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Abstract: To achieve denoising of pipe leak acoustic signal under the conditions of extremely low signal-to-noise ratio, based on the
signal correlation among multiple channels, a correlation coefficient matrix is presented to determine the modes obtained by using the
variational mode decomposition. For the leak signals under different conditions, the quality evaluation index for denoising that does not
rely on the real value is presented to use it as the object function of the multi-objective grey wolf optimization algorithm. The best mode
number K and penalty factor 1 of the variational mode decomposition are determined according to the Pareto front, achieving adaptive
denoising under multiple conditions. An experimental rig of gas pipe leak under multiple conditions is established to evaluate the
effectiveness of the proposed method under multiple conditions and with different signal to noise ratios (=8~4 dB) of input signals. The
results show that this method can effectively suppress noises. Even in the case of —8 dB, the signal-to-noise ratio of denoised signals is
amplified by more than 2. 84 dB. Compared with the method based on single-objective optimization, at =8 dB, the signal-to-noise ratio
and correlation coefficient of the new method are increased by 3. 65 dB and 31.26% , respectively.
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Table 2 Objective function values and (K, 1)

corresponding to part of the non-inferior solutions

TOL 1= A% s TOL 1 - R A

iRl

(K,m) F/dB 1/F,  (K,q) F/dB 1/F,

1 (22,4714) 0.23 1.31 (17,3072) -2.51 1.46

2 (18,2835) -0.57 1.37 (12,625) -6.78 1.97

3 (18,2913) -0.60 1.37 (13,500) -2.31 1.45

4 (22,4793) 0.22 1.31 (10,604) -0.71 1.36

5 (19,2791) -0.10 1.33 (15,2945) -5.61 1.73
6 (22,3763) 1.17 1.28  (6,695) -8.28 2.23
7 (23,3159) 1.44 1.26 (10,1155) -1.00 1.38
8 (18,2362) -0.84 1.41 (21,3427) -4.56 1.57

9 (15,2430) -1.31 1.49 (19,2848) -2.81 1.48

10 (17,3286) -1.19 1.41 (11,793) -1.32  1.41




234 (O I O a5 %
=W 4 W ’ ’
%X 3 Pareto RIEMRITM (K, ') e S0) SO S.0
Table 3 (K’', ') corresponding to Pareto’s best solutions
T4 1 T2 T3
T/ G R
Jon i RS RS Jom i
(K',m')  (18,3227) (21,3427) (18, 1051) (14, 3 341)
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Fig. 10 Correlation coefficient matrices in different cases
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Fig. 11  PSDs of denoised signals
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Table 4 Quality indices of denoising under different SNRs of input signals

SV O IR T -7 R YRS T 27 R YHE RS T 3R R R
dB FME EMR FM EMR FM EMR FM e TS
R, 0.298 0. 662 0.372 0. 427 0. 365 0. 338 0.390 0. 812
R, 0.292 0. 689 0.367 0.439 0.368 0. 364 0.372 0. 824
- SNR,/dB -8 -0. 186 -8 -4.320 -8 -3.453 -8 3.778
SNR,/dB -8 0. 237 -8 -5.165 -8 -3.123 -8 4.293
R, 0. 382 0.770 0.451 0.512 0. 449 0. 482 0.439 0. 845
R, 0.371 0. 748 0.453 0.526 0. 465 0. 402 0. 454 0. 832
-0 SNR,/dB -6 1. 988 -6 -2.538 -6 -2.634 -6 4.313
SNR,/dB -6 1.634 -6 -1.784 -6 —-1.184 -6 4.070
R, 0.535 0.785 0.535 0. 604 0.530 0. 535 0.532 0. 889
R, 0. 529 0. 804 0.532 0.613 0.538 0. 542 0. 541 0.907
- SNR,/dB -4 3.568 -4 -0. 066 -4 -0.182 -4 6.791
SNR,/dB -4 3.690 -4 -0. 020 -4 -0.118 -4 7.420
R, 0. 625 0. 867 0. 626 0. 661 0. 624 0. 583 0. 623 0.938
R, 0. 632 0. 885 0.613 0. 668 0. 622 0. 588 0.618 0.933
2 SNR,/dB -2 6.039 =2 1. 095 =2 0. 525 =2 8.973
SNR,/dB -2 6. 349 -2 0. 009 -2 0. 447 -2 8.670
R, 0. 693 0. 875 0. 696 0.719 0.709 0. 621 0. 701 0.953
R, 0.703 0. 880 0.713 0.761 0. 705 0. 615 0. 700 0.956
0 SNR,/dB 0 6.201 0 2.610 0 1. 691 0 10. 320
SNR,/dB 0 6. 449 0 3. 009 0 1. 678 0 10. 547
R, 0.783 0.912 0. 781 0. 825 0.783 0.754 0.784 0.971
R, 0.779 0. 904 0. 785 0. 832 0.786 0.754 0. 783 0. 966
: SNR,/dB 2 7.300 2 4.034 2 2.928 2 12. 260
SNR,/dB 2 7.253 2 4. 346 2 2.948 2 11. 653
R, 0. 845 0.926 0. 849 0. 850 0. 846 0.799 0. 848 0. 980
R, 0. 854 0. 937 0. 850 0. 848 0. 847 0. 817 0. 848 0.979
N SNR,/dB 4 8. 364 4 5. 406 4 4. 020 4 13.975
SNR,/dB 4 8.963 4 5.382 4 4. 438 4 13. 699
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Table 6 Comparison of denoising indices for

multi-conditions expansion verification

FKMEFEFR
MR ER LI
EJ17 LR/
MPa - SNR/dB R SNR/dB R
0.8 0. 637 7.332 0.781
0.2 1.5 0 0. 689 6.945 0. 855
2.4 0. 621 7.002 0. 870
0.8 0.617 7.436 0.774
0.4 1.5 0 0. 645 6.954 0. 803
2.4 0.618 6.901 0. 827
0.8 0. 601 6. 844 0.777
0.6 1.5 0 0. 672 7.115 0.814
2.4 0.615 7.181 0. 789
0.8 0.597 7.016 0. 827
0.8 1.5 0 0.613 7.332 0. 854
2.4 0. 602 6.452 0.774
0.8 0. 636 6. 980 0. 811
1.0 1.5 0 0.611 6.454 0. 709
2.4 0. 607 6. 648 0. 788
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