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A Study on Intelligent On-line Tool Condition Monitoring System
for Turning Operations

Gi-Heung Choi*, Gi-Sang Choi**

ABSTRACT

In highly automated machining centers, intelligent sensor feedback systems are indispensable
in order to monitor their operations, to ensure efficient metal removal, and to initiate remedial
action in the event of accident.

In this study, an on-line tool wear detection system for turning operations is developed,
and experimentally evaluated. The §ystem employs multiple sensors and the signals from these
sensors are processed using a multichannel autoregressive (AR) series model. The resulting
output from the signal processing block is then fed to a previously trained artificial neural
network (multilayered perceptron) to make a final decision on the state of the cutting tool.

To learn the necessary input/output mapping for tool wear detection, the weights and thresholds
of the network are adjusted according to the back propagation (BP) method during off-line
training.

The results of experimental evaluation show that the system works well over a wide range
of cutting conditions, and the ability of the system to detect tool wear is improved due
to the generalization, fauli-tolerant and self-organizing properties of the neural network.
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7o) ] Wio AAN 2AY JME T 28 5
TR ok 58 AR AIY A F o) o R I
Bol 4ol k. EZE @ A9 AME Agdn a2 I S
49 AE Q7)1 M E BEY T 37 A o " !
2 A5e AU odn. bad oF AdE ) '
Ag8n 1 AN HEZ R oY AR A4 938 ol DA
7o) olF HRE 3V & Az N4Y AL Q4] . R
9 e ¥ 4 U= 35 TR HYEEY AAYZY R
o ge¥oz Agudn. E 12 27 N2 ITE %
A49E Wet o2y FTE ALYL O M4 NEE (b)
BE ANY AR A4 ¥¥L BT P Aol
7+ AA A5 A7)At# (autocorrelation) o] BHHE &
Wad BB AR(a,, al)® okl As4w "
{crosscorrelation) o] BHAHE 2 PEI HEE “ .
A FFG vhEE BT Al 2 Aolg Bag ¢ ] !
£ 00 QoA AFS v ge WyoE JE AN o |- e e .
2g © 228A0l0) A9 pass Aes Ae ] T :
(@, (2), ax(l), a,(3), an(l), au(d), an(l)) -t . ]
HEo|Qong EE A#HA o] EAS A E (feature -gd  F feheeod
set) 7} AAZZY) JEdElz g0 af 8 e ’
Hol FAHQY FRE 4¥Y 5 YR AR w——————————
S olgEN oz ANZ T FRE FUFOIA ay
7 bR ) ABol FAHAG. AMZ A2do] (©
shjel 24 zasllN Agsa Ase] 8Sd BN pip g pMS AE A3 (a), B4Y A3 (), 183
Qol, o4 &E, B 459 50-200%8) A 28 AE N5 (0ol 9% AR A% 22BN 2
A HriEgle W A4 E(correct recognition F¢ nlzg FP) o i Fs AAZAE

AAEE, 250~350 fpm; HAbzel, 0.005~

rate) & SiteleIfon Z& P 2ol AL B 0.08 in.: ol¥4%, 0.004~0.01 ipr:

7t ALEAE g 84 2 ARE Bgo oY
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@Y FeE A AW A4E (1992.1249)

Table 1. A2E FF (a) & AHEHE W9 olzd 7 (D) & A8 o A4 NE2¥E A4 AR A5 g8, HARA: 2
A&E, 250-350 fpm; BAtgel, 0.02-0.06in.; ©1F4E, 0.004-0.01 ipr; MM 2§, RMS AE+force; A15Ag
W, 7th order 2 ch. AR; AMZ9 £ 512

a, (;%) a, (%) a, (%) a, (%)
mean std. dev. mean std. dev, mean std. dev. mean std. dev.
A, (1) | -0.928340 | 0.261238 | -0.022094 | 0.049240 | 0.316135 | 0.232237 | -0.366868 | 0.094736
A, Q2) 0.090204 | 0.233537 | 0.114028 | 0.036749 | -0.047512 | 0.375932 | 0.068259 | 0.075488
A, (3) [ -0.012559 | 0.040433 | -0.043969 [ 0.026511 | -0.440779 | 0.364739 { -0.036403 [ 0.044885
A.,(4) 0.003572 | 0.037760 | -0.103384 | 0.045574 | -0.412492 | 0.357541 | -0.159190 | 0. 052351
A
A
A

., (5) 0.024134 | 0.038682 | 0.009801 | 0.074435| 0.163601 | 0.262322 | 0.011854 | 0.020982
., (6) 0.029460 | 0.029769 | -0.032995 | 0.013667 | 0.064580 | 0.173366 | -0.050422 | 0.020921
A7) 1 -0.026428 | 0.023950 | -0.032995 | 0.013667 | 0.064580 | 0.173366 | -0.050442 [ 0.020921

a, (») a, (%) a, (%) a,, (¥
mean std. dev. mean std. dev. mean std. dev. mean std. dev.
A (D) | -1.546516 | 0.300210 | 0.121548 | 0.087703 | -0.683381 | 0.415407 | -1.109775 | 0.249590
A (2) 1.012368 | 0.218994 | -0.130371 | 0.122933 | 0.251499 | 0.541007 | 0.725152 | 0.190638
A (3) | -0.315251 | 0.121748 | 0.027993 | 0.073696 | 0.935547 | 0.413403 | -0.117039 | 0.123711
A, (4) 0.051784 | 0.085442 | -0.069901 | 0.058823 | -0.945381 | 0.351181 | -0.132764 | 0.065021
A (5 | -0.029258 | 0.040872 | 0.025929 | 0.013745 | 0.706437 | 0.331800 { 0.092737 | 0.051009
A, (6) 0.033704 | 0.046916 | -0.034317 | 0.035688 | -0.579266 { 0.393904 | -0.060372 | 0.043081
A (7) | -0.033376 | 0.024225 | -0.023933 | 0.024176 | 0.182669 | 0.138497 { 0.001391 | 0.028311
3 Zie ANRFHEFE A MA §¥(sensor *
fusion) 8| 82 Hel o .
AR 2N 8 Sgol HLgPe] WE 2€ 2 011 Fresh Tool .
A F89 d7t a8 84 vt Atk SgdAe A 5
2 FT0 9% VEYAY 2UYE 0.1, ujry. s ™
37 o MEQad gagez 0.9, ez 4§
A% (decision making) & 93 UEHa 289 UA 011
% (threshold value) & 0.58 ZtZ+ HAdlo Ax & -0 7 Worn Tool
AoA VIEQAY Zdglo] 0.50l8l0ld A} FTE, 7
282 0.50401d thzg FTE BASES s, TR T A T w w m we w

o ¥ dad WAE RASE AamelE Y47} et
. Ee 18 8ge Toauation 2 oae  TES FEHEAN 33 HEEY 29 ex 49
2¢ 4 ) WRolth 19 BN Aol AZE W A WEAIY AFAY WA %A SN
£ VIENZE $HY 2d] BEAY WS Adg ¥ Bel Foh Sgo] AR B EE FAY YA
Ao 2Ey vENZY WE 8¢ AYYEM ¢ At ZUs) BER O4E lesn daeyd
MEY QI9/29 BAE TAhsimulation) s Bel SN ZRELh AN AFAG GANY &)
me gde BEAN QPS FEUA UG Ag Ab £ dPY 4 454 2 9% A A%
% & 40 3 9% ANZ &R B9 gewge A% WA Rkkos A4 uhd Wik 99
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7% - 714

Asd o8] ARHEYY aRo|= ¥t EEAH
of o]2x GEE AFs) Muxojol fict. 23 107
11& 71528 dARY 27|38 A% @5 ¥7t
ofgA 28 249 £¥d JF& vAeAE Rd £
ot WEYIRY Qo 2¥Y av)sl BF [
el glenz 71FA9 gAXY X7z HHYE 1=
AAPL o EAE oA g3 29 458 2%
o} 13 12 848 (learning rate), 79 28 23}
£Ed 9P 9¥L HAFEg mE £FEE JdAMe
2 g0l AgH 0L AT UF & £x= 7=2.0
ASoM BE ANY 2 2T (off set) & 1AL
+ ok |

£ 20ME WEAAZS) Y48 £l GE du}
Jent Q. AgelM 4@ 539 2707} 264 6%
o Flage 2 Wiyl gdoey 1 oo F7HA
719 283 Y Z2HE MAK E 38 FT iR
A A 2" Ao eudRo wE Ll wiEl o
A Wal=Ag B9 o 243 =& x£a HEd
e A4 EY 2 Wie oy &YF w29 =
A7k 670 olold 235 Ao d8E A%

‘l ) » - ) - i - .- ’ l‘. (L]
Number of iterations

Number of iterations
Fig.9 Skaa3olA 35 HAEE savig (7h5x, 7t

39 3
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Number of iterations

Fig. 12 8ol st55Y 3% HAEEY 28 o4
Ty e Y

olgizt 2SR RE Z 7Y dEH g2 xAY
2% x=8 2 2 32719 YEYaE o dFA
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g=xPL ey A9A A4E (1992.129)

1 JESIBAY 98 =, 419 7 =5, 1719
28 REZ ZE 353 YEYI ERE AP A5
Aqg F YT 2 oo R UEHAE A HE 2
A5 F4E AL ¢ Ak wdeA 6-4-1 MEY
a7 2 Q7N Ayt

Table 2. Al Al299) A5d g UEHzaRY Jd
o} 94y dHMY Az FALE
fpm; A&Zol, 0.04in.; ol%EE, 0.007
AR HrlolAe HAZRA: A4EE,  250-350
fpm; FAkzol, 0.02-0.066 in.; OlFEE,
0.004-0.01 ipr; AA 2%, RMS AE+force;
A&zl W, 7th order 2 ch. AR; AE9
F, 512

Input Feature Dimension 2 4 ] 8 10
RAA A/FAY G5 (371/400[379/400(387/400{329/400{291/400

22}
350
ipr.

Table 3. 74l Al2g9 4Fd td F7F == x4

Y. SgolM) WAz BAEE, 350 fpm

Table 4. Z& H4 ZASONM ST Hrpt ojFoR g
o ol A old UiE Al AAHY A%
4T gGrlolAe Fazg  AA4E, 350 fpm;
AAtzlol, 0.005-0.08in. ; ol$&E, 0.007 ipr:
AAN 2%, RMS AE+force; ATHz why,
7th order 2 ch. AR; 4Z9 = 512

Depth of Cut fin} | 0.005 1 0.010.020.04)0.060.08
AN G4/3X8 94| 184/200 (193/200200/2000157/200260/200800720

" Table 5. 22 AN zAsA dgd Hrvp ojFoqH
o oz WA golo] g A Aam ’S"‘
g3 HrloAe AARA BALE, 350 fpm:
Aaziel, 0.04in.; ol$4E, 0.004-0.01 ipr;
AN 2%, RMS AE+force: A3Ha uhy,
7th order 2 ch. AR; 439 % 512

Feed Rate (in/rev) 0.001 | 0.004 | 0.007
Ao B4/FA8 34 | 196/200 | 200/200 | 200/200

Table 6. Z& A zAsIIA g3 Hrll o] FoRAE

Hatzlol, 0.04in.: o1%4E, 0.007 ipr. AA o o B4 gold dF HA A 4T
Brl M9 BAaxA *“i]’ =, 250-350 fpm: eige s %7}°ﬂ’*1—4 BAZA L BAEE 250-350
AAkzlol, (.02-0.066 in.: o}44%E, 0.004-0.01 fpm; Aazlel, (.04in.; ©)$&E. 0.007 ipr:
ipr; AA Z§, RMS AE+force: ANsza) 9 AMA ZF, RMS AE+force: Alzxlal dhy,
W 7th order 2 ch. AR: AZg 4 512 7th order 2 ch. AR: HZY F 512
Xumber of Hidden Units | 2 4 6 g8 | 10 Cutting Speed (ft/min) 250 350
A4 J/3A8 A [376/400(367/400(386/400[380/400(363/400 oA g/EAY 35 200/200 200/200

1424 o A]._g_% Alh 24/5}174
ARsl7] iAo BA zAslA Al
2EG A7t B 4-69 vept ek
s Ag 44 zdsldM O $48 45&
€ ¢ F Utk E AGH 44 MM 2e H
Z70] ALEETHE W2 WA HA zhdd ZH §
Bgoy, JEQArt shiel AdAb 278
o o z8A SRHEHUE
£ WA ASE A 219 B F
7ol we ozt wopmn. Y & T9M Ee
Ay A 2A8F A& T ' AH B4 2N
@l HEEE VEYIE FFAHRH Hale A
427 Mg B dEiME $48 45E &
T U
E 82 3AAMZFd 27) AN 7tF Zgo] Yoz
AgE L 220d AR Edo] AZAHIYYHOE AR S
W A A& HeE B Eo 3" 4-69 AT
FH AN A5 F e AAMY AE-EAE 29
ol 712 £ 4%& Jehdn. 3 o& QALY

ZIA] Al AHo]

o 1o
o

oE
ox X
o]r Mm

o e
o
1
lo
) HU

> o

2 4y 4
,;

14/\

R

o ox f
idpd
inon

flo

o 7

ro,
)

pu 3

o

33

Table 7. dHgolAe] "4 zA9 o) WE 7] AAH9
A5 Hsl ags HrlaMe HARA: BAL
5, 250-350 fpm; Z4kzlol, 0.02-0.04in.; °l%
&%, 0.004-0.01 ipr.; AA iAo Haz
A A44E 250-350 fpm: F4gle), 0.02-0.06
in.. ol$&%, 0.004-0.01 ipr:dA 2§, RMS
AE+force: Al3xg] whd, 7th order 2 ch.
AR; 4E9Y £ 512

Number of Cutting Conditions for Training | 1 3 5

B4 44/348 5 191/200198/200£00/200

Table 8. 2] HA zFsllMY ZA A28 45 o
oMo HAZRA: A4y, 250-350 fpm: H4Aty
o], 0.02-0.04in.; ©)%4%, 0.004-0.01 ipr.:
A FrioiMeg =EARA: BALRE, 250-350
fpm: Z4zel, 0.02-0.06 in.: olF&E, 0.004
-0.01 ipr; Al&Azg] whd, T7th order 2 ch.
AR: HE9 £, 512

Sensor
Combination

RMS AE
+Force

RMS AE
+Current

Force™
+Current

B4 A7/FAY B | 392/400 | 294/400 | 2497400




H7% - HAY

H(74 249 AR ¥d, 3% 3¢ AR Eg, €l
By B9 AdEy UE)E ALY o dE 489
a7l ¥ 9o ueht gk 9= HF 39 2¥EY
U5 PP 5L g AR 2EET 25E ¢
F A0 o Z FHg YEEE PP 39 Ad9E
Y U7 EYIGM E3(saturation) 7} Lo}A)
%t 339 WeE 44 goluy] niEe dFARF
2Rl H&A (local equilibrium) 02 FHsl= AF
WEolth. wetA, ol AL A4 IR AAF /2
g BAEZ BAE £ g4 "o diee] oAd AR
APz 2dg AEUE o W A4z FHAM 95
% oY ¢33 AHJUAES EJT. F 102 4F
A9 A Ao i dFe 2Adck Aol 4E
9 &9 F7lo] wel dAEA FoAA & ¢
+ A oI 512 L 256 HEo] 1024 T2 T
2o AZRD AEAY SFHdA AA S8 o A
=

uiRjgte g § 112 ¢ #A AolE8F 4£8HE A
Zve zZzel AzAe] e disld Jehfn Qi
AR 249 249 Ade] 471 718 gt 484
75 ggA F7lsked B aToA PsE dddre
Hd 1.627 288%0=d ole YeME A3 vt
Zo] 79 nr ZNE HdM e FEI] B ATL
2 AN 289 YoiH ¥ EZAlZF HA g ad
U} DACA Re¥d @ 459 A/D EHEHE A
BogM, T AR AFgPL Feheu EFHIAPE
{blockwise processing method) A &gy
(adaptive processing method) & AE&FOEZH F
ZAl AlelE9 48X BEE 5 Ye Ao, E
F 8Z %o 977 APy Y& sl=golz 7Ed
AlA3 29 (neural network chip) & AHg3oid AX
Eglo]2 ®Al(simulation) sH= Rl BlsiA g3t o
geldle] £88& A7 UF 29 & U4& Aot

7.4 &

of ATIME AAIEE UB ANT BT vhE
A A2gY FRE AT 1 A5 A,
¥ Q72 ¥e oe% 2o BESL £2T 4 AR
() oI AR 293 9F 439203 HHES)
g A8sH T7Y Aol @ gdel ¥ade
03 A4 429 B3¢ geAUoEA 3T AR

Table 9. A5x4 wid g #A A2"d A5 &
Mol AazA: BAEE 350 fpm; Hakgo],
0.04in.; o14<%, 0.007 ipr. AR HrldMg
B4z 244E,  250-350 fpm; EARo],
0.02-0.06 in.; ol$%£E, 0.004-0.01 ipr; A
%%, RMS AE+force; AZ9 4, 512

Signal Processing | 7th Order | 3rd Order| FFT
Method 2 Ch. AR[3Ch. AR

A4 A3/3A8 | 392/400 | 294/400 | 249/400

Table 10. 4F £39 7z A28 Ago o Y
e oAl HAzA FAEE 350
fpm; Aatgle], 0.04in.; ol¥&E, 0.007
ipr. AR HrlNY BAZRA: AAEE, 250-
350 fpm: 2BAZol, 0.02-0.06 in.; ol4$&E,
0.004-0.01 ipr; MM 2§, RMS AE+force.
MNzAz 9y, 7th order 2 ch. AR; ¥Z9
£ 512

Number of Samples 256 512 1024
o4 34/%A18 B4 | 752/800 | 759/800 | 760/800

Table 11. & ZA AR1FF 428A7L HAE9 F=5]2

Signal Processing Method One Detection Cycle
7th order 2 Ch AR 1. 60 sec
5th order 2 Ch AR 1.27 sec
3th order 2 Ch AR 0.98 sec
3th order 3 Ch AR 1. 45 sec
Power Spectrum 1. 15 sec

o] A#el 77 hedel AFHAG AP
o2 g ZA s oA BA A2HY AIEE
244 3e Ao AR A2 FTH vjnF
2 1m9 29 ulZ(flank wear)E /IR FEE
BEle) AEE Rsted AgE FF R A
AN2EL 90% ol4e AlsEE Hlch
@) Agg FT opE A xR ARz EEe] ot
3} (generalization) 54 w&o] BAz7AY Wil
e ZErt RolM o st BAZY SleA 3
FHJIE WL HARA sA M Ao] 7}
Q0. oEd S4L 1yE FF uE
YES Aggshed M & AEQ A4 8%
Mgl B ARE A YR A& M
Ci=s
ARZEge] Aysx HeueEg I otE 7
A Az" e AFY Ao EBE slolA ZFATN7]
Qi 2 MA=ojop gt MM vlad
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