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Fig.2 Process of tool wear stage based on EMD-SVM
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Tab.2 Classification of tool wear status
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Pl 5 B 7 1 0 38 B2 1% 5 28 EMD 43 i 45 21 1 1]
BT B AN P 6 TR o 6 (), N ZE B AR IR
IMF,, IMF,, -, IMF,. M 6(b) ] LI & i, % 4~6
AN A R K0 AT S A G A B L 2 A S
AR [T A SRR R AR A3 8, A S B 2 3L, T LU
W AT, BT LA B R BUIME ~IMF,. Bk T8

RN A

il
R
(a) EESIHRE
(a) Decomposition signal time domain diagram

(b) HRESHRA
(b) Decomposition signal frequency domain diagram

&6 EMD % it At duk A 47 35, 14

Fig.6 EMD decomposition time domain and frequency

domain diagram

Bl 78 34 J1 BB B i D0 A5 5, ) HLES il 4t
43 %124 0.05,0.15 K 0.25 mm. w1 &7 %0, 24 J5 J7 1
JE 5 Ab - TE B 4 B D1 1] g B A ) g 43500 Sk 270
160 N, 1M >4 J5 71 100 JE5 45 A T 22l B 458 By B I, 2 i
T 5 B WE A 2R3N, L9043 B0 4190 K 27%
X R T B TS S VR A S T 1)
TV A8 3 A0 8 O, W T oy B A w3 il i)
MARA BRI ZA .

Pl 8 Sy LA A H0 S A vl s A K 2 ) it
F18 R 0E L i BT (1] 174 728 Ak P81, JFG rh R AR A R I da 40
fio MEA LA S EATE R ) BRSO T, TR
JE 400 0 R AR BB T — N ARUE A, B 3 B B i R AIE
EASTR] , F AT RAAS H 3 B4 5 1 X 15 5 78 Tk A
S AT LU TR 2 T

3 3 30 v T R T B A B B 1 e A
5 HEAT XS L R B« R T A B 1 i R A S A A
TR K e 30 A B B o 5, 24 U AR R ) AR A
B KT Tkaz™ 98/, B T LB 450 B A5 5 B 4t 1
A% 5 0 o e AR

T BE bR S A A s R S
(T A R AT B 35 BE o AU o i, X 5 EAT T IR
NG o B9 R FEAS TR) T FL S 45315 B0 i A5 5
18 T 25 Rp I B A Il 4 A1 TR JFG e B sl G A L v s 0



993

o5 51 WHIR B, %5 . 3 T EMD-SVM 8k 4 4 Bk 1l o 4 77 LB 5 W
500 500 500 | ! I
|
” 250}, “ U I z ZSOﬁ ‘\ ‘\ W\ I "“ ‘ ‘(\ 250 “ h ‘ H ‘ ] “‘
jay | [ | ‘\ HH " 'l‘ ~ \ U bt 1 ‘ W~ n M " o, Ll )
R 09\“;““”“\‘“” ,‘H\HM\H\MM‘H‘/H\W\H(\‘VUV‘H‘HW\H‘W“‘ R Oufl“ H‘UUH\(MH/‘lh\’h'\‘ﬂ\‘”‘fﬂ“‘““H‘“H\‘H O/ M { “U “H W‘HU “ l\‘\ l\ “ ‘\ " ”V fl ‘U
2501 y L -250r | ‘ I “250f | \ h H ‘ ‘J ‘ H \
500y 1 2 3 % 1 2 3 0% 1 2 3

t/
(@) VIR RIS

(a) Tangential force at initial wear stage

t/
(b) ERERH B

(b) Tangential force at normal wear stage

t/
© BBERH SIS

(c) Tangential force at sharp wear stage

o i " i 2T e
oM ‘\ LiLE _lsﬁpﬂ‘*\‘l"‘H‘ H\W\Mﬁw J’lw‘m “\ f \Wl

(d) VIHREESRRY BLAZ 1A 77

(d) Radial force at initial wear stage

(e) ERBIRHBAEN T

(e) Radial force at normal wear stage

() BRIFEHRHBARRAA
(f) Radial force at sharp wear stage

Bk 5| &L S
JIRUIAYIH E‘J?ﬁﬁé%‘&“?’ii?”’“%%li%o

@Ijml_ )2,
sL,FZ,E-Z, s ZIVE MRS mim A, K.,
E,s 5350 Tkaz™ T Ry AR E 22 5L, Z 4%

20 20 20
10 il M' “H i I 10 oh
z ol MH I W "\\'w‘\\\ ik “w M‘m‘h i m ‘\ | = M 1\ il | \ Il M uf I \\H | = \Mﬁ I \“ \r ffl ﬂur u! \\w M\
S o N I \niw W | ”‘ \“JM 4\ LS \‘U‘ Ui ‘M\ A [ I \\‘ 1= Mu‘ ‘M‘w il M I \wm I /
Rl " ” “ ol ‘W‘}“nﬂ I ‘}M M \L WH W‘W u” J/ Vw R ll I “‘ ‘\h MJ ”‘\Jh M ‘\u M
20 1 2 3 % 1 2 3 _200 1 2 3
t/s t/s t/s
(2) VIR BARY B i 7 (h) IEH BB Bl @) SRIBRp B H
(g) Axial force at initial wear stage (h) Axial force at normal wear stage (i) Axial force at sharp wear stage
K7 ATE BB 22 AL #
Fig.7 Force variations at different stages
o~ 20 o~ 20 o~
210 210 i
am-10 im -10 -1
= i . . = _ . = _ i
2051 > 35 4 % = 34
t/s t/s t/s
BIoBE, Thar™ 1 0500| _ | EE Tk 1 DIRR| | WEE: ke 1 DR
=) g
g 10+ g 10% E 10f T
g S | & ST &
%1 % 3 4 % 1 % 3 4 % 1 % 3 4
t/s t/s t/'s
(a) HIHBEHRFE A BT R 22 £k (b) H A B HURRAE F R B E) 224K () BRIBIRAEE BRI [A13E4
(a) Initial wear characteristics change (b) Mid-term wear characteristics change (c) Rapid wear characteristics change
with time with time with time
8 AN [l B B i A7 5 K H AR B A2 fL 1
Fig.8 Acceleration signal and its eigenvalue change in different stages
oy iR IR E R (270 Hz) M 8. X &S FOGE B A5 5 o 10 Birs s % 15
A [) 77 LB 40015 60 T 09 43088040 A e 0 Bl U0 AR 25 ], 1T PSE M35 019 %k, o T AT LU
VS 400 A H N, A5 5 600 90 S8 e AR 1) o AR 03 e B L v LW b A SRR R AR =S 1) Y 4 A, R 1—PSE AR
U IS ﬁfelﬁfﬂﬁﬂﬁﬁiﬁ_ﬂﬁﬁ% H’Ji‘ﬁﬂﬁ'ﬁ Syl B R e R AL R DL R ) T L

AL A5 T B LR B 8, X
AR IE (AR P — i

W0 B R E AR A S LA R A S AR AR o B B A J7 5B B B 160 20 295 4E I 2k
G55 N E SRS (L, EL, B H A A0 A BEE i 4 . e, B E 14K

i) T EMD-SVM #5 2 3E 4731 25 i3,

U D0 T AR A B B0 Sy FLUA R 0 B P A o B

/N3 160 B I ZRAEH 14> R/ A 40 EI’»J‘{D“ AR Y B



994 oo R

o 42 4

TEE / (m * s7)

g
pun
llnaélg
t/s
15 -
g RAYr Pl bR
g 10 v
= gl
£ 1 ;
¥, i
00 200 400 600 800 1000

S/ Hz
(2) TJRABABES Y B E (5

(a) Acceleration signal at initial wear stage

PO AT ) B LA OL T 60 BE 55

s t/s
= « BT ARR
E 10f -
|
= 5F 3
= ! I
01t

0 200 400 ‘600 860 1000

/Hz
(b) TJESRIEDI BAEEE =

(b) Acceleration signal at severe wear stage

7 B U

Fig.9 Acceleration signal and frequency domain under different tool wear conditions

I

—0.25} IEHER
% BRI EER

B 10 HEAIE i =5 ]
Fig.10  The feature space

N i — A U0 T SR R Y o T R s R
il TR) 120 250908 75 R i A, 8 7 SVML, BP il 28
2% \EMD-SVM K/ % 44-SVM iX 4 B #5884 3 17
XL .

X T SVM RS K2 BP il 28 (0 25 A5 B 4 S 56 ile
R R TN R R D AR R[N S i
TR AT 55 i A B2 20 G (AR v AT T o X/
W AL-SVM, oK A5 5 47 /0 I 4b 1S i A SVML A
@ﬂﬁ%bﬁﬂﬁfﬁh%%%%A&ﬂ$Lﬁ
FA o T8 AT X 4 R HE AT S A5 2] T 4 R T
(TR VA JE P, S e e n 181 11 B . Horp iR
VA L B N A A Sy U S T ) T L A Y Bt R AR AR
Sy S S BRI L 0 7 L A B B 5 T AR A 1 SR X
Fi1 4R S TIUI E A DR o 3R 3 D 4 R R A A A

R AF 5 FEAT U2 Bty AR 0555 BEA T R0 1) 38 5
R 18] B2 KG

1 T BP 2% SRS B2 AN Fe €, SVM iz 1L g
NIAKE B Ty BB LG, /N 4y it o T Pk sk /s

F3 AEHEBEHEER
Tab.3 Operating time of different models

R EEEE/s AR/ %
SVM 3.176 826 89.08
BP pfi 25 ) 2% 3.733512 84.17
EMD-SVM 1.082 446 99.17
NEAL-SVM 2.258 022 95.00

I, 5 TR X R X A P B B AR R v B b g
Y25t e] &2 K5 1l EMD-SVM i F %5 5 47 i 4b
FR$ B REAE (E 58 5T 40 6 SR FEARRRAE R 2R 5 Hh
B WA B Bk AR A X T AR AL | i
S0 A B A v L 2 A BB TSR, A 2T T FH I T 5 G Ay
Bl I B AL . %t L6 S & B EMD-SVM (#K JE
Wm, s B R, HXT T BP &M, [\ 14
B 38 B )T 60 %0 AE B T 15.12% , %t
J1 LR A5 A AR i ) S HOME | AR I T LB 1
RHA .

FE15:99.17%

2.4% 0.0%
1 0

0.0%
0

0.0% 0.0%
PEEBR 0

WIS IEF B

P R
(a) EMD-SVMIRE4ERE
(a) The confusion matrix of EMD-SVM



%5 WHRIE %5 3T EMD-SVM [k & 4 G il 2 78 JJ HL 451 Wl 995
K5 PE:84.17% P,
YIHEE 17.8%  0.0% 4) 38 kX L BP 25 0 45 A A ﬁﬁﬁﬁr‘f% Y

8 0

0.0%
0

VIRES EWES CEER
(b) BPIRVEHIFE
(b) The confusion matrix of BP

F 1 :89.08%
7.7%

8.9%
4

4.7%

5.1%
2

VB EWES UEER
(c) SVMIRTEJERE

(c) The confusion matrix of SVM

5 5:95.00%

5.3% 0.0%
2% 0

B B

- 0.09 0.09
eapy 000 0%

W WS RS

(d) NER-SVMIBHEHERE
(d) The confusion matrix of wavelet packet-SVM

B 1T 4 oA 280 o o SR %) e IR

Fig.11 The confusion matrix of three models
4 % it

1) JIE K A B, 0 1A 5 i i Ak & A AR
b, B 358 25 ol AT 1] g A, T R 5 4 ) 808 43 e
oK. TV EE I UG U)K A e gy 4
IR I ARSI S N R

2) &It T EMD-SVM fy JJ H R BB X, ok
EMD J7 %65 5 47 S, % B AL 5 1915 5 17
TIE 52 WO 20 B E 86 B 4 AN () 70 LS i B B
TEABJE B4 A SVM o, BEXT 7T BB S 47 U0

3) B 160 41 A A JJ LS 451 B Bt 1) e 1F 4 14

XA BT TS Bt B 7 B AR R R AT I 5 1
A0 ZH 5 0F 6 P R AT B0 3E , XoF T 2L 45 9 B A 1)

WINEFGER T 99.17% . SRtk R R, R A
LI 5 50 0 SR L o 2 R 0 L B 4 B

EMD-SVM # = iz 5 0] [8] £ &5 60%0 LA b, PR 514
WTE,%ISRA,XUL%}( G B A R T HL B A By

ELA e 0 O R RE I R B0 T BB R
%zio

(1] FhPEE . Ol Al e s il s (0 ). 4 ) 2 (%
1), 2016(3):56.

SUN Qingfeng. ISCAR, changing manufacturing with
intelligence [J]. Metal Working (Metal Cutting) ,
2016(3):5-6. (in Chinese)

[2] BYRNE G, DORNFELD D, DENKENA B. Advan-
cing cutting technology[J]. CIRPAnnals, 2004, 52(2) :
483-507.

[3] ROGERS L M. The application of vibration analysis
and acoustic emission source location to on-line conditi-
on monitoring of anti-friction bearings[J]. Tribology
International ,1979,12(2):51-59.

[4] JIY, WANG X, LIU Z, et al.

identification by improved empirical mode decomposit -

Early milling chatter

ion and multi-indicator synthetic evaluation[J]. Journal
of Sound and Vibration, 2018,433:138-159.

[5] PRITSCHOW G, BRETSCHNEIDER J, FRITZ S.
Reconstruction of process forces within digital servodr-
ive systems, production engineering [J]. Annals of the
German Academic Society for Production Engineers,
1999, 6(1):73-78.

[6] COKER S A, SHIN Y C. In-process control of surface
roughness due to tool wear using a new ultrasonic
system [J]. International Journal of Machine Tools &-
Manufacture, 1996, 36(3): 411-422.

[7] LAURO C H, BRANDAO L C, BALDO D.
Monitoring and processing signal applied in machining
processes-a review|[ J]. Measurement ,2014,58:73-86.

[8] RIZAL M, GHANI J A. Cutting tool wear classifica-
tion and detection using multi-sensor signals and
Mahalanobis-Taguchi system[J]. Wear, 2017, 376:
1759-1765.

[9] BHUIYAN M S, CHOUDHURY I A, DAHARI M,
et al. Monitoring the tool wear, surface roughness and
chip formation occurrences using multiple sensors in
turning [J]. Journal of Manufacturing Systems, 2014,
33(4): 476-487.

[10] WU J, SU Y,

information fusion for remaining useful life prediction of

CHENG Y, et al. Multi-sensor

machining tools by adaptive network based fuzzy



996 E - AN B = RS O 942 %
inference system [J]. Applied Soft Computing, 2018, 903-995.
68:13-23. [18] CAO H R, ZHOU K, CHEN X F. Chatter

[12]

[13]

[14]

[16]

[17]

CHEN Y, JIN Y, JIRI G, et al. Predicting tool wear
with multi-sensor data using deep belief networks [J].
The International Journal of Advanced Manufacturing
Technology, 2018, 99(5): 1917-1926.

W VL SO BRLLEE 55 BT U BP MM 48 1Y
PIH) B R P 5 [T 4R 8 5w it , 2018, 37(5) : 65-
70,78.

XIE Fengyun, JIANG Weiwen, CHEN Hongnian, et
al. Cutting chatter recognition based on generalized BP
neural network [J]. Journal of Vibration and Shock,
2018,37(5) :65-70,78. (in Chinese)
HREGE , EME T SCHE , 55 . 26T 2% AR Rl & 1 MUK
a2 G A AR A BT ] BT B AR B T2 2, 2018(7)
26-30.

GAN Zishun, WANG Pengyu, ZHAO Wenxiang, et
al. Machine tool monitoring systems and data processing
based on multi-sensor fusion [J]. New Technology &.
New Process,2018(7):26-30. (in Chinese)
PRI, f2 22, Gids 45 JE T 248 s Budl w5 1y 70 B
A0 AR St 0 F 5 (). B R B T2, 2017 (1)
23-28.

CHEN Gang, JIAO Li, YAN Pei, et al. Research on
tool wear condition monitoring based on multi-sensor
data fusion [J]. New Technology & New Process,
2017(11):23-28. (in Chinese)

BHAT N N, DUTTA S, VASHISTH T, et al. Tool
condition monitoring by SVM classification of machined
surface images in turning [J]. The International Journal
of Advanced Manufacturing Technology, 2016, 83(9):
1487-1502.

PLAZA E G, LOPEZ P J, GONZALEZ E M, et al.
Multi-sensor data fusion for real-time surface quality
control in automated machining systems [J]. Sensors,
2018, 18(12):4381.

HUANG N E, SHEN Z, LONG S R, et al. The
empirical mode decomposition and the Hilbert spectrum
for nonlinear and non-stationary time series analysis[J].
Proceedings of the Royal Society A: Mathematical,
Physical and Engineering Sciences, 1998, 454(1971) :

[20]

[21]

[22]

identification in end milling process based on EEMD
and nonlinear dimensionless indicators[J]. International
Journal of Machine Tools and Manufacture, 2015, 89:
52-59.

RIZAL M, GHANI J A, NUAWI M Z, et al. The
application of I'kazTM-based method for tool wear
monitoring using cutting force signal[J]. Procedia Engi-
neering, 2013, 68:461-468.

T PR | A A U, A5 A Ak A0 L
LA A R EMD S s 800 [T, BLBORE 2 5 H0R
2018,37(8) :1200-1206.

HE Zhenpeng , ZHU Zhiqi, XIE Haichao, et al. The
coupling of linear extrapolation method and similar ex-
treme extension method to restrain boundary effect of
EMD[J]. Mechanical Science and Technology for Aero-
space Engineering, 2018, 37 (8) : 1200-1206. (in Chi-
nese)

FORE . AL il B Y 2 6 A 2 O A U
P SARAELT] RALEA ,2010(5) - 73-76.

LU Rongjun, GAO Wei. Method of experience mode
decomposition, filtering and extracting of axis track of
fan rotor [J]. Chinese Journal of Turbomachinery,
2010(5) : 73-76.(in Chinese)

% 55, ko 2 B A 28 0 46 7 T L R I e g
FILTT. HUBKH 3, 2003(3) :47-49.

LU Yong, YAO Yingxue. Application of fuzzy neural
network in tool wear detection[ J]. Machinery, 2003(3) :
47-49.(in Chinese)

KIVINEN J, SMOLA A J, WILLIAMSON R C, et
al. Online learning with kernels[J]. IEEE Transactions
on Signal Processing, 2004, 52(8): 2165-2176.

E—EEB T UIRE, B, 199645 A
A B L FEENEGE 5 1 o B e
AR KA S
E-mail:1765693385@qq.com



