
Online detetion of the onset and ourrene ofmahine tool hatter in the milling proessR.P.H.Faassen1, E.J.J.Doppenberg2, N. van deWouw1, J.A.J.Oosterling2, H.Nijmeijer1
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2TNO Siene and Industry, P.O. Box 6235, 5600 HE Eindhoven, The NetherlandsAbstrat: Mahine tool hatter is a limiting fator for the performane and ef�ieny ofthe milling proess. In this paper, a method is presented to online detet hatter before ithas fully developed. Suh early online hatter detetion allows us to interfere in the proesssuh that the ourrene of hatter and marks on the workpiee are avoided. The methodan be applied using various sensors, however, the use of aelerometers is preferred forpratial reasons. The proposed detetion method is evidened by experimental tests.Keywords: Chatter, Experimentation, Detetion, Mahining1. INTRODUCTIONOne of the main goals in high-speed mahining is to maximise the material removal ratewhile maintaining a high quality level of the workpiee. The material removal rate isoften limited by the ourrene of hatter. This results in a heavy vibration of the tool.Furthermore, the tool and mahine wear out rapidly and a high level of noise is produed.Therefore, it is important to detet hatter in an early stage. If hatter an be deteted inan early stage, there is time to take measures against it, suh as hanging the mahiningonditions.Extensive researh has been performed on detetion of hatter. A ommonlyused sensor for hatter detetion is a mirophone, see e.g. [Shmitz et al., 2002℄. In[Delio et al., 1992℄, it is stated that the mirophone has the best properties to detet hat-ter. Furthermore it has been suggested to use fore sensors, [Landers and Ulsoy, 1998;Gradi²ek et al., 2002℄, aelerometers [Choi and Shin, 2003℄ andmonitor the spindle driveurrent [Soliman and Ismail, 1997℄.Apart from the different sensors used, a large variety of different signal proessingmethods has been suggested. Some examples inlude performing Fast Fourier Trans-forms (FFT) of the measured signal and �nding the highest peak [Smith and Delio, 1992;Liao and Young, 1996; Liang et al., 2004℄. In [Choi and Shin, 2003℄, the use of waveletsis suggested whereas the oherene in the resulting spetrum of two orthogonal aelera-tions is used as an indiator for hatter in [Li et al., 1997℄.However, a drawbak of these methods lies in the fat that with these methods hatteran only be deteted in high speed milling if it is already in an (almost) fully developed
∗ This researh is part of the TNO&TU/e projet Chatterontrol, whih is supported in part by Jabro Tools,Philips ETG, and Somateh. http://www.tno.nl/chattercontrol.
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Figure 1; Blok diagram of the milling proess.stage. Either the method used needs heavy hatter in order to detet it, or the method itselftakes so muh omputational time that hatter has beome fully grown before hatter isdeteted. In that ase, the workpiee is already damaged. Therefore, it is neessary todetet the onset of hatter in suh an early stage that no hatter marks are yet made onthe workpiee. This requires on the one hand, a lear measurement signal that inludesfeatures of hatter in an early stage and, on the other hand, a fast detetion algorithm.This paper desribes suh a method. Furthermore, the detetion method has beentested in various experiments using a wide range of sensors. This inludes displaement,aeleration and fore sensors and a mirophone. It was found that the method an beapplied using several of the above measurement signals in order to aurately detet theonset of hatter in an early stage. Furthermore, the method an also be used to identifywhether or not a ut is exhibiting hatter.The outline of the paper is as follows. In setion 2, a short bakground of the millingproess and hatter is presented. In setion 3, the detetion method is desribed. Insetion 4, the detetion method is applied on milling simulations and, in setion 5, theexperimental results are presented. Finally, in setion 6, onlusions are drawn.2. THE MILLING PROCESSIn �gure 1, a blok diagram of the milling proess is shown. The stati hip thikness hstatis a result of the prede�ned motion of the tool with respet to the workpiee. This hipthikness results via the utting proess (blok Cutting) in a fore F that ats on the tool.Interation of this fore with the spindle and tool dynamis (blok Machine) results in adynami displaement of the tool v whih is superimposed on the prede�ned tool motion.The blok Delay is due to the regenerative effet (see e.g. [Tlusty and Polaek, 1963;Faassen et al., 2003℄). Via trigonometri relations, the tool motion results in a dynamihip thikness hdyn, whih is added to the stati hip thikness.In the milling proess, the stati hip thikness is periodi. The movement of theutter v an therefore be desribed by a movement vp, whih is periodi with periodtime T = τ = 1

ft

= 60

zΩ
. Here, τ is the delay as mentioned in the blok Delay, z is thenumber of teeth on the utter and Ω the spindle speed in rpm. A perturbation on thatperiodi movement is denoted by vu. If no hatter ours, the periodi movement vp isan asymptotially stable solution of the set of delay differential equations desribing themilling proess and the perturbation vu tends to zero asymptotially. When the periodisolution loses its stability (e.g. with an inreasing axial depth-of-ut), in most ases a



seondaryHopf bifuration ours and in other ases a periodi doubling bifuration ours[Insperger et al., 2003℄. Thismeans that the original periodi solution vp beomes unstableand a new periodi motion with a different frequeny fc is superimposed on the originalperiodi solution. In the remainder of this paper we will all fc the basi hatter frequeny.For a Hopf bifuration, the frequeny of the new motion fc = fh is inommensurable tothe frequeny of the original solution ft. Hene, this results in a quasi-periodi motion ofthe tool. For the period doubling bifuration, the frequeny of the new motion fc = fpd isexatly half the frequeny of the original motion. Apart from the frequenies mentionedabove, also higher harmonis an our. Therefore, the following frequenies ourin the vibration signals [Insperger et al., 2003℄: the tooth passing exitation frequeny,
fTPE = kft, with k ∈ Z

+, and the damped natural frequeny of the tool, fd = fn

√

1 − ζ2,with fn the undamped natural frequeny of the tool and ζ the dimensionless damping. Inan unstable ut, the following frequenies an our additionally [Insperger et al., 2003℄:hatter frequenies due to the seondary Hopf bifuration:
fH = ±fh + kft, with k ∈ Z, (1)or hatter frequenies due to the period doubling bifuration:
fPD = fpd + kft = (k + 1

2
)ft, with k ∈ Z. (2)When hatter ours, the amplitudes of the frequenies related to fH (or in speial ases

fPD) inrease. Sine (1) and (2) represent a large set of disrete frequenies, one of thesefrequenies will generally lie lose to a natural frequeny of the mahine-tool system andwill onsequently be dominant in the vibration signals. This frequeny will be alledthe dominant hatter frequeny in the remainder of this paper. The goal of the detetionmethod is to online detet the rise of one of these hatter frequenies as soon as possible.3. DETECTIONIn an early stage of hatter, the energy at the hatter frequenies will be very smallompared to the energy at the tooth passing frequenies. Therefore, it is important to �lterthe measured signal in suh a way that the frequenies fTPE will be eliminated. This isdone by demodulation of the signal. This priniple will be illuminated for the ase of a�titious measured signal ξ(t) ontaining two sinusoids at frequenies f1 and f2 < 2f1:
ξ(t) = 2c1 cos(2πf1t + φ1) + 2c2 cos(2πf2t + φ2), (3)with c1,2 the respetive amplitudes and φ1,2 arbitrary phases. In this ase, it is assumedthat f1 is known and f2 is unknown. Multipliation of ξ(t)with cos(2πf1t) gives
ξ(t) cos(2πf1t) =c1 cos(4πf1t + φ1) + c2 cos

(

2π(f2 + f1)t + φ2

)

+ c1 cos(φ1) + c2 cos
(

2π(f2 − f1)t + φ2

)

.
(4)Clearly, this modulated signal ontains four frequenies, two of whih are the original fre-quenies shifted with f1 and two are shifted with−f1. The downward shifted frequeniesan easily be extrated using a lowpass �lter with ut-off frequeny f1. The spetrum ofthis demodulated and �ltered signal ontains two peaks, namely at frequeny zero and at
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Figure 2; Upper: simulation of the displaement in y diretion. Lower: detetion signal.frequeny |f1−f2|, whih we will all fp. Sine f1 is known and cos 2πfpt = cos−2πfpt,two possibilities for f2 exist: f2 = f1 +fp if f2 < f1 or f2 = f1−fp if f2 > f1. Referringto (1), fortunately in the milling proess the frequenies at fH an be built from bothequations with f1 = ft and f2 = fh, so it is not neessary to know whih of the two asesholds.When applying this demodulation in milling some extra �ltering is neessary. There-fore the following steps are performed: �rst, a ertain harmoni of the tooth pass frequeny
nft, with n ∈ N is hosen and a bandpass �lter is applied around this frequeny, wherethe size of the passband is ft. Seond, The demodulation is applied as desribed with
f1 = nft and a low-pass �lter with ut-off frequeny ft is applied to extrat the downwardshifted frequenies. Third, the zero frequeny omponent is �ltered with a high pass �lterwith a low ut off frequeny (typially 10-15 Hz). Now, only the frequeny fp = |f1−f2|is left in the signal. Finally, the absolute value is omputed and a low pass �lter withut-off frequeny 100 Hz is applied. The value for this ut-off frequeny is empiriallydetermined. In the remainder of this paper, the �nal resulting signal will be alled thedetetion signal.4. SIMULATION RESULTSA simulation of a full immersion ut at 30.000 rpm using the model of setion 2 and thedetetion algorithm is performed, where the axial depth of ut is inreased linearly in timein 10 seonds from 1 to 2 mm, whih results in hatter to our during the ut. Moredetails of themodel, inluding the parameters used, an be found in [Faassen et al., 2005℄†.The displaement of the tool normal to the feed diretion is used as the signal for hatterdetetion. The results are shown in �gure 2. Using a tight threshold for the amplitude ofthe detetion signal, hatter an be deteted at about 6.7 s, whereas it has only beomefully grown at about 6.8 s. Thus, in this ase the detetion method alarms 0.1 s beforehatter has fully developed. In 0.1 s, 15 mm of material has been ut in feed diretion.
† For simpliity, a irular tool path is assumed.
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(b) Shemati representation.Figure 3; The set-up. 1: Mirophone, 2: Aelerometers, 3: Eddy urrent sensors,4: Dynamometer, 5: Aelerometers, 6: Tool, 7: Workpiee, 8: Mounting devie,9: Spindle, 10: Toolholder, 11: Bed.5. EXPERIMENTAL RESULTS5.1. Set-upExperiments have been performed to test the detetion method in pratie. First, ex-periments have been performed on a Mikron HSM 700 milling mahine using a widerange of sensors. A piture of the milling mahine is shown in �gure 3a and the set-upis shematially depited in �gure 3b. The following sensors have been used: a miro-phone, aelerometers at the spindle housing in feed (x) and normal (y) diretion, eddyurrent sensors measuring the displaement of the tool in x and y diretion, a dynamome-ter measuring fores in x, y and axial (z) diretion and aelerometers mounted on thedynamometer measuring in x, y and z diretion. The tool used is a 10 mm diameter JH420utter with two teeth and the workpiee material is aluminium.5.2. Sensor hoieMeasurements are performed for a ut where the mill is rotating at 42.000 rpm. Theaxial depth of ut is 2 mm and the hip load is 0.15 mm/tooth. The radial depth of utis inreased from 4 to 6 mm, whih results in the ourrene of hatter during the ut.Due to a small eentriity not only the tooth passing frequeny an be seen from themeasured signals, but also the spindle speed itself and its higher harmonis. We willall these frequenies fRPM . This frequeny is exatly half the tooth passing frequenysine the tool has two teeth. This has as a onsequene that a possible period doublingbifuration will not be deteted sine these frequenies oinide with the spindle speedand orresponding higher-order spetral omponents. In �gure 4, a power spetral densityplot of the aeleration at the spindle bearing in y diretion is shown. As an be seen, dueto an eentriity in the spindle-toolholder-tool ombination, the basi hatter frequeny

fc = 96Hz is also added or subtrated from all fRPM instead of fTPE . Sine the dominanthatter frequeny lies around the third harmoni of the spindle speed, the hosen frequenyat whih the demodulation is performed is three times the spindle speed: f1 = 3 Ω

60
Hz.Normally, this information is not known a priori and several demodulation frequenies
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(d) Aeleration at the spindlebearing x
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(e) Aeleration at the spindlebearing y
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(f) SoundFigure 5; Detetion using various sensors.should be hosen, see also setion 5.3. In �gure 5, the detetion signal is presented forseveral sensors. At t = 0 the tool enters the ut. During the �rst part of the ut, no hatterours, whih results in a low value of the detetion signal. When hatter begins (around
t = 0.6 s), the amplitude of the hatter frequeny rises and thus, the value of the detetionsignal inreases rapidly. Just after t = 1 s, the tool leaves the ut. In all signals presentedhere, the inrease of the detetion signal at t = 0.6 s an be seen. However, the inreaseis relatively the largest in the displaement and aeleration signals. During the stablepart of the ut, these signals show the lowest noise level. When a threshold would be setjust above the maximum value of the signals of the �rst part, hatter is deteted 0.05 searlier when aeleration of displaement sensors are used ompared to fore or sound
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Figure 6; Detetion on the y displaement using the �rst four harmonis of the spindlespeed for demodulation.measurements. The inrease in the sound signal happens in two parts. This is due to theaousti environment in the milling age.A major drawbak of using eddy urrent sensors is the fat that a speial mountingdevie is neessary and that these sensors are quite expensive. Therefore, from a ombineddetetion performane and ost effetiveness point of view, an aelerometer moundednear the lower spindle bearing is preferable.5.3. Choie of the demodulation frequenyTheoretially, the hatter frequenies appear aording to (1). However, due to eentriityof the tool, the hatter frequenies appear at ±fc + fRPM , as an be seen in �gure 4. Forertain frequenies, the amplitude of the hatter frequeny is muh larger than for others.For instane, in �gure 4, the amplitude of the peak at 2200 Hz is 4.5·105 m2/s3 whereas theamplitude of the peak at 1500 Hz is only 52.1 m2/s3. This phenomenon an also be seenin the detetion method. In �gure 6, the detetion method is applied at four demodulationfrequenies, namely the �rst four harmonis of the spindle speed. From this �gure, it anbe onluded that demodulation around the seond harmoni does not allow us to detetthe hatter properly. Instead, it shows only two peaks when the tool enters and leaves theut. This is due to the fat that the seond harmoni of the spindle speed is equal to thetooth passing frequeny. The fourth harmoni also gives a peak at the tooth entrane sineit is equal to the seond harmoni of the tooth passing period. Therefore, it is better touse a higher harmoni of the spindle speed that does not oinide with a higher harmoniof the tooth passing frequeny. In this ase, the third harmoni of the spindle speed givesthe best results.Unfortunately, it an not be stated a priori whih harmoni gives the best information.



Therefore, it is preferred to have the detetion method working for different demodulationfrequenies in parallel. During the experiments, a DSpae system is used for onlinedetetion. Due to the omputational ef�ieny of the algorithm, it was possible to have thedetetion working online at a sampling frequeny of 20 kHz at four different demodulationfrequenies on two measurement signals (namely the aeleration and displaement in
y diretion). Furthermore, the atual spindle speed was diretly measured from themahine ontroller. This is neessary for using the orret demodulation frequeny.When measuring only the spindle speed and one additional variable (e.g. an aeleration),the number of parallel demodulation frequenies an even be inreased. If the naturalfrequenies of the mahine-tool system are known, it is quite straightforward to hoose thedemodulation frequenies. Sine the dominant hatter frequeny lies in the neighbourhoodof one of the the natural frequenies, the higher harmonis of the spindle speed that lienearest to these natural frequenies should be hosen. If the natural frequenies are notknown, the best hoies are the higher harmonis of fRPM that do not oinide with fTPE .5.4. Comparison of detetion method with workpieeNext, a ut has been made at 33.000 rpm at full immersion where the axial depth of utinreases from 3.0 to 5.0 mm. The �rst, third, �fth and seventh harmoni of the spindlespeed have been hosen as demodulation frequenies. The threshold for the detetionis hosen to be 0.05. Using this set-up, this threshold appeared to be a proper hoie.Sine the slope of the detetion signal at the beginning of hatter is quite steep, a higherthreshold only results in a slightly later detetion. In this ase, the third harmoni detetshatter �rst after 11.7 m of ut, see �gure 7.In �gure 8, the bottom of the ut on the workpiee is depited on two different zoomlevels. It an be seen that the �rst traes of hatter appear on the workpiee at about11.5 m, and the level inreases. The hatter marks are learly visible at 13 m and amaximum is reahed at about 15 m. Hene, it an be onluded that the results of thedetetion of �gure 7 oinide very well with the path that is left behind by the utter.Furthermore, it an be seen that hatter is deteted in an early stage. Sine the algorithmis very fast, it leaves enough time to interfere in the proess in order to stop the rise ofhatter, as suggested in [Doppenberg et al., 2006℄.6. CONCLUSIONSIn this paper, we have proposed an online hatter detetion method for high-speed millingthat an detet hatter in an early stage. The method is fast enough to work online on ahigh speed milling mahine with spindle speeds even up to 42.000 rpm. Using a singleaelerometer on the lower spindle house and measuring the atual spindle speed fromthe mahine ontroller, it is possible to have the detetion algorithm working online ata sampling frequeny of 20 kHz and �lter the signal with at least four demodulationfrequenies simultaneously. The detetion algorithm an be used on an online hatterontroller as suggested in [Doppenberg et al., 2006℄.
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Figure 7; Chatter detetion with 4 different harmonis. Chatter is �rst deteted in the3rd harmoni after 11.7 m.

Figure 8; Workpiee with transition from stable ut to ut with hatter. Top: from 5 to18 m. Bottom: zoom on transition area.REFERENCES[Choi and Shin, 2003℄ Choi, T.; Shin, Y.S.; "On-line hatter detetion using wavelet-based parameter estimation"; Journal of Manufaturing Siene and Engineering,Transations of the ASME, 125(1): pp. 21�28; 2003.[Delio et al., 1992℄ Delio, T.; Tlusty, J.; Smith, S.; "Use of audio signals for hatter
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