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Milling cutter wear monitoring based on VMD energy
weighting method and BWO-SVM

ZHAO Xiao-hui, YANG Wen-bin, HU Sheng, TAN Qi, PAN Yang
(School of Mechanical and Electrical Engineering, Xi’an Polytechnic University, Xi’an 710048, China)

Abstract: Aiming at the problem of large signal noise and low monitoring efficiency in milling cutter wear state monitoring, a method of
milling cutter wear state monitoring based on the energy weighting method of variational modal decomposition ( VMD) and black widow
optimization ( BWO ) -support vector machine (SVM) was proposed. Firstly, VMD was used to decompose the vibration signal generated
during milling into a number of inherent modal function (IMF), and the IMF components containing wear state features were adapted to
extract the signal reconstruction by energy-weighted synthetic cliff metrics, and features were extracted from the reconstructed signal. Then,
the parameters of the SVM were optimized using the BWO algorithm to construct a BWO-SVM milling tool wear state monitoring model.
Finally, experiments were carried out with the vibration data of the PHM Society 2010 milling cutter throughout its life cycle and verified by
engineering cases. The results show that the proposed method is effective in noise reduction after adaptively extracting the effective
components for signal reconstruction, and the training time of the optimized SVM by BWO is shortened to 25. 142 s compared with the SVM
by genetic algorithm ( GA) and particle swarm optimization algorithm (PSO), and the monitoring accuracy reaches 97. 246% . The wear
condition monitoring of milling cutters by this method can obtain faster recognition speed and higher accuracy, and improves the efficiency of
milling cutter wear monitoring.
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(BWO-SVM) ; intrinsic mode function( IMF) components; energy-weighted composite kurtosis; wear state monitoring model

RS E#A:2022 04 - 11

E&TR : FR AARER A VBT H (72001166 ) ; Bep A RHE T RITH (2022]Q-721 ) 5 BEFE A 2 T L HRHIFH I35 H (18JK0324) ; BG4
FHBHBER KT H (20ZD195-95)

YEE B /NI (1970 - ), 2o BEPETE 4N o, 205, ERNF R BRI R 2 B8 S 7 T AHFST . E-mail : xhuizhao@ xpu. edu. cn



512 3

AR/ A BT VMD BERRANEL 1 5 BWO-SVM HBE T LIRS

- 1763 -

0 51 H

B R B B R AR 72 T 8 e A B A, 850
FR) B SUIR A X8 £ B I TPERE AN T TR A &
BRI, YR I A B — e R B T AT T
B, AN 2 (5 T T X6 5 3 T AELARE P55 348 A, o TORS B R
I, EESETARE" .

Pageit, eI 28T 20 m T T R 7 #1)5k
B RS BB 75% , I BB BEIR 2 20% B 151
i) 588 ) 2Rk L BRI, O T s AR I T
(9 57% R R s 0 A A o T 2R e 4 0
ARASRGHE W I (A 5 3t AT 2 S B 7 3

HUANG N E 25 A5 $5 T 20 2543 ( empirical
mode decomposition, EMD) J7 55, BEWE ¥ & 22 iR Bh 5
ST A 3E N4>, I BT e i P BT A
O FI R EMD X AR I T A R v e A 4R S 1E S
17 A0 3, IR B WO S R B R vk e TV Btk AT T
BESI kR i2 6. DRAGOMIRETSKIY K 25 A7 42 T
FETAR RS (VMD) (9 [ 38 B 50 5 s, 1% 1
HLA 5845 BB IR KR fig 7 X, e A B AR R 5 5
IS TR R RO . T A fd T VMD
2% AR BRI A R S5 S, IR i SR EUAAREAS 1Y
AFR AR AE RN RE L RRAE , X BE ) A B BRAS HEA T T ARG

H T, FERS YIS R o, B 28 R m L
(SVM) (i HIEAT T R AT .

SUN J 25 A" Xt 7 R BH5 5 b AT T A0 B, SR S
W EEAL(SVM) 6 T B ERSURSHA T T 24 2
B4 N B AL S, 6 SVM 4 51 2 BRI R 5L
AT TR, SERE T XS & AL A 2 W

1 RS b, 7R M5 S AL H 5 1, EMD 18 2 i 05
S AR R B A IR B S AL, i VMD 7E 5 i ad
TR R IR (5 5 P 0 [ A3 o B RO AR [
BF - fige ok (B TR (5 5, LA Hh 1 A s
S A R | 3T ELME AR B A SRR AE

ot RS W T, SR 1) R ML R AN A
PR B A A 7L [ SVM AR B v B R
RKHREE AR T2 500 e 26, 1 fe It 2 5000 1k B2
—ANE S DR, T A 5 AR MR Rk X
SVM WS HGIAT LAk, B BE & 0 185 k1 R 45
A EARBEXT SVM SHGHA T AL AR AF7E T 8 18
HR A S BT

LE LR, B R —FP 3T VMD 8 A
5 BWO {4k SVM (% 7] B4R Wa i 0512

2 I AE I ALA BUE BE AR, XF VMD 43 fig

VA IMF 734 BEAT F 3E B , S8 J5 4 BOAS [7] A 30
PEAUIRAS AR, I A B AR AE 1] &, 5% J5 AL H] BWO-SVM
RN B8 ] BEASIRAS AT M M

1 BT IR 30 15 5 [ e Jd 2t

1.1 EF VMD §iRzIE 59

EFERREDNNB I BERIRNE S « (1) &2
VMD 3 i K A~ H DA R [ 18 98] i — RS w,
() ,k=1,2,--K, HFARAUT

x(t) = ;uk(t> = ;Ak(t>cos(¢k(t>) (1)

A e A, () — B IR AE 5 @, (1) — BRI IR K—HE 0
iR K
MG VMD (9 25 SRR R 20 50, 2838 X B A
Z o, () PEATAEER
]

{mfn?%,@ (o0 + 2) =)o

s. t. ;uk(t) = f(1)
() — Rk e g u,—256 & DS 0, — %
S BT X g 4 L AL
TELe it VMD YA RIL IS 1155 u, (1) 1,28
HIIASE)T Lagrange BRI A (1) 37 K ZWAETT A
?a, A
L= ({uyl,lof,1) =

(2)

L *u e*fwk' :
a; a.[ (s0) +m) (0] 2+<)\<t),
f(t) - ;uk(l)> + || (1) - Zk,uk(l) I3+
(A(e) ,f(r) - ;uk(t)> (3)

B S Ty A FEE AR w, o, FI A, BY5E
n+1 M, K15 Lagrange bR B A, e A A5 kAR,
1RENZA~ IMF J3ii, 58 s TS IR sh 55 1 53
1.2 BTSN EIEER IMF §§iEi5HR

H TN VMD 3 {55 v, A I b B B A
BRI SR 22 1) IMF, 28 501 g 5 IR B B 48 b
N T IMF Z3-5 74 36 AR L

FETRE AR IMF 43187 181, I BEFR bR AHOC RS
ISR )32 AP O A A 1 EUA R A A
B, a2 80 w55 o0 A 2% B a2, 9 HoR % &
FIES TR 1 1 0] R, e 22 5 BOR e w0 T e i 2
B T RBOR A8 2 A SRR B H AR
283k VMD 3 As 210y IMF 4345 5 [ iR (55 A o],
HIFMEE S PR B R . Y87 R SR



. 1764 - HL i

T fi $39 %

HARENE T 20t A5 B B 24> 4 T 28 3 i g i
ANIFIY o3 v S A BT B URIE 2 L RE e (EBROR
PRI, 28 M T —Fh e S AL G U B2 FE B, %
FE BRI HHAH 5C ZR A0 AR P i 2 R i A A R
FAER o
HAMLHT .
()& w, (1) 5IEAES « (1) Z A HIHE G
AL
o, :cov(uka(ui()s:x(t)) (4)
(2) TR N A o i w, AOUE BERE AR, I #E4T 15
*’ftﬂ‘}i

o0 sy B(H2)©

K( uvk) — minK( ul,k)

w = maxK(u,, ) —minK(u,) (6)
(3) IR w, (1) RURERELL
fT u, (1) dt
B, = ——— (7)

12‘1 f) w, (1)dt
(4) T RE S NAL G LU TR AR -
W=p, K, E, (8)
A K (u,, ) —# 7 SN B9 K,—IH — 14k
PSR A AU s p,— o0 i w, (o) FAE TS 45 i 1
ET 2 (1) ZIBIH R BGE,—%& 0 R RE AL L ;
W—RE i RS s BE FE 5
1.3 ETF VMD g ENEERIRINE SR
ST F BE 1IN A S BN BE 38 B, X JE 2 VMD
SRR BE T IR S A5 JEAT AL B, BB 0% ikt O D e 7
T R T BERUIR A R ME LA SR B [, LR
BRUNH
(1) 85 7 B 45 1 7 A= IR B 5 5 & (o) il 2o
VMD k31700, 453 KA IMF 434t
(2) i =0(4) T3 & IMF 235 5 6 (5 5 1)
AR EL p, P B AT B AR 4, JF i = (5)
ARSI 2 o3 U BE IS =X (6) #EAT 3 —fb A
PSRN EE K, HARGE R (7) 75 2145 70 O RE 1L
E, , 5 Ja AT A 2 68 = INA A BLUE B2 H8 AR W
(3) LWL W A8 b5 K T BIME A9 & 4> E 17 &
1y, 5E RUBE T BN R IR S5 S RO AL B

2 Pk SVM 8L ] B IR S e

2.1 EFEQREZE
M v (BWO) J& 2020 4 PENA-DELGADO

A F 2\ a3 SR GO ot R A AT A O RS T
FRH .

AL T RSt k%) 2F i R Gl 51
AN] ) B R ASCRT 3 TR R I | AR AR R
it )5 T AT e . BWO Bl ik ) i AL A iz sh AT
h I B 2R B T B BB Bk

(D WILRAEFRE . 72 BWO S b, n] LK RS2 1
WRAI A — > — 4R, o, g FUBR S Bk SRR
T ) — i -

Widow = [ X, ,X,,---X, ] (9)
AN, — R HEE

T BRI 38 I i B v i RS

143 137 55 PRI, DAT AR H R S 0 8 3 7
fitness = f(Widow) =f( X, ,X,,---, X, ) (10)

WAL RS AT REIS, 2R B — A N 4809 FE [, il
B E ST IOE PR/ DN, e 30,50 45

(2)IBENATH o PRTE I MR AE S PN 2 B2 v A
1R 1y A iz g, HA B R

Xy —=mX, (1) me[0.4,0.9]

X(t+1)=! 11
(t+1) {Xbe“—cos(ZTrB)Xi(t) Bel -1,1] (11)

X (o 1) — BB S 1 BSOS X, — 4 R
SR O AL E 5 m, B— R ARALRIRE IF BEAL ™ AR B 7
FAEGX, (O)—RBEMS r D BSEIAMAIE X, (1) —
HT PRI RO E

O)VFEER. R R, Mt i 2R JR
DUBLEE , T BICR 1015 3 BRAR , A= B RE Bl . Jr
DAREPE 2o A 15 B3R Mk B R BRI o

B E B R RREAWT
fitness, . — fitness (1)
fitness, . — fitness,;,

HARAE R R MESF TEUE /T 0.3 1), 7R I
7R R KF Y Bk AR LR A B BRI o S I A
WHIRORE 4 55— AR BB, O ST PR SR IO 5, BRI

1

51
P X (o) —HEPE A AR A I 37K A SR SR B 07
r L, MRERCRAEL L, N YL BN B EG 7— [0, 1 ] ARl
] M7
2.2 EF BWO-SVM $ET1EERIR A5 Ml

FIF BWO FE1EHL SVM (1) C il g (A ET BWO
FRE IV AR . S LR AR 1) FEAZ pR U SV BAZ R
B, IFiE SVM i th AR R IR U TR A

HAMPHIT

(12)

Pheromone (1) =

Xi(1) =Xy + 5[ X, = (-1D)7X [e]] (13)



512 3

AR/ A BT VMD BERRANEL 1 5 BWO-SVM HBE T LIRS

- 1765 -

(1) B el I R 2 i Bk 0 BE 31 B 7= A R iR sl 155
#4T VMD 5 fig 5 A G B B2 Ak 31, 48 Bt T g
PURERHE , EET YRR AR A AR AR R

(2) Wb A AR S R 3k i 288, BRSSP R
/N =100 SRR T =200 4E % dim =2 BlPLZ
Bmel[0.4,0.9] Be[ -1.0,1.0] LI K THii% SVM 1y#%
MRS g €[0.01,1000] JEFHH+F Ce[0.01,100];

(3) AR (1) T RS A B A5 B, i X
(12) 184 H RS AR E B F IR (13) THE R
EYHioLce=5a R

(4) TR R 200 B S0 B A E N A, 5
BN A R TE A B S AT i N B

(5) FNWr LB (4) v i 2B SE A7 A 3 N 2 7
Tl LR, A R ARURER e M PR S A R B RS 7K
T SR LR S5 PERT TS LA A, 45 DU [m] 20 3% (3) HoBr
HATIEAGTA

(6) Kk b B A m L (S8 C.g) 5 SVM
FENTBE T SRS WAL ) R AR R AR
AT, 52 B T EE LIRS WS

3 BETT B RS W i

ST EARBEIS T, B E W R (E S T VMD 4y
i I AL RE RTINS I B, 38 I 0 e IMF
FHHH BWO {4k SVM H S8 C I g 4188 7] 1 i
ARSI, Ky A LR BE T B HLIR A WA 7

HAERR AR ME 1 iR

_______________

= el
ittt S DI e I R R SR |
'l BWO-svM i ' ”’%wfl‘mﬁﬁ i
oo [l ' | MHXAS ||
{1 [VMDR g RS S e | ‘+;%:%+ﬁ5m !
1 I 1 7 = 1
E %ﬂﬁé;ffBWO i v i S5 EE A i
L BH || e amior i d | ¥ !
: v : T L XH% R | |
| T WO | ™ B T |
IR
1 ! : 17 :
! A ! — D[ Aok |
! | YIZREFHIBWO-SVMAEHY i SRR R [
i : 1 v AU AR | |
: ; —— V| soriieii | !
eworts] L [ FAFIRRERI | s |
] I 1 1
| 1

B BETT LIRS I i A ]

4 adFan A SR (S gk

FE# K PHM Society 2010 41198t 7 545 2 4
AT
SCY R B BT I AL A AR AL AR

it Be TAFAER AL, W 2 B

TN S A T

st

P2 BETT 4T i 0 S e e
N T 1% 45 % F Roders Tech RFM760 = 33 %44 #L
IR, JTE N 3 I8k B a8 70, I A B AN
4 HRC52
HURBEHI B8 3R 1 s .
*1 ZWYIHISHE

TR, BRI/ R, RERE GE R/
(r-min”") (mm - min™") mm mm mm

10 400 1555 0.125 0.2 0.001

RIS 6 A, AR 315 UGE ]
W XY\ Z 3 ADT7m BEH 155 RS 55 A
PR,

AR5 1SO AR RUE L 172 T50Z T 5 1 e 77 T8 ) 2
AR BT Y L B T B SEBREE BB VB, ZE R A
VB h XY Z J7 R {5 5 24T 2047

Horb BLTT R E A AL fh 2 an1&] 3 B o

180

160 -
140 -
120 -
100

80 |

/ — Xl
0/ - Y B
sl e 7 il i
— Py

JJEJE R/ um

20

0 SIO IZ)O 1‘50 260 2;0 3(I)0 3;0
EMIIR /S
K3 BEIIREBAE L

ARAEBETI P2 B 0 (L B0 A2 AR D0, s BE T B 4t
I3 R SIS | v U PR A A B A 3 Al AN ] A A
W3 e, i TR BE T R i A3 LSS JT 1S
AR ok i /0 38 RS DT) I TR A7 ARV g e TR AT, fe A
PTIIBEAG AR X R PR 8 3 o )

TEA SRR R, BT 5 T AR f s PR 2
SN, 1k B —E R LI, BE TR A T B B, B



- 1766 - Bl H

Bt 775 T AU H 1B, 12 i v Rz 7 0N AR
(ELRARAR 5 Bt PRS0 e AN T A o, B0 S K A, 70 LA
B, PR TR L i B A R A i ek 0 2 A A
S n{iiee e sel Sunll Wil Sl S I WARE S S/ &
HARR ) AR B Bkl 0k 2 frs o
R2 BINBHRERNS

JEBLRAS & TIREL BB/ wm
WIS 4% 0~120 [0,100]

r s it 121 ~280 [100,150]
J W A 281 ~315 [150, + o ]

EFH L] X J7 1 W s R Ak s 5 5 1], i)
PG | P S0 B A A1 SO0 B A0 ) S SR, ST 4 PR

o]
o=
-_
0 500 1000 1500 2000 2500 3000 3500 4000
() Bk 1010 A5
0.5 r . . r . . T
= 0
o
N:E_E
~05 A . . A . .
0 500 1000 1500 2000 2500 3000 3500 4000
A
(b) Bk T 1R
o . r r
@ O
E}E
-1 f " ' f L L "
0 500 1000 1500 2000 2500 3000 3500 4000
PRI
(c) Bt J1JG I R4t

K4 BETIR R ESUR SRS 55
PNEERNIYE S R Gl ERe RN i i D EN
PR AN B, JCE AR IR A5 5 BOE #EAT Bt T I
PURZS
4.1 FSkEE
XTI B IR Sh 5 5 EAT VMD 23, 24 K =
5 i, o AR 20 IMF 53-8 Q1A S s
A IMEF B RE RIS MOH B W1, H
T B A0 5 B T B UIR S AE B A A e i,

# 3 im.
R3I FESHEHMNE RIEEIBR
IMF, IMF, IMF, IMF, IMF, IMF,
w 0.30 0.17 0.41 0.60 0.23

v IMF; A1 IMF, 9 B8 8 IS 5 180 B2 R 2 K

IMF1

0 500 1000 1500 2000 2500 3000 3500 4000
T

IMF2

1
0 500 1000 1500 2000 2500 3000 3500 4000

IMF3

1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000

IMF4

0 500 1000 1500 2000 2500 3000 3500 4000

0 500 1000 1500 2000 2500 3000 3500 4000
ElS  BEIIWBERE S VMD Jrfgss R
?Bﬁﬂjfﬁﬂﬁ R H IMF, AT IMF, R0, Jf
T{ﬁﬁi*@o
SE R IR RE Y 77 2R BB b U1 i 9 46 ) e
%ﬁj\g#iﬁ i*’]ﬁf‘%ﬁm@ 6 F)?/To

02F
£
= 0
m
o4
=

-02F L ) f 1

0 500 1000 1500 2000 2500 3000 3500 4000
PR
(a) Be TV B E A 55

~ 02 I '
g
= 1 I
o 0
méa

-0.2 n s ' L L L s

0 500 1000 1500 2000 2500 3000 3500 4000
(b) BTN EME S

~ 05
g
= 0
o
Z=
=

|
<
93

0 560 I(;OO ISAOO 2(;00 25‘00 3(;00 35IOO 4000
KA A
(c) Bt G BB E A 55
6 %‘Eﬁﬂﬂﬁmﬁ?&@t@fav



512 3

AR/ A BT VMD BERRANEL 1 5 BWO-SVM HBE T LIRS

- 1767 -

L6 1] LU HY - b AT B 2 )5 945 A0S A
IR I HLEE I B % R e
4.2 FHEEERE

SEERT A E T PR PO (E S T AR O A I IR
fiE, AL J5 M A9 08 g A5 55 O M HFUARRALE , DA R 15
ASRUEE L N HER , 3EA5 31 33 MR, (HIZ 2
(22 R E T AR5 B A DG T HL e B A X 5

N T IO A LB TR, S N 43 B
PRI Z AR T RS, TR RS 5 I RRAE 1) B4
R SRR EHLRAE A A 5 %) 180 LR B 55 L) M 33
MHEFATH S, 153 —4> 180 17 33 F I M, H
FikA T

M=[m, m, - my] (14)

A m,—180 x 1 B[] & .

TR EA R 7 22, AT

Con(M) = 31—3 Z(m —m)(m, -m)" (15)

SE BN 5 25 00 B R AT R AE 43, 43 IS T K
B AR I BT R ) 45 1 1) e 20 B8 P 0 B, it 200 =
% IIERVEE

EH LRI AR 2 12 4,
4.3 SETIBHRARSED

TZSIZ IR AR 10 S B AL v SO L R i 40 s
3 FEHURAS B IR SN E =, 4 180 g%k ¥ , A3 41 4 000
AR S

EEH 3 FERBUR SR Rk, 1.2.3
FENBE I I B A | e Y 0 RN S B S A5 B AL i R
90 IFEAH FALAIYIZ, 45 90 LA A MAFEA

Ztik BWO-SVM WFEASHEA TR, 45 R &l 7 fs o

o bRy
x T 43 2%

w
*
*

WA RS S
*

e S, RS
| | —————
1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180
W AREA S

7 BETIEAIRAS WA R
T AR BWO-SVM 20 RACR , ¥ 6 H
SRR SVM, JOst (R SE AL B SVM. [ Y
HEATXS E o o PR BRI 2 2R BN 8 W, 2 3 ik A I
AR, 6 25 50 B SR R — B, Rl NBEA

100, fe KRR EL B 200,
3 PRI I Zh AR 1 00l I RE AR AR il £, anTE] 8
NS

100

95

90 {2

Y it gmmmmmmmmmmmmmme
N 85
= ;
8ol ' — BWO
! ---PSO
| - GA
75  4mmmmmmm----
70 1 1 L 1
0 50 100 150 200

BERIR B
I8 3 Rl v fiE A5 i 2

MK 8 ATLLE Hh: AR 3 FIBEAVERAEAE 200 YK 1%
AR N IR B B AN 3 W BE L {H BWO-SVM 7645 3 YR kAt At
IR i E, 1 L T A P AR

X i BWO-SVM i FH 58 4 s [ia] 1R /D %6 ARk
BT SVM i 280

SEH W B ) E PR IE R AR B AR 3 A ikl
RPN SVM kA, L SR a3k 4 fios .

4 BRIFEMLRER

Ak ESINT C BB Be MR/ % KU/
BWO-SVM  3.3642  10.706  97.246 25.142
PSO-SVM  5.8001  21.313  90.702 49.183

GA-SVM  9.4505  15.856  82.635 63.941

LS H AT TR 220 2 K B4R T IR AL Y
SVM AMAEPUR B ER R _E s T Ab 532, 1M HLAE %
AR ) Lt BA7 B 5 {5
5 S TRR IR

At Yk R A R F AR A E
FLIHN T B 1 57 B T IR B0 Sy AT B o

AN T AR A By A B 2 SRR A T R
S, IFARAE 150 ARifitl o th 57 Bk 719030 | A )
PR, FLER AN 9 Fio

B et IR R AT U, G A B T 9 kAT
I A BN BE T A0 T U B B, R RE R
FEAI R 10 kHz, TAFB KL 45 5 8, F 45 o 2
764.4 mm/min {90 SEFEIITHIEAERECY 4 000 4~

T EREE R AR, J5Us TR (S 5 IR pE b
JCIE AR 2 I E s R AL, AnET 10 s

Pk, £ i VMD B AL E 10 TR {5 5 ot
PR s AL Ab B, 45 RN 11 PR



- 1768 - T S 5530 %
040
0.3sf 6 %EE}%
o P T ARG 70 B 0K 7 W T 2o 2 7 7 £ M 7
el e MR A s B, S F 4 T —Fh LT VMD 15
o Af BWO-SVM {54 7] LR A W il 7 i
S — i SEH R VMD BRI 30 (5 5 A7 T 4

- ¥ RS

0.10F
—— 7 GBS
0.05f — THE
0 5 10 15 20 25 30
TR B
B9 TRMEE S ot ) UL 2
R -
[
= 0
@ |
tr_E_i
-0.05 L . " N . . 2
0 500 1000 1500 2000 2500 3000 3500 4000
B 10 TRSHIERES
0.05 T T T T T
E
< of
Fou
lg
-0.05 s s ) L " ) R
0 500 1000 1500 2000 2500 3000 3500 4000
KA A,
B fEe s
(10, 11) ] 28 38 BT 3 7 1 BE 8 X 5L 4R
T A5 S TN A A T8, O B RE B 55 45k T 1Y 4
HESR

EEF RIS BAE S S 2 RAAE AT R E Rl
& I AZIIZRAr) BWO-SVM A 28R40 12 .
T o ek

* i %

3 * % ¥
g
bl
oA
¥ 2 R B W)
ﬁ
i<t

0 20 40 60 80 100 120 140 160 180
WA
K12 TR S g R
FRAE & 12 Wi 25 3R Al g, B 7 VMD 5 BWO-
SVM 195 14556 4> RE A% S BN BE )T B 40U A il

A5 A%

i, I3 3 BE S INALE BN BE A8 A [ A 1 b RE T
Ay IFHEAT A SRS SR I T E A AE S I
B AR K 22 ROBEHED R S RAE , 28 2 1050 A A R
T Z24EFHE R, IF5] A BWO BIEXT SVM S8 1T
T, 185 T BWO-SVM R ALl ; £ )5 , LA B
SR T1 4 A SR A W SRR , B S PR Y AR SR 40k
IR AR SRR A T T IRIE

HEssiean .

(1) RH] VMD J5 1543 il 4 s 155 J5 £l 1] 68 &
R IR FR e B L 43 1, RE 63 A 1 PR AS TR B I
RN, FF-REAS F 3 N A BR 2 sl & e s 5, BE
HA—E MR IIRe, AEE T Z 5 IR a8

(2) BB AL SVM, #2751 48T EE LIRS
WS Y2805 5 AR TG T HA 7 2 % SVM A7 Ak, 2R H]
BEEARA AL SVM RE %35 G 1 30 ) 38 e O0 F aot 4
G, Jf HAE 25. 142 s SURE SR BN R AL S50

(3)%# L) PHM Society 2010 %4fg LA e 1.7 52 44
YR 7B T VMD BE i A E VR N E S AL 3 A
BWO-SVM 4t 7] BE LIRS WA Y 3 o 5 A 1
XTI, 45 5 s BWO fbfk i) SVM 458 ] BE 45K 24
W ARSI AE T SR BB S 1A 5] 97. 246%

SR FHIZRB AT BE ORI, BES4s Z A
FRIEHEAT Rl 1 i S b b, S50 BB 70 s R A iy
W, R

TEASRIWFFE b, AT L2 7 s 0 380 AN (W] 5t ) I
PARZS 0 RT3 HR 25 1) B 0 3 4 (8 P 5 i 1647
W53
5% 3k ( References) :

(1] REE Bk 08,2 50, %% B T/hi e/ Hrfl LS-SVM
FIEEHN T BAR S BUIRFE (] THEAR,2019,53(12) ;
3-9.

(2] VRBRIL, 5K 3. ST 75 R AT R T DR A 0
ISHFFE[ )], HLE TR ,2021,38(8) :1070-1075.

(F4:% 1783 1)

BN A SO B I, AF R T VMD BEREALE LS BWO-SVM (Y BE TSRS I [ J]. LA TA2,2022,39(12) ;1762 - 1768 ,1783.
ZHAO Xiao-hui, YANG Wen-bin, HU Sheng, et al. Milling cutter wear monitoring based on VMD energy weighting method and BWO-SVM[ J]. Journal of

Mechanical & Electrical Engineering, 2022,39(12) ;1762 — 1768 ,1783.

CHLHL TR 2438  hitp : //www. meem. com. cn



512 1] P

Bl 25 < LR A o s L 74 £ 1l R S B 5

- 1783 -

(4]
(5]

(6]

(7]

(8]

(9]

REHLBEOR[J]. hE LB 2R, 2019 (2):
112-116.

FARGG KRVl &L S MU LB AR I s £
I [T]. AR 5 TR ,2020,36 (1) < 1-7.

OUYANG H, HU J, ZHANG G, et al. Sliding-mode-based
trajectory tracking and load sway suppression control for
double-pendulum overhead cranes[ J ]. IEEE Access,2018,
PP(99) .1-9.

AR, BN, e SO, A5 BT RO RN A ] 4 2
LB R BT [T]. 22 M3 TR 242 9, 2020,46 (2)
92-96.

SOLIHIN MI, LEGOWO A, AKMELIAWATI R. Robust
PID Anti-swing Control of Automatic Gantry Crane based on
Kharitonov’s Stability[ C]//IEEE 2009 4th IEEE Conference
on Industrial Electronics and Applications (ICIEA). Xian,
China: [ s. n. ],2009 :275-280.

SANO H., OHISHI K., KANEKO T, et al.
Crane Control based on Dual State Observer with Sensor-
delay correction [ C]//IEEE 2010 11th IEEE International
Workshop on Advanced Motion Control ( AMC). Nagaoka,
Japan:[s.n. ],2010:679-684.

ISMAIL R., HA Q P. Trajectory Tracking and Anti-sway
Control of Three-dimensional Offshore Boom Cranes using
Second-order sliding Modes [ C ]//IEEE 2013 IEEE
International  Conference on  Automation Science and
Engineering( CASE 2013 ). Madison, WI, USA:[s.n. ],
2013:996-1001.

Anti-sway

A5 A
L E . ARHUE AR s R R ] A SRR ST )] Bl DA ,2022,39(12) (1776 — 1783.
LU Kai, WANG Ting. Experimental research on anti-sway control of hoisting manipulator end spreader[ J]. Journal of Mechanical & Electrical Engineering,

2022,39(12) :1776 - 1783.

[10]

[17]

[18]

AHMAD M A,ISMAIL R , RAMLI M S . Input Shaping

Techniques for Anti-sway Control of a 3-D Gantry Crane

System [ C ]//IEEE 2009 International Conference on

Mechatronics and Automation ( ICMA ).

China: [ s. n. |,2009:2876-2881.

BTN, A% [ RF, 2220, 4. BT B & Ry PID #5561 7E A

A AR 2R R[], 3R T K3k

H kB # I, 2015,32(6) :60-64.

XM, B M, B R ARt AL PID IR 2R

EHPESR N ALT]. A3k 5(E 8 T#,2014,35

(3):21-26.

BB A B A A B PID 6 KO8 A

[J]. £ T/ ,2013,20(S1) :206-208.

TR RS, R, TSI = At

PUBE Ul BRER I [T ] MR =22 4. A ARBR AL,

2021,39(4) :389-396

25 WL T R A R 0 B 2R AL B A R R B 5T

[D]. K% K T RZHU TR B ,2021.

FAEZE. R R R EAL A P R s [ D]

U A R AEHLR B ) T AR B ,2012.

B B0, BT B Al AR o 28 X 45 s ol ) e L 75 2 B

ERID]. H S EA M REERE %S T

e ,2018.

fal i, BEVEIE B T R EHUBIMIRR S 2% By FR A

Tl 5[] . B bR UER 2014 (1) : 10-14.
(iR 5 W]

Changchun,,

HLHE T ) 2445 - hitp : //www. meem. com. cn

(4% 1768 )

(3]

(4]
(5]

(6]
(7]

(8]
(9]

[10]

MEHRABI M G, KOREN A G U. Reconfigurable
manufacturing systems: key to future manufacturing [ J].
Journal of Intelligent Manufacturing, 2000, 11 (3):
403-419.

XURRAL, X o, R, A DIH| G R P AR BE SR
[J]. Bk T /2242 ,2018 ,54(6) :45-61.

HUANG N E, SHEN Z, LONG S R, et al. The empirical
mode decomposition and the Hilbert spectrum for nonlinear
and nonstationary time series analysis [ J]. Proceedings of
the Royal Society A: Mathematical Physical and
Engineering Sciences, 1998 ,454(5) :903-995.

IMERAE B RS IE R T EMD-HMM (LR ) B
P FEZ W) ] HUR SR ,2017,45(7) :178-181.
DRAGOMIRETSKIY K, ZOSSO D. Variational Mode
Decomposition [ J ]. IEEE Transactions on Signal
Processing 2014 ,62(3) :531-544.

E 1 B0, AT AN, ESFT, A5 BT VMD 1 8% TR A
[J]. ¥E3h 5 ik ,2020,39(5) .135-140,162.
SUN J, RAHMAN M, WONG Y S, et al.

comparison of conventional and wiper ceramic inserts in hard

Performance

turning through artificial neural network modeling [ J ].
International Journal of Advanced Manufacturing
Technology ,2011,52(3) :101-114.
B8R, T 2B BRI, AF BRI IE R SVM TERT
23 R B HLE BB 2 W mg R [T ] T S
2018,43(10) :89-97.

[11]

[12]

[13]
[14]

[15]

[18]

[19]

GUO H, WANG W. An active learning-based SVM
multiclass classification model [ ] ]. Patten Recognition
2015,48(5) :1577-1597.

GAUDIOSO M, GORGONE E, LABBE M, et al. Lagrangian
relaxation for SVM feature selection [ J ]. Computers &
Operations Research,2017,87(1) :137-145.

FAR, K . WPD Al SVM-PSO 7E (4 7 18 46 16 2k
W g T ] AL S 4R ,2021,32(6) < 1-10.
0, X GEF . BFA fifk EEMD (1% 7] 5 i
Wi T]. BRI TR ,2020(7) :135-139,82.

RO BN, & R TR R BRSO HE
BRRS UM BRI [T ]. HLAR BT 5 0158, 2021,37(3) .
132-136.

PR TR VR AE 2 8 S RS Ok [T ]
HAEVURS BahkIinT.,2019(7) :92-96,100.
PENA-DELGADO A F, JUAN H, CRUZ N T, et al. A novel
bio-inspired algorithm applied to selective harmonic elimination
in a three-phase eleven-level inverter [ J ]. Mathematical
Problems in Engineering,2020,459(22) .1-10.

ZREREE AR, 3k, A T RS A A A R AE i
FEIENE L] P EHL TR 5 ,2021,13(5) 144,
PHM SOCIETY. 2010 phm society conference data
challenge [ EB/OL ]. [ 2010-02-13 ].
phmsociety. org/ COMPETITION/PHM/10.

[4REE 2

https : //www.

W





