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Denoising Algorithm of Magnetic Acoustic Emission Signal Based on Improved
SOA-VMD
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Abstract: Magnetic acoustic emission (MAE) is an acoustic emission signal generated in the
magnetization process of ferromagnetic materials, which has a wide range of applications in component
stress detection and micro damage detection. Aiming at the characteristics of MAE signal instability,
complexity, and attenuation, a denoising method based on seagull optimization algorithm combined with
variational mode decomposition (SOA-VMD) is proposed. In order to overcome the problem of getting
into the local optimal solution in the solving process of the seagull algorithm, we use the Cauchy variation
operator to generate random iterations, making Cauchy variation seagull optimization algorithm (CVSOA)
to jump out of premature convergence. The amplitude spectrum entropy is used as the fitness function, and
the SOA is used to optimize the number of decomposed modes K and secondary penalty term «in the
VMD algorithm. Then, the noisy signal is decomposed by VMD, and the MAE signal is reconstructed
after removing the noise component. The analysis of the simulated signal and the actual detection signal

shows that the improved CVSOA-VMD algorithm’s global optimization ability and denoising performance
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are better than the traditional SOA-VMD algorithm, the noise reduced MAE signal eigenvalues have
better repeatability and higher reliability for root mean square and skewness eigenvalues under different
stresses.

Key words: magnetic acoustic emission; seagull algorithm; Cauchy variation; variational mode

decomposition

51 5

T 75 % %F (Magnetic acoustic emission, MAE )" 2 ¥ 4F %& & ok i — Mg PE B BRI H R . MAE
ST MG RL T EWETE S AR REAHAVE AR L B TG SO 4 RN 7 A R B S . B MAE {5 5 45 AT
VX K 8 A ek 3 A I A D A 428 157 ) VA R BROWL A5 s A

MAE 15 5 X 75 2 #4 BHFN 7 2 1 58 A0 AR B808% , an ok ROSE e & o L AR5 0 AN sk I Bk Ax I
RO PEASIE o 16 P9 412 3 % MAE {55 3847 T K098, Makowska 55 5 i3 MAE 55 % P91 # 1 #L
BV B AT VA 2 BTG ARG I R SR I B A5 S BRI A E — 2 E R . Astudillo 256 4% L 3 R
25t FH AS08 Z 8B 3 9 19 MAE 5 5 #4770 87, 2 T BRI R 25 1) 5 Mk EH SRR 25 4 22 TR I BK &R
G 2 AR R R T 7 8 i A R MLACE B AR W R 32 1 D B S e R 7 A R R Xk b
RHG MAE K0

MAE {55 B AT AR (2 4 (B AL R el v 0 5 50, T DL ZE X5 5 R A7 B M Ak 3, ke 48 7%
G0 e AR X 1N g AR R SR AR () FE P RN S o AN AR T T I AR R A S A B R, R T
SOV BEHLAR RS B R TS R T S R TN AR e A 5 MR A AR R T R R S S A
W LL, B S iR 25 . (R RO ] A4 /N Dk 35 bR B8 2 o B R R P A B R RGBS A (Empiri
cal mode decomposition, EMD )% 2 LA 5 AR L™ 1) 1 38 17 b B 7 21 XA 4 A B EMD 5
AH 2 2 B0 PR e e MLAR R E 75 R S (R S M (H EMD ZE 2 BN A S AR SIREM S . Ms, —
By IR T A5 43R5 4 i (Variational mode decomposition, VMD) ¥ )72 367, VMD J2& — fif
56 42 AR 38 VR FL A AT 15 5 1 R B R B SE PR A B AR S A T EMD I S R S g R R, T
T T AR E S A Bk ™ H A VMD (9 BF 58 K £ J2 B8 il 54T 15 5 Ab B 4
B SR VMD Bk R E B B EE SN T a IS MR KM, R EAY SRS FHE ST
93 it o

T WS A5 4k 3572 (Seagull optimization algorithm, SOA ) AH X} = Al 40 JfR 48 34 1 W i 3000k R Kk
2 FLAT SR 42 JR 1 R R 1 AN 5 TS IR AR AT LAGE T S BT AR SOl S Bk 4
G A8 RS O3 A MAE AR 5 B AT 2 M A B, ) 4] 04 742 S B 1 G B vk ik AR R vh BB B AL 30
D5, VAR B 1505 16 A 35 17 B2 pR B PE Ab VMDD B2 43 i A B0 K RV ST TR o« PR A S50, fiff DR RS B30k %
ARt A T B B R A1 0T 56 A S e U A T A0 S T 0 e a0 v LA R Y A B )

1 MAE{EEx%%&

Rt AR AR S AR FLRE S BN T, NS R W B 8 Bl A I 4 RO, I DA S I T 2K e S R
1RG5 (55 L4, 3K S5 5 AU IR MR /35 490 % (50 kHz~1 MHz) , Bk W # 5 K GHE 5 .

HHEMAEF S RERGWNE 1(a) FTR % R G E 2 M2 B IR 2 Rk #% \MAE £
PRL A MAE {55 BOR #5418, e I an B 1(b) Bras o B 1 () v 38 il 638 3k 2y 3200 2 i s 40 3%
10 Hz, B R W W (B 2 15 V B IE SRR 15 5 V8 F T P AN A0 2 22 2k VL I, 0 0 2 4k Pl ) 26 i 3 I R A




A5 R, F R TR SOA-VMD 89 8E 5 X JH2 5 e flok 361

MAEfE Bk 2% MAE#‘&JF%

...............

1—%‘%%%{ ........ D A v

IR 25

PCHL 7
(a) MAE acquisition system (b) Instrument layout of MAE signal acquisition
1 MAEfF5RERG LT A
Fig.1 MAE signal acquisition system and physical diagram

T, A= wE AR S o 768 A b s & 5005 8 MAE & 045 3k B3 W A 78 TR b 38 30K R 4 2
115 5 2 MAE {5 5 BUK 25 34 25 60 dB, 3l 335 5 2R 5 R L 2 MS/s(S 2R R A A50) R A 32005 B8 £7 6 7
PCHLH AE f5 40 2

SCHRLL7 198 i MAE {5 %5 58 3 5 0 Rk E 550 8 A8 (R B e 1), T8 16 51 R 381 7 A8 19 13 7 J2: A1
A 1 I R AR A N T r“jjtjc MAE {5 5 IR RAK . seAMZ B I8 A5 5 (i K/ 3k 5 T
TG TR BE SR A R 0 MAE (55 2 00 AE Ve 28 0P 10 4%

X F MAE {55, 6045 28 ] LU ff D) 3 35 R R AF (5 S B AR G S s S AR, R E T
S A AR B R e T BE LS S A A
T8 B b 1 X AR A3 A 0 e AR Ak b TRt a] Rk
B[] 45 5 R A S 500, BB S e T R R Ak 1) T )
PSR BR AN 1 JEAEHLH AR ) L #0T LLN MAE {5
E@%%%Lﬁﬁx & 2 RS br MAE 5 5 B K, /]
PLE I MAE G5 KB &, B33 LU IX . 7

80 - —MAEf55 —a%LE

F MAE 15 2 JE47 0 2 28 04, % ILIE 2 s 40 46 28 000001002003004‘;‘;)'%)5/8006007008009010
FHT MR B T, k3% B B, G L2 R 3 e ™ o, X H2 MAEZEEE

J5 2 5 I MAE {5 5 FRAE (B & BUAR K T8, b ATk AT Fig.2 MAE signal waveform

o M b

2 CVSOA-VMD XM/ ikFEIE

2.1 SOAE%tEER
SOA J& F T W8 T3 o A6 W b 3 B 5 28 A0 47 0 38 0 A BRE R RE AL AR 533k, 1l LR 7 A A5 280 4 ol -
(1) IER BRI AR Y F 05 A T Sl G R 408 Y IS =22 ] £ il 43

S =AXP(x) (D)
A:f o ‘T >< f /Maxiler'\lion )) (2)
b s C o U W e BT AT S (A B 23 WO B, P AR I R AN 1A i b o2 8, o Y Tk AR H, A R T L

TE— FE Y5 B NI NS 1932 sh A7 R, £ o 338 sh AT 0 M F A8 A8 /N 2 0 1 4.
EH SE R NS AT B S TR S AR 2 MR R S I S i e (BE AR AR ) R Bl .
M, =BX(P,(x)—P.(x)) (3)



362 W REBLE Jowrnal of Data Acquisition and Processing Vol. 37, No. 2, 2022

B=2XA*X r, (4)
o M ZRIR I RS AR BT AL AL 8 P Il i 5% 0 24 115 S5 U0 (B (5l FUAE 47 ) 6 8 P B8 3l R AR 5 B 1 B 2 Bifi
BLEY B AT LLaE 2 b 48 R A AT N sy I — N BEALER JE [0, 1],
(7] B, YA S > A AR 4 3 2 B A ) o e (B, B AT R8 Bl .
D.=|C,+ M| (5)
P D KR 1 5 1A B 0 (B B SR AR X7 8
(2) B A WA AR e Vg XS A 48 T 0o A v T DAAR I 22 i ) 5 56 R 52 8 A 0 U0 A R 0
B2 ST O BRI o 1B 3h AT R il oy il 2 Al o0 o3 i an =K (6~8) BT .

x2'=r X cos(k) (6)
y'=rXsin(k) (7)
F'=rXk (8)
r=uxe" (9)

A - AR TOAT Sl B — B B P AR AR R [0 << 2n JIN BEMLER 5 o FT o Ry 8 550, FH Ok s SR e I
AR o T v A5 R
P (x)=(D X 2" X y' X"+ P (x) (10)
P (e ) F-fitt D7 50 d5c AR 8 WG 057 B, O 52 0 T — Wk AR A ¥ 6 7 5
SOA FhHEAL E S5 W) & BE LA 0, 78 18 32 A A% v 7= A S AR AL 8 5, G Al e 10 AR 4 5 A2 7 ) %
A &izshgte. Ik, SOA BN E — 2RI, BB A RIFEREET .
2.2 MATRBEEE
= (1) B I R el R 50T 7 8 I 8 19 P RO, 3 5030 161 25 5 0 T A A X3, DA T 7
SEk AR R D P IR AR R T 45 R0 2R B BE AR S 5 A, 36— A B e S R A R R .
— Mk Y, B BE B Bk )R B 0 A B — S P U5 %2 . Cauchy 43 A1 B BE ALY 51 B AT W 3L 53 A 58
K AEZ ST E 05 T Guassian 23 A (H BT [ 8 55 b Guassian 73 15 8 22 19 R7 2% | Guassian 234 i B0 T
L RE S A, w] DL R P AR 570 ki3 SOA (Cauchy variation seagull optimization algorithm, CVSOA)
Bk,
TP 7% S A
ol x; X Cauchy(0,1) rand(0,1)<<p 11
z; HoAt
A . Cauchy (0, 1) AFrifE Cauchy 7373 B %L, rand (0, 1) 42— KF 0 H/NTF 1IN 5150 15 BEHLEL, p
Jy BEALAZ S HE A
SOASF R E UG 1, 18 2R 1 RS A 1A B 3 2R AR 1, B BT AT T RS A A 0 X 38 [] — > o2 ' A 5 2
AR RE S 55T R Bk 0 2 R [ VR T R B B A R S e O o DRI O T T R B 1 A R S e A
I, 45 5 0] Y A8 S SR s o 1 B o7 B R AT M gl L DT Bl Lk v B Bk B A A Bl A A S Y S I D R
W
(1) b AR s AW B HLECR & /D T8 % p .
(2) X B i K TR 0 S5 A R AL Py EATAT PG AZ 53 TR ER Pyo
(3) A W v 8 ol 2 75 B A Ry B B B0 A IR PR A0 R (1~3) , 30 T 0 B v R 30 4 sy e I B 3k
2R FE AR



AR R F A TR SOA-VMD #9585 X 515 5 2 5k

I 20 (12) %o X8 0 3w g XS 7 3 Py R A 7728 S O s
Py, X Cauchy(0, 1)

. rand << p
CauchyP,, =
Py, oAl

A srand 5 —AN KT 0 H/NT TRIY ) 50 A BEALEL, Py D >4 i e XS i doe HE A 1AL

2.3 VMD#&E 5 #

VMD 5k BA 3R 386 1 73 fifk 2 0 B4R 5 1968 ), JF AT 3k 45
tion, IMF) ,
WA Ry S A R A S, =X (13) R .

u (t)=A.(t)cos(¢p.(1))
AL ¢, () AR R AL, u, HFAE S
R TARDL ¢ () 15 BN AA 24 A1 A8 S BT Sy

> a:[(aﬁ L)*uk(t)}e Jwze

k
Subject to 2 u.—f
k

2

min
() {4}

2

e A A28 B FRH I 1) P R i s S S e =g, o,

AT RS Bmngh
A 52 (14) P 0 Y 2 B M 7 50 SR A 57 005 A T 9 e
Feak L Hp
J wli(w)f dw

(&) U ET A (ODMBEN IR o, (1

363

(12)

5 2 AN A E A S 268X (Intrinsic mode func-
%70 B R SR K AG T oh BE RS AL ' . £ VMD AR GERLES R

(13)

(14)

By EARSUR Y

= (15)
| lat)fde
2.4 CVSOA-VMD & i & 5 £
A CVSOA Bk LS, CVSOA T B S B UL Ak E ), Bk Sy 3 7 BE R BOR PF I S 5020 &
R AREE R . % I VMD T8 ia 17 i 7 2 05 28 50 TR 23 il B A A B0 KA IR BE R - a, TW’HJFHL\F
SOAKAEAL VMD 25 A [ a, K 1, 38 5 N 250 15 B 2805 8015 5 20 40 508 2 40 i 1 W LA

F14 TR R

5 A2 R B AT LA W 800 (LR /N B e W (EDBROR £ B (5 5 R GRS AT 2 . IR (E

T 2 15 1 L ot AR 0 A B R (3, P45 5 1 B 4 xUT5 B iR (EE i (. Rk aoh

H,= {i P.In(P, )VnN
i=1
N
P=L/> L,
i=1

P=1

HMZ

1

ENC RV ORVSE o w7 ) R ER A va’f A0, B T 5 N O RS 2 i A

(16)



364 W REBLE Jowrnal of Data Acquisition and Processing Vol. 37, No. 2, 2022

VMD 3 fiff J5 B8 285 73 4k e, JI0 X0 OE AR (LA A, SRR LA 0 4 oo, IR S BREETL L 35 A RO R A B 2 s M I
RSO3 Bt 0, TS LA AL /DN, 2R M2 0 4k e, AR S RS 35 AT 100 R 7 B/ DR IR 30 Y W L 9 00
We/IME R CVSOA 38 10 J3E R R, B 52 B3 72 4 151 3 778

| VAL S HA. B. MAX, o Pon N |

[ omeniEnaEP(VMDRIER K) |

| #EL=2. u=1. v=1, REPMIBEBE M Ebes=int |
!
| VMDIZ [ ——
!
| ENAmBGE,BEEREE |

best = 5 K 1 B P Jo5 B
P, = IBEIL B E /N E

P, *Cauchy(0, 1)

B

! )
: R P, FFOREENEHE B (R(7~11)) |——
| [}

| stk P, (BES K« K) |

2R
3 CVSOA-VMD %k i 2 4
Fig.3 CVSOA-VMD algorithm flowchart

3 HERIE
3.1 FEESEI
MAE {55 BA7 P shtk o itk i 4 o o AR CARR 57 9 75 2 S A oy
S(1)=A(¢)e"" (17)
K A(2) R R MAE (S 5 3B B IEAE , 0(2) %8 MAE {5 53R . MAE {55 93X 9 A~ 2 8068 & &,
RPN o B LA A RS04k b R MAE 155 R A5, IR V8 T e 07 11 75 i MAE {5 5 18 4 A W
e RS2 B SR A o B o g PR BT MR R BT R Y OIS AR S . RS Rl
2(t)=8,(¢t)+S,(t)+n(1)
S,(2)=10.002 X sin (1500 000mz) X 7 2000 (18)
S,(1)=0.1 X sin(750 000mz) X ¢!1°~ 1500000
B EAR S S .S, I MAE f5 BLAR 5 2 0, R FE B N=8 008,7=0~0.1ms. S, #B5¥i



A5 R, F R TR SOA-VMD 89 8E 5 X JH2 5 e flok 365

& /N 27 mV, 55 B 5 R 750 kHz; Sy 38 20 JR R /N R 9 mV, 55 R4 B 350 kHze 4390 1] {5 5 %
JnAF M bk S —10.—5.0.5 F1 10 dB 1% & i (M 7, & 4 S8 38 i — 10 dB & 357 A e 7S {5 5 8 B KO
A

1 ! L J

00 01 02 03 04 05 06 07 08 % 1 2 3 4 5
Irf 8] / ms #E /10° Hz
(a) MAE simulation signal (b) MAE simulation signal spectrum

02 03 04 05 06 07 . 00 1 2 3 4 5
B8] / ms HiZ /10° Hz
(c) MAE plus noise signal (d) MAE plus noise signal spectrum

4 MAE i BAx 5 3 B FnasE

Fig.4 Waveform diagram and spectrum diagram of MAE simulation signal

MAE 15 BLA5 5 e Y W 05 LA 5 I8 W 18] 4 (a, o) B, HA g W 181 4 (b, ) Bis o 4(a) R
B & MAE {5 5 5 1M 18 4(c) ' MAE {5 5 $0 BeAE e
3.2 HEESEE

K HI CVSOA-VMD Xt 44 M {5 12 [ 2 — 10 dB By MAE {5 5 142
{55 5 HETT 5007, K SRR (.9 A L1 4 CVSOA KO3 1 B8 4, ‘ e OVSOANAD
H CVSOA X VMD W8T N 5 o MBS S it M B K AT S
oo 25 B o )2 80 K B B 3 K 51 i o o g 4 L IR E K f,s?f 140
HIE S B KA 9. 115 S PRl T 1 42 Jm) e A0 R (EL 1S (EL R T =

R 0l 2 0l e 28 S I N
T DL | CVSOA Bt VMD ZE 48 3 I sic, 48 &£ 2 1y 188 —
o R R A W A (0 1,374, B 2 B0 A W8 750,61 KU B

S BLAE S 0 AR S B A 64T VMD Ab 3, 1 50 e 6(a,b) IS ERARUBCS IR fEAR G R
7 7% 64~ IMF 43 4k i S0 B L P16 (c. )l IMF 4k Fig-2 Relationship between the number
i 500 0 S0 P 3 e 4 S T U o e 0 of iterations and the amplitude en-
L R P LA A 5
3.3 REMRAEEHBERIEAEX

S SOA B HE I PP | 35 15 45 SOA-VMD S50 Ak 7 15 5 It J7 v %t e , 396 15 W
H SNR A J7 15 2% MSE {4 2 M b REFE SIS KR 45 S 1 3 1B, ok D g AR UORK

& 6(e , ) MAE {55 75 0 A — 10 dB % = 7 11 B2 75 B, ff 1 SOA-VMD J7 ik LB g R . 5K

tropy spectrum



366 W REBLE Jowrnal of Data Acquisition and Processing Vol. 37, No. 2, 2022

6(c ,d)HAE, CVSOA J7 ¥ A T 58 SOA B3k , MAE {55 5 2 3B M 75 1 I F 6 00 34 ol st i 2, 251
5 B MAE {5 5 8 B A -4 . AE 1half4, 4Lk — 10 dB i MAE {5 %5 4 CVSOA-VMD J5 ik %
M AL 45 SOA-VMD 75 ¥ i SNRAE & 11 1.782 1 dB, MSE {H [k 0.248 9; 441t — 5 dB i MAE {5 5 4
PR 7 B A, CVSOA-VMD J7 ¥ He A2 48 SOA-VMD J7 ¥ B9 SNR {f 55 11 1.850 1 dB, MSE {1 [ it
0.175 5, 254 B 5 R WRBUS IR % R B, UHTE LR TE LT M55 SOABIL A T R i e iF
BT SOA B A5 A PG A8 B8 T A M Bt . 7E AL FRYL I 0 dB 9 MAE {5 5 )5, BiFh 5 75 (19 SNR {1
MSE fH#35 ,{H CVSOA-VMD F i i 1% AR v £lcs /b | i ) 58 4

301 20 000

151 15000
0 10 000
-15 5000
151 4500
0 .H~—+~+‘.-+-.—+.~+—a+ 3000

15t 1500

25F 750

251 250
251 750

i

I&{E / mV
&

2.5 250 -

251 750
2.5} 250
25r 750
0.0 500
2.5 250 ﬂ

00 01 02 03 04 05 06 07 08 0 1 2 3 4 5
Fi 18] / ms i /10° Hz
(a) IMF component time domain waveform (b) IMF component spectrum
18 000
16 000
> 14 000
= 12 000
- 3 oo
o]
g 6 000
4000
2000
500.0 01 02 03 04 05 06 0.7 038 00 1 2 3 4 5
i8] / ms A /10° Hz
(c) Waveform after CVSOA-VMD denoising (d) Spectrum after CVSOA-VMD denoising
50 18 000
16 000
> 30 14 000
2 10 12 000
= & 'S000
o]
g 1 6 000
= 3 4000
50 2 008
00 01 02 03 04 05 06 07 08 0 1 2 3 4 5
FJ 8] / ms A /10° Hz
(e) Waveform after SOA-VMD denoising (f) Spectrum after SOA-VMD denoising

6 7 1155 2 0 4

Fig.6 Simulation signal denoising results



A5 R, F R TR SOA-VMD 89 8E 5 X JH2 5 e flok 367

®1 FEESERURLILE

Table 1 Comparison of denoising effects of simulated signals

—10dB —5dB 0dB 5dB
D SNR/dB MSE D SNR/dB MSE D SNR/dB MSE D SNR/dB MSE
SOA-VMD 3 53714 07925 3 8.5789 0.4710 4 127546 0.1448 3 13.8564 0.1055
CVSOA-VMD 2 7.1535 0.5436 2 10.9429 0.2955 3 12.7663 0.1407 2 13.8564 0.1055

Tk

AHTEE 1T AR5 JL AT A BEE W LR 5 dB B MAE 5 BLAE 5, WG Rh A4 1 75 8 09 285 SR 0 ), i %
{E M LR A MAEf B 5 ,CVSOA-VMD B M4 T1£ 4 SOA-VMD Bk, &R RiE i, F
B i 75 AR BCE /D 8 5 MR 7S R BRSO T (SNR (A 5 35 18 K, MSE B B .08/ ) .

4 KBWERSHH

4.1 HE MAE{SS CVSOA-VMD F&IE
Kb S R SR £ 89 MAE {55 F ] CVSOA 2 3 % VMD Wil 250 3-8, 3 7 FH i 8 2 5k 17 VMD &
M 2E AR 7(a, ) . B 7(a) A ER S (A 4 A IMF 45 f (4 5 (5 3 405 8, Ho b IMF (1~3) 1 I 1l 3%

357 40 ¢ ---- SOA-VMD CVSOA-VMD
32 5
L >
2.8 '\E 24
L 16
% 2.1 E o
2 4l 0 : . i s ;
= 0.00  0.02 0.04 0.06 0.08 0.10
079 A / s
e (d1) 15V, 10 Hz
T T e N NS >
& & & =
FEFFTIIETTE :
IMF4; & [
(a) IMF 1~10 0 F ) = . ) )
. 0.00  0.01 0.02 0.03 0.04 0.05
28 fMAE1§*3 — LR Irf[a] /s
> a0l » ' . (d2) 15V, 20 Hz
& 204
0 >
ﬁ 20 g
-40 Fe
—60 s s s s ; [
0.00 0.02 0.04 0.06 0.08 0.10 L g . N S
- W/ %00 002 004 006 008 0.0
(b) Actual acquisition waveform and envelope NI /s
3 (d3)10V, 10 Hz
80 —MAEfES —A%%
60 " ‘ j | > 24 . i , R "
> 40 | '\E ; [} ‘. ',~ B ' 5 ,“ ', { A
El 20 b @ 16+ , ' y :
@ 0 lg 8 i
I =20 . N . (3 . . X
-40 . / . i .
-60F . . B . 00.00 0.01 0.02 0.03 0.04 0.05
0.00 0.02 004 006 008 0.10 I} 18] / s
i E] /s (d4) 10V, 20 Hz
(c) Noise reduction waveform and envelope (d) Envelope comparison chart after denoising by different methods

K7 k(55

Fig.7 Experimental signal analysis



368 W REBLE Jowrnal of Data Acquisition and Processing Vol. 37, No. 2, 2022

T A[0.774 1,0.812 2,0.794 13 35 /N F HAb IMF 43 , B IMF (1~3) B 245 5 5 e, Hofh IMF 4
FRELRRE A, i LA MR . AR B S g R AR 7 (o) B, i AR M R B S, EL A
25 LR IR KU R i 2 - W, UE B 31 o M 7S () B R BT A Rk B R g

B/ e 700 = B SR 1 [ E WA R 3
15 VA0V SRk 10 Hz M 20 Hz 1 15 7% 3%

R2 ARHMESTERRESIEELHELL

Table 2 Comparison of amplitude spectrum entropy

Il 5 i W U 5O W 0 0L DL 2. 0 ATy values of denoising signal of different excita-
A B R R T 2 i AL g 2k L 15 211 7(d) s tion signals

BT L 454 1E 7(d) 15 2, CVSOA-VMD J5 ‘ v 15V 10V 1oV
BRI 5 5 WA (R (R T/, 60205 22 30 5 5 R Tk 0H,  20Hz  10Hs 20 Hy
B, FE T T RF AR T ., L RACRAT SOA-VMD 11432 1.2289 1.0365 1.2998
4.2 PEMBREEITREE &8 N AN AR VSOA-VMD  0.9755 0.8742 0.9285 0.9326

ST U BH R R S MAE A5 5 I A
fiE S H R0, PEH 38 A5 0 45 5 205 R (Root mean square, RMS) 4% 2k 1 &1 (S ) X MAE {5 5
W I 25 SR JEAT A0 . RMS BT RARAEAS 5 AE B g /NS RMS B K 15 5 Bl B oK, S, 00 S e 1 5 5
53 A e 5 b U S A 0 AR BE A SR A AR R (B2 3 O, W 5 5040 A R bR o T 2 20 A 2 XERR Y, R 2 B A
{ﬁﬁi}[lg]o

(19)

(20)

o | w

R o, TR IR, 0 FR BRI m 2R MAE {5 5 i (8 09 F ¥ {i

TE B LR R S5 5 R4 R G HER b, 4 B 4l BRI AN 020,40 .60 1 80 MPa i £k 13 1% 77 , 4%
FAE 6 K MAE {55, il id CVSOA-VMD % 1 19 M 55 X H I M 5 RMLS LS, 457 AiF 16 187 3 738 1 #4511
PEM 45 b 28 FL 0 B 8 R

16 0.8
Z b —o- AT ERA(ES
= - E£BEES 0.7F B %A RS
w12
¢ 0.6
‘I'Q 10 B
RSy St - 0.5+

0 20 40 60 80 = 041
4 0.161 & |
@ ool B S S 83
& R aoik
& 0.08
f‘ﬁ 0.04 0.1r
= i
@00 0 20 40 60 80 0.0 0 20 40 60 80
NiF3 / MPa . 7] / MPa
(a) Root mean square value and error bar of signal (b) Deviation and error bar of envelope before and
before and after noise reduction of different stress after different stress reduction noise

PE 8 M T AR AT X B 78 £ 5 T

Fig.8 Influence of eigenvalues on stress change before and after noise reduction
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