD and the reconstruction according to IMFs’ kurtosis characteristics, the
proposed method realized the increased dimension of the observed vibration signals and changed
UBSS to the positive definite or overdetermined case. Additionally, the method could also mine
information deeply hidden in the leak vibration signal, to obtain the characteristics of the leak
vibration signal. It can be seen from Fig. 10 and Fig. 14 that although there were some errors in
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the separation results, the total separation effect was relatively satisfactory.
6. Conclusions

This paper proposed a UBSS method to effectively extract the leak vibration signals from a
gas pipeline by utilizing the advantages of EMD and JADE. Through analysis and processing of
EMD results, the underdetermined blind vibration source separation problem was solved by
converting the underdetermined case to an overdetermined case. Experimental results show that
this method can effectively separate the mixed signals and extract the leak vibration signal. As the
method can be applied to source separation when source signals are more than observation signals
as well as when source signals are fewer than observation signals, the proposed method is of great
significance to the development of actual pipeline leak signal extraction.

The digging or traffic vibration signals stimulated in this study were some of the known
artificial interference sources for which good separation results were obtained in the experiment.
However, the efficacy of this method was not satisfactory when separating the interference
vibration signals that cannot be modeled by a uniform law because of various unpredictable
factors. Identifying and removing such interference vibration signals and extracting the signals
produced by a pipeline leakage rapidly and effectively were still key issues that we will study in
the future.
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