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Abstract: Aiming at the problem of noise reduction of electrostatic signals in the aero-engine gas-path under
strong background noise, a noise reduction method based on intrinsic modal function (IMF) adaptive filtering
combined with wavelet thresholding is proposed. Firstly, the original electrostatic signal is decomposed by the
complementary ensemble empirical mode decomposition (CEEMD) method to obtain several smooth IMFs.
Secondly, the optimal reconstruction adaptive low-pass filtering algorithm is constructed to filter the signal-
dominated IMFs. Thirdly, the noise-dominated IMF components are noisereduced and reconstructed with
the signal-dominated IMF's by the wavelet thresholding method, then the noise-reduced electrostatic signal is
obtained. The simulated and measured signals are used to verily the proposed method and compare it with
other noise reduction methods, and the results show that the method is effective in noise reduction of engine
gas-path electrostatic signals and is superior in extracting weak fault signals.
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Fig.1 Flowchart of denoising method based on IMF adaptive filtering combined with wavelet thresholding
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Fig.4 Comparison results of four denoising methods
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Table1 Comparison of SNR results after denoising at
different noise levels
L AR EBENRE 05 IS SNR
SRR

°  SNR,  wr EMD+ CEEMD-  AX
WT IMFLIMF2 Jrik

0.3 11.48 13.58 19.60 17.33 20.34

0.7 4.12 7.27 14.37 10.28 14.45
1.0 1.02 4.78 11.73 7.12 11.92
1.5 —2.50 2.32 8.52 3.93 8.61

#2 TEMAKTETHESEMSEZ Rtk
Table 2 Comparison of MSE results after denoising at

different noise levels

47 7 2k M ) B 5 1) MSE

o e
aﬁg?ﬁ wr EMD+  CEEMD-  AX

WT IMFIIMF2  Jiik

0.3 0.088 0.054 0.014 0.023 0.011
0.7 0481  0.233  0.045 0.116 0.044
1.0 0982 0412  0.085 0.241 0.083
15 2211 0728  0.179 0.550 0.174
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Table 3 Comparison of NCC results after denoising at
different noise levels
e e AFRITIRREVE S 5 FLAE SR NCC
RS - Se— -
NCC wr EMD+  CEEMD A3
WT  IMFI-IMF2 Fik

0.3 0.966 0.990  0.994 0.990 0.995
0.7 0.850 0.957 0.982 0.956 0.983
1.0 0.751 0.912  0.967 0.751 0.969
1.5 0.606 0.786 0.936 0.836 0.939
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7 SNR, i B 50K MSE #2 il 76 e /ME N . 1
Bb AR5 i 4k B B A5 5 BB NCC ik 2 i
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PRI, AR SO H 1% 3 R 7y 3ok A I R 00 P R 8
J5 1 00 T HoA 3 b ik

(3) MR A A2 PEXT L

TR H A R R R T s AR E M R S
YR AL AR B 4 AR B &R — iz 5 101k,
AR RBORX A B Z R E . R R
% (Coefficient of variation, CV) X R “ #5 #E 22
RO R G 2 v e FLA R [ U B e B Y B
(] &5 T B FE b, 2 s B 4 HORR BE AR T 24
YR/ L BR T B R R G0 S e, S T A e
P4 AF X U B R B . AE SE I RN I A rh AR S R ACAIR

F14 2L 30 WA O RS TR S e B — . AR S
RB AN

C,=— (16)
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T A B R R AR R S () v, AR AR SO Y
SNR,,, 43 i 3 Fi AN 2 fie /N ) H 2 LA 0 i 11
Wh WY A S 7 15 B 08 7E B MR S DR 0 B AR R L
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PRI, A R et .

6 SN T A Bl e W Ty vk AE AN [m] M R A 1 25
(6=0.3,0.7,1.0, 1.5) T F& Mg 45 R i 48 7 5 B0
Foo ME 6 Al LA i, 768 bR ifE 224 0.3.0.7 .
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Fig.5 Comparison of box plots and normal distribution plots for different denoising metrics of four methods (6=0.3)
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Fig.6 Comparison of coefficient of variation of denoising results for four methods at different noise levels
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Table 4 Comparison of computation time for 2s
sampling data among four denoising methods
RS W bRiEZ ROME O PREC RORME
WT 0.0016 0.0001 0.0014 0.0016 0.0019
EMD+WT 0.0641 0.0027 0.0601 0.0636 0.0698

CEEMD-
IMFLIME2 06199 0.0018 06157 0.6206 0.6216
A3CHE: 0.6221 0.0019 0.6188 0.6224 0.6253
I A WT
0.10 == B EMD+WT
= C CEEMD-IMF1-IMF2
9&3 0.08} = D A
il
B 0.06}
A
= L
g 004
e
0.02}
0.00
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K7 4FhIrk iSRS A2 52 R B T
Fig.7 Comparison of the coefficient of variation of computa-

tion time among the four methods

W AT L L W B T A
IR 2 . SR AR T 2 s BOSRRER K LA
AR AR RN 0.622 1 s, Je K{H N
0.625 3's, H B M T B RE I 3 /N TR AR RERT . b
Ph NI 7 1 ST N 22 50 AR O L BT EAAR AR
VR T PR B A LG EM D+ WT J7 i R
N B R ENF I R T MRS SR T T 5 1
RS v S AR o 7 T B o

3 EZFN XN PEEBIE S KR
o
T T2 T 2 AL e R 1

AE 4 7 5 5 S 06 3 A BB T Y R S LK 4 6 R AT

AL o S 56, 5 A S0 TIE AR J VA G 2 sh AL
55 W R RE ) o BERLBRE L % & an 18l 8 TR | ik

B FE B IT20 B s A& s AL Lk sh LA il e
WORLYIE AR B H RS RS R CRER
B R . AE LI 38 A ORI A B ) &
BHLRE A I T A BLALLK B UK, OF 67 T 2 A
FEA A P B i EL AL SRR M T R S P B R LA

fit NGl

K8 ik shPLE BRIl 4 &

Fig.8 Turbofan engine fault simulation test bench
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