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Detection of Tool Flute Breakage in End Milling
Using Feed-Motor Current Signatures

Xiaoli Li

Abstract—In this paper, an effective algorithm based on
improved time-domain averaging is proposed to detect tool flute
breakage during end milling using feed-motor current signatures.
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|. INTRODUCTION | . I:I
HE END milling is a multipoint cutting operation that is
well suited for the machining of thin-wall sections, slot-

ting, as well as contouring, so as to be widely employed in au-
tomobile, aircraft, and military industries. The successful appli-
cation of tool breakage detection to end milling not only ensurE§ 1
high quality parts, but also safeguards the machining system. For
the end milling, the tool breakage is divided into primarily twdelationships between secondary machining parameters and cut-
types: shank breakage and flute breakage. The shank breaka§Bgorce, so as to enable researchers to prove their tool moni-
one of the most severe forms for tool failure, which is readily eioring strategies prior to implementing them on-line. However,
dent from the cutting force, motor current, and acoustic emissid#e Physical characteristics of the dynamometer mounted on the
(AE) signatures. The flute breakage, on the other hand, may\ﬁgrktable seriously limit the physical size of the workpiece, on
subtle in nature so as to be undetected for a period of time. N§¥ other hand, mounted in on the tool holder interrupts the
that the undetected flute breakage not only increases the pofg}ange of cuiting tools, and the cost of the dynamometer is
tial for further tool damage, but also affects the surface finish ¥y high. Additionally, the cutting force-based methods often
the machined parts. Real time response to flute breakage dufigguire complex signal processing techniques, like high-order
end milling may prevent the workpiece and machining systefi'e series models, and FFT, as well as time-frequency anal-
from becoming excessively damaged. Research to date has Mﬁjﬁ, which re_sult _in a hindrance to real time application due to
sented four main approaches to detect tool flute breakage for thé computation time. _
end milling [15], shown in Fig. 1. Cutting force and AE-based Acoustic emission (AE), is avery high frequency stress wave,
techniques [21], however, are two primary methods. generated when deformation occurs when metals are cut or frac-
Significant research has been done on cutting force-based tgd, which is linked to the plastic deformation process occur-
flute breakage detection [1]—[4], [16]. The technique is depeﬁ'ng during chip formation due to the interaction between the
dent upon the instantaneous load applied to the cutter and had¥REkpiece and cutting tool. Experimental results showed that
advantage of being easily modeled. Cutting force measuremé@fge AE bursts are generated at the instance of tool breakage.
are commonly taken using a dynamometer mounted on a nased on the phenomena, AE signal has been very successful
chining worktable, or a mounted tool holder during machinindf? its application to tool breakage monitoring in signal-point
The dynamometer is an essential tool for experimental workutting, like turning operations [5]-[8]. Its application to the
and has been proved a very successful tool in establishing in@d milling, however, has been less straightforward. One is that,
the end milling process is interrupted cutting operations, pulse
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veloped a liquid-coupled sensor system, mounted on the endadifereX p(t) is the period term, i.eX,(t) = X, (¢+T1); Xn(t)
spindle, for collecting AE signals derived from cutter througFs the random repetitive termy¢) is the residual term not time-
tool holder; Li and Yuan [10] also developed a simple device féocked to a basic period..

collecting AE signals from tool holder through magnetofliud. TDA, which is based on the averaging of points one period
The fixed simple devices all alter the structure of machine toddpart, is widely used to extract the sigdél(¢) from the com-
more or less, and how to let these devices work effectively alpound signalX (¢). TDA is computed as

is not very easy during its application processing. Furthermore, -
AE signals are highly dependent upon cutting condmons anpr(j) _ 1 X(j + kM), j=1,2,....M (2
tool and workpiece material/geometry, so as to require trial cuts P

in order to determine a proper threshold value. Accordingly,

AE-based flute breakage monitoring leads to missed breakdyeere X P(j) denotes the average over periods of thejth
events and excessive false alarms during end milling. sample in the period) is the number of samples per period

Spindle or feed-motor current-based tool breakage mo?dX is the analyzed signal.
itoring systems have been presented in the end millingA general description of the randoain(¢), could be based
operations for overcoming the disadvantages of cutting for€8 the following expression
gntdmAeESt;?iseeSdarSte)trr;ods [;8], [22]. In [11], authors 'developed Xo(t) = g(H)X() 3)

gressive model to analyze spindle motor
current and the difference between the actual current and thmfereXr(t) denotes a continuous random process of no ob-
predicted by the model, the residual, was then used as an indbus time pattern, ang(t) is a deterministic period function
cation of tool breakage during the end milling. In [12], Altintasf period7’, i.e., gr(t) = gr(t +T).
proposed a tool breakage monitoring strategy using the indirecBased on above analysis, they presented a formal approach
cutting force estimated by dc motor current measurement.féy analyzing repetitive signal. Denoting the signal&g), one
similar method is developed in [13] to monitor the ac motahay define the two dimensional matrix
currents of feed drive system, a first order autoregressive model )
of the motor current provides an indication of tool breakage S5, k) = X[j + kM], {‘7 =12.... M (4)
using an analysis of the difference between the predicted and k=0,2..., P
actuel motor current. Whilst,'the paper also presented a secqfi averages of the dimensional vectorS§, k) are defined
monitoring index and cutter insert self-comparing to make thg the periodic component »(5), i.e.,
system less sensitive to cutter runout.

This paper applies improved time-domain averaging to con- ) 1 )
struct a new algorithm to detect flute breakage during the end Xp(j) = P 5@, k). ®)
milling through the feed-motor current signals. The proposed 0
detection system demonstrated by the experiments can meeffthe time domain average is extended to the entire data sets is
following general requirements: reliable detection of tool fail- ) ) )
ures; real time application; independent upon the cutting con- Xp() = Xp(i — M), i=M+1,....PM (6)
ditions and tool/workpiece material; insensitive to the changgg the residual at each point in the data set is calculated as
of cutting conditions; and, low incidence of false alarms. These
experiments included the entry/exit cuts, flute breakage during Xg(7) = X(j) — Xp(4), 1=1,2 ..., PM. (7)
steady-state cutting, flute breakage on entry/exit cut, and the ef-
fects of cutting parameters.
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I1l. FLUTE BREAKAGE DETECTION ALGORITHM

[I. TIME-DOMAIN AVERAGING The end milling processing exhibits a period generation
For repetitive signals resulting from rotating machines (ﬂrlechanism, perturbed by the spindle speed variations, the tool

some alternating mechanism, two processing methods hg\ggditions_, and the_ effects of c_h_ips [17]_' The id_eal_ feed-m_otor
been extensively used: spectral analysis and time-domghrent signal during end milling varies periodically with

averaging (TDA). The first one is usually intended to detef€duency. which is equal to the product of spindle rotational
frequency and the number of cutting edges (flutes). A schematic

periodicities related to the main period, i.e., to obtain th X - 9= , S
harmonic components of the repetitive signals. The second dii&strating the end milling processing is provided in Fig. 2 [4].
filters out a periodic signal time-locked to such a period, i.e., {§ Order to present an effective algorithm for detecting tool flute
obtain the period components of the repetitive signal. breakage, we fII_’St have_ to analyze_ the chan_ges of feed-motor
Braun and Seth first presented TDA to process the sign&iTent signal with the different cutting conditions.

with repetitive component [14]. The method can decompoie
the signals into repetitive and residual components, and the ) . ] ]
repetitive signals are again decomposed into truly periodic and™19- 3(&) displays a feed-motor current signal without cutting

random components. The decomposition of a sighdk), is |0ad at the feed speed of 120 mm/min. The motor current con-
described by the following: sumed mainly overcomes the viscous damping of feed system

and friction of mechanical system. The feed-motor current sig-
X(t) = X,(t) + Xn(t) + n(t) (1) nals are wave because of the different of the friction coefficients

Analysis of the Feed-Motor Current Signals



LI: DETECTION OF TOOL FLUTE BREAKAGE IN END MILLING

N\

N\

_

rP Y
Spindle X
rotation, N, l

N

Radial depth

%._ :

Axial depth
of cut, d,

_

NN\

Table
feed, VI

Fig. 2.

lllustration of end milling process.

493

Fig. 4. Tool flute breakage for end milling (cutter diameter: 8 mm, cutter
flute 4).

change in the feed-motor current signature occurs, in general,

due to two phenomena. One is that following tool fracture; the
broken flute encounters a reduced or negligible chip load, while
the other flutes must absorb an increased chip load for compen-
sating for the broken flute. The other phenomenon is that frac-
ture tool material becomes “jammed” between the workpiece
and subsequent flutes, thus greatly increases the cutting force
[15], i.e., also increasing the feed-motor current. For both of
these occurrences, the feed-motor current with flute breakage
will be greater in oscillation than that without flute breakage.

€

n
T

-

\/\/\f/\/\/w/\/\/\/\/\[\/\/\:

0.12

o

0.06 0.08 01
Time {sec)

@

0.02 0.04

Amp. of feed-motor current (A)
o

B. Algorithm of TDA

In this paper, the time-domain averaging (TDA) method is
used to decompose the compound repeated signal, feed-motor
current in end millingX (¢), into a periodic componenk P(z),
and a residual component R(z), i.e.
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X)) = Xp(i) + Xr(4), t=1,2,..., N (8)
whereN is the length of the signals. For the feed-motor current
generated during end milling under the bandwidth of the feed
drive system, the frequency is equal to the reciprocal of the tooth
passing frequency, such thatp = NNV, /60, whereN; is
the number of cutting flutesy; is the cutter rotational speed
in r/min (rpm). Given the sampling frequengy, the number
pye of data points per period i/ = f,/fp. Thus the number of
Time (sec) periods contained in a complete sample dat®is: N/M.
(© At corresponding times within each period, the periodic com-
Fig. 3. Feed-motor current signals in end milling with different cuttingPonentXP is computed as the average of the values obtained at

conditions. Tool/workpiece material: HSS/45# steel; spindle speed: 600 rpthat temporal position in every period contained in the sample
radial depth of cut: 2 mm; axial depth of cut: 4 mm; feed speed: 120 mm/miggta set is

cutter diameter: 8 mm; cutter flute: 4. (a) Without cutting load. (b) Normal

cutting condition. (c) One flute breakage condition. r—1
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X(G+EM), j=1,2...,M (9

on different position. When the end mill is normal condition, k=0

without flute breakage, the variation of motor current is similar . ) .
to a regular periodic signal; this is shown in Fig. 3(b) that, th"€ rest of period componentp (i) and X (i) are calculated

the eye, shows about 5 cycles during a sampling time of 0.002%(6) and (7). The residual at each ponit represents the variation
resulting in a computed period of 0.025 s. This is equal to +194 the observed feed-motor current signal relative to a uniform

theoretical period of 0.025 s corresponding to a four-flute cuttBFrodic signal.
rotating at 600 rpm. Under the steady-state cutting, the pattern )
of feed-motor current signal is similar to that of feed cuttin§- 'MProved TDA Algorithm

force, the conclusion has been verified in [13]. The regular peri- In general, theM in (9) is not an integer, so that we use the
odic signals of motor current, however, is interrupted when tlieunding function to process that, i.84 = round(f,/fp), re-
cutter occurs a flute breakage, this is shown in Fig. 3(c), and thalts in thatfp is not equal tof, /M, andAT =T, — M/f,,
figure of tool flute breakage is shown in Fig. 4. The dramatias called the period cutting errors, whétgis the period of the
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Fig.5. The attenuation coefficients for different averaging period. (a) Original
TDA. (b) Improved TDA.
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interesting components. The influence of the period cutting er-
rors should be analyzed before the use of the algorithm. Taking

Amp. of residual component (A)
(=]

. : ! Time (sec)
Z-transforms for (9), the corresponding transferring function, e e
H(f), is the following relation: ©
Fig. 6. The residual components of feed-motor current signals. (a) Without
1| . [/=«nPf fS cutting load. (b) With cutting load. (c) With a tool flute breakage.
|H(f)| = = |sin round
r s r
. (nf fS in the number of averaging periods, the attenuation coefficients
ST round I (10) are basically kept unchanged. In the improved algorithm, the in-

. _ o _ _ fluence of the period cutting error on the decomposed results is
|H(fpr)| is the attenuation coefficient of the interesting compasically controlled.

ponent at its basic frequengy. Fig. 5(a) shows that attenuation
coefficients for different averaging period when we use the db. Monitoring Feature

rect TDA to extract 60 Hz components from a time series with 1 Using the improved TDA algorithm TDA to decomposing
kHz sampling frequency. Interm; ofthe results "?‘bo"e conclusi feed-motor current signals provided in Fig. 3, the results
may be made: the more the periods of averaging, the larger & shown in Fig. 6. Fig. 6(a) is the residual components of

atttetz_nuanon. ;herekf;orde_, v;ihentaklngt]hala][fget\_/al‘aa;he pfe_lt:gg : eed-motor current signals without cutting load; Fig. 6(b) is
cutting error has a bad Infiluence on the etiectiveness o ' “the residual components of feed-motor current signals under

approach fall msepargtmgthe reqwreq componentou'F. steady-state cutting; and Fig. 6(c) displays the residual com-
. To overcome the @sadvantagg of direct TDA mgntloned %%nents of feed-motor current signals with a flute breakage. It
improved algorithm is presented in [19], as shown in is found that the amplitude of residual component fluctuates
= severely when the cutter occurs flute breakage by comparing
=5 Z x(j+m;), j=(P-1),...,mp (11) Fig. 6(a) and (b) with (c). In this paper, therefore, the mean of

i=1 residual componentsX p, of the feed-motor current generated
during end milling is used as a feature of tool flute breakage de-

wherem; = round(¢M). Taking Z-transforms for (11), the tection. It can be calculated by the following:

corresponding transferring function shows as follows:

Seo(pfoma(L)) 02 gy (pE o). o

1

H( =3

i=0 g

Fig. 5(b) shows that the attenuation coefficients for different
averaging period when we use the improved algorithm to extrdct Detection of Tool Flute Breakage
60 Hz components from a time series with 1000-Hz sampling To eliminate the effects of unexpected noise, a median filter is
frequency. In terms of the results above, we may make a difsed to process the monitoring feature series before it is applied
ferent conclusion from the transitional TDA: with the increasw® detect the tool flute breakage during end milling. Then, the
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rest of problem is how to set up a threshold to detect the tool flute Hall effect
breakage, based on the monitoring feature se¥igs:), for the ourtent sensor
real time monitoring system. Considering the effects of changes
of cutting conditions, a float threshold is designed to detect the
flute breakage based on the monitoring feature series during end
milling in this paper. The calculation of the float threshold is
given by

A/D Converter

|
\/

,/(1,’} +I5+12)13

I:ms \/

ITDA
Decomposation

whereM is the number of the selected monitoring feature series \/
andc is the specified risk coefficient for determining “detection
limit.” Interms ofthe real time requirements of the flute breakage components: X,
detection, the number of the selected monitoring feature series l

does not admitted to be a large value. In this paper itis selected to TTDA deviation:
be three. The risk coefficiertis associated with the concluding

Feed motor

Low-passed

M
, 1 .
FI() =\ 47 d Xp(i—j+1)|(1+) (14) filters (50 Hz)
j=1

D
that a flute breakage has occurred. A very large valuecfor 1
produces wide detection limits, which makes the identification
strategy less sensitive allowing actual flute breakages to go Median filter
undetected. A very small value foron the other hand, produces i

narrow detection limits, which results in a large number of flute
breakage false alarms. In practice, a valghould be selected
based on the consequences of failing to detect flute breakage
[20]. Forthe purpose of this paper, avaluefof 0.65is selected.

\/
Decision-making

for tool condition

IV. EXPERIMENTAL PROCEDURE Fig. 7. Experimental set-up.

'_A‘l_l experiments were performed on a CNC Vertical Maz it 1o steady-state cut and from steady-state cut to exit cut, re-
chining Centre (Mazak AJV 25/405) with the ac permanehq tively. Whilst can be seen from the steady-state phase of the
magnet synchronous motors. The experimental set Up iSasy motor current signal, a high degree of runout is presented
shown in Fig. 7. Three current sensors (Hall Effect Currefil the end milling processing as well as a high level of noise.
Transducer, Stock no. 286-327) are used to measure H]S 8(b) and (d) shows a plot of the processed feed-motor current
3-phases currents of f_eed-mot[zf, Iy, andly, and through g5\ corresponding to the float thresholds in Fig. 8(a) and (c),
a low-passed (50 Hz) filter, respectively. The root mean Squa]’?—.gspectively. As can be seen from the figures, all of the processed
(rms) of feed-motor current,...., can be calculated by (15), feed-motor current signals are well under the detection limits,

L 5 5 thus demonstrating thebustnessf the algorithm to entry, exit,
Lrms = \/5 TG + I + Iy )- (15) runout, and noise sources in the feed-motor current signal.

This method, which is very simple and widely used in the ins : .
dustry, uses the rms value for converting the ac current to :E'e Flute Breakage During Steady-State Cutting
equivalent dc current. In this case, the flute breakage occurred during the steady-
A set of experiments was performed so as to test the reliabil{ate cutting. The feed-motor current signals for this case are
of flute detection algorithm under actual cutting conditionghown in Fig. 9(a), the breakage event occurred in the row cur-
These tests included entry/exit cuts, flute breakage durif@t signal at the 1.15 s, one flute of cutting tools is broken
steady-state cutting, changed cutting parameters; and fl{the event. The unusually high degree of runout occurred in
breakage on entry/exit cuts. All of the tests were performé@is system, as only three of the four flutes were performing
under dry conditions in down milling mode, the samplingssentially all of the cuttings. Fig. 9(b) shows the results ob-
frequency was set as 1 kHz. Additionally, the maximum toofigined by the flute breakage detection algorithm, the processed
frequency used in the tests should be less than 67 Hz, tf§gd-motor current exceeds the float threshold atthe 1.25 s. The
is determined by the bandwidth of feed servo system. THElay time for 0.10 s is resulted by the detection algorithm. The

tool/work piece material was selected as HS%/4feel. algorithm can detect the flute breakage successfully. In terms of
the practical test, the monitoring system needs to take a 0.275 s

V. EXPERIMENTAL RESULTS to identify the toql flute breakage, the t.ime rgfers to the collgc—

) tions of current signals to the alarms, including the calculation

A. Entry/Exit Cut time of algorithm, and the delay time resulted by the algorithm.

The insensitivity of the algorithm to entry/exit cut is demonNote that the computer usedrél, CUP 433 MHz. Clearly, the
strated by following test. Fig. 8(a) and (c) show a plot of feedimes can meet the need of the practical application for moni-
motor current signals with the two distinct changes: from enttgring tool flute breakage during end milling.
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Fig. 8. Entry/exit cut test in end milling. Tool/workpiece material: HSS/45# steel; spindle speed: 900 rpm; radial depth of cut: 2 mm; axial deptimohcu

feed speed: 120 mm/min; cutter diameter: 8 mm; cutter flute: 4. (a) Feed-motor current signal with entry cut. (b) Processed result of entry dunhdmrFee
current signal with exit cut. (d) Processed result of exit cut.
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Fig. 9. Flute breakage during the steady-state end milling. Tool/workpiece material: HSS/45# steel; spindle speed: 600 rpm; radial depth of axifl4 mm

depth of cut: 4 mm; feed speed: 120 mm/min; cutter diameter: 8 mm; cutter flute: 4. (a) Feed-motor current signal with flute breakage. (b) Pratessedres
flute breakage.
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Fig. 10. Flute breakage on entry cut. Tool/workpiece material: HSS/45# steel; spindle speed: 600 rpm; radial depth of cut: 4 mm; axial depth gffeed 4 mm

speed: 90 mm/min; cutter diameter: 6 mm,; cutter flute: 4. (a) Feed-motor current signal with flute breakage on entry cut. (b) the processedmedlits of o
breakage.

C. Flute Breakage on Entry/Exit Cut the cutting tools are broken for the event, the processed results
The tests come on conforming the ability of the detection & the feed-motor current signals is shown in Fig. 11(b). For
gorithm to quickly and reliably detect flute breakage during ed#® tWo cases, the flute breakage can be successfully detected
milling. The flute breakage of some cutters in end milling us(Y the detection algorithm through the comparison between the

ally occurs on entry/exit cut. Fig. 10(a) is a plot of the feed?rocessed current signals and the float threshold.

motor current signals when cutter entries in the workpiece, as )

well as the cutter, occurs one flute breakage. The result of d&- Effect of Cutting Parameters

tection algorithm is shown in Fig. 10(b). Fig. 11(a) is plot of An effective algorithm for detecting flute breakage in end
the cutter broken upon exit from the workpeice, two flutes afilling also should be insensitive to the changes of the cut-
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Fig. 11. Flute breakage on exit cut. Tool/workpiece material: HSS/45# steel; spindle speed: 600 rpm; radial depth of cut: 2 mm; axial depth of fagd4 mm;

speed: 120 mm/min; cutter diameter: 6 mm,; cutter flute: 4. (a) Feed-motor current signal with flute breakage on exit cut. (b) The processedve flulissof t
breakage.
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Fig. 12. Feed-motor current signals when cutting workpiece with grooves. Tool/workpiece material: HSS/45# steel; spindle speed: 900 rppthrafi@itde
4 mm; axial depth of cut: 4 mm; feed speed: 120 mm/min; cutter diameter: 6 mm; cutter flute: 4. (a) Workpiece. (b) The processed results of thedag@rhotor
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Fig. 13. Feed-motor current signals when cutting irregular workpiece. Tool/workpiece material: HSS/45# steel; spindle speed: 900 rpmhraficaitdéptm;

axial depth of cut: 0-4 mm; feed speed of cut: 120 mm/min; cutter diameter: 6 mm,; cutter flute: 4. (a) Workpiece. (b) The processed results of tioe feed-mo
current.

o
o

ting parameters. Radial depth of cut and axial depth of cistinsensitive to the change of cutting parameters during end
in end milling is affected by the workpiece shape, like stemilling.

groove, and slope, and so on. The final tests are to verify theAccording to these test results, the algorithm presented for
insensitivity of the algorithm of flute breakage detection tdetecting flute breakage detection could have high robustness
the changes of cutting parameters for end milling. The typicahd effective ability to be applied to feed-motor current signals
workpieces, which results in changes of radial or axial depih real time for practical end milling.

of cut, are shown in Figs. 12(a) and 13(a). Some grooves with

different depth were on the surface of workpiece in Fig. 12(a),

these grooves result in the change of axial depth of cut during V1. CONCLUSIONS

end milling, thus the feed-motor current signals are not steadyin this paper, an algorithm for detecting flute breakage during
The processed result of the feed-motor current, however, is #hd milling, based on improved time-domain averaging, has
sensitive to these changes during end milling in Fig. 12(teen proposed using the feed-motor current signals. Firstly, the
Fig. 13(a) also is a typical workpieces, which are effective ipnproved time-domain averaging for analyzing repetitive sig-
the changes of cutting parameters, such as the axial depth of pais has been addressed and analyzed, and applied to analyze
The feed-motor current signals in the case are not steady, yetd-motor current signal derived from end milling. Secondly,
The processed result of the above feed-motor current is shosmeffective algorithm for detecting flute breakage has been pro-
in Fig. 13(b) correspondingly. From the results of Figs. 12(lposed, including the selection of monitoring feature and the es-
and 13(b), the monitoring feature of the feed-motor curretablishing of float threshold. The detection approach has been
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demonstrated to be effective in different cases through a set of3] Y. Altintas, “In-process detection of tool breakage’s using time series
experiments. Conclusion that may be made as a result of the

paper include:

1)

2)

3)

4)

5)

6)

[4]
The traditional algorithm of such direct TDA hides a
question of the period cutting error that has a large bad
influence on the decomposed results. In terms of the[s)
analysis results of experiments, if the number of aver-
aging period is selected as a large value, the influence ofy
period cutting error will lead that the decomposed results
are not at all useful.

The improved time-domain averaging (ITDA) can effec-
tively avoid the influence of the period cutting error, the
number of averaging period can be randomly selected as{8l
sociated with the requirements of experiments.

The detection strategy requires no trial cuts to establish g9]
float threshold limit as the algorithm detection criteria is
based on the variability of cutting parameters. 10]
The monitoring system based on the improved TDA anJ
the float threshold can rapidly detect the flute breakagé!ll
during end milling, only needing about 0.3 s before the
alarm indicates tool flute breakage. [12]
The detection system is robust to the effects of cut-
ting conditions full of variety, including the effects of 13
entry/exit cut, change of cutting parameters, and runout
in the feed-motor current signals. Particularly, the tool 14]
flute breakage during entry/exit cut could be detectecf
successfully, and the algorithm is insensitive to the[15]
runout, entry/exit cut, and change of axial or radial depth

of cut during end milling. [16]
Furthermore, the advantages of the monitoring system
by comparison with the others is a simple and inexpen-m
sive sensor, does not interrupt the cutting process, effeé-
tive algorithm, high robustness, and application to prac-
tical end milling in real time. Unlike the other works, the [18]
motor current is only used to estimate cutting force using

a model, and then the estimated cutting force is used t89]
detect tool conditions. In this paper, the feed-motor is di-
rectly applied to detect the tool flute breakage. Thereforejo)
the monitoring system based on the approach above is a
very simple and low-cost.

(71

(21]

Additionally, although all experiments were limited to end
milling operations, itis believed that the detection approach may

be applied equally well to other milling operations.

(22]
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