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Abstract. Chatter is one of the major problems in machining and can be avoidaddty dia-
grams which are generated using frequency response functioRs §ERe tool tip. During cutting
operations, discrepancies between the stability diagrams obtajnesing FRFs measured at the
idle state and the actual stability of the process are frdguamterved. These deviations can be
attributed to the changes of machine dynamics under cutting conditiottss paper, the effects of
the cutting process on the spindle dynamics are investigated bottinexmally and analytically.
The variations in the spindle dynamics are attributed to the chamdjee bearing parameters. FRFs
under cutting conditions are obtained through the input-output relations aftthng forces and the
vibration response which are measured simultaneously. Experimeaallynalytically obtained
FRFs are then used in the identification of the bearing paranatder cutting conditions. Thus,
bearing properties obtained at idle and cutting conditions are cedthpad variations in their val-
ues are obtained.

I ntroduction

Chatter continues to be a major problem causing poor surface finidovandaterial removal
rate for machining applications. In order to avoid chatter, mecharma$mme dynamic cutting proc-
ess have been examined in detail for decades [1-5], and stabilitgibapams, which provide sta-
ble regions in terms of the depth of cut and spindle speed combinationfeeavdeveloped [3-6].
For generation of stability diagrams, frequency response functi®is) @ the tool tip are needed.
In general, tool point FRF is obtained experimentally using ainjg@sting and modal analysis while
the machine center is idle. However during cutting operations, paures between the stability
diagrams and actual stability of the process are frequentgnadts One major contributor to these
deviations is the changes of machine dynamics under cuttingtiomsdiSpindle is one of the most
dynamically flexible parts of high speed machining centers. Dimproperties of high speed spin-
dles may vary due to gyroscopic moments, thermal expansions antugahforces. These effects
appear during the cutting operation and cause significant chandpesrbtite spindle shaft dynam-
ics and bearing characteristics [7-8]. In order to identigydfiects of the gyroscopic moments and
centrifugal forces, Xiong et al. [9] used Finite element moddlitgM) and also Movahhedy and
Mosaddegh [10] used FEM in order to predict the chatter in high spdlathrprocess including
gyroscopic effects. In addition to the gyroscopic effects, variotteria affecting the spindle dy-
namics during cutting are studied by the researchers [11-12}, Bé&aring characteristics under
high rotational speeds affect the spindle FRF [13-14]. During theagyitocess, centrifugal forces
and gyroscopic forces act on the balls of the bearings and ugatribrces press the balls toward
the outer race. This effect causes to change in the contacs angl&inematics of the balls as well
as redistributing the contact loads in the bearing which leadstea$e in the stiffness of the bear-
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ings [13]. On the contrary, damping of the ball bearings ise®ander the rotational effects [14].
Thermal expansions may also cause variations in the contact condan@hshus affect dynamic
properties of the bearings. Since bearing properties mainiyt dftespindle modes of the machine
center FRF [15], both changes in the spindle and bearing dynamics beatddsidered for the ac-
curate prediction of the chatter during cutting operation.

In addition to the modeling, there have been several experimardeésbn the spindle dynam-
ics under cutting conditions. For that purpose, non-contact sensors suasea®bppler Vibrome-
ters (LDV) can be used in measurement of rotating structure21[fLéAlso Tatar and Gren [22]
used LDV to measure the response of machining centers. Simdadipani and Songmene [23]
used operational modal analysis in the determination of the dynafrties milling machine during
cutting. However, in these studies, FRFs could not be obtained due tarimnitacontent of the
cutting forces in milling operations. In order to overcome the harneamtent problem of the cut-
ting forces, Opitz and Weck [24] proposed a spectral measuremémbdnesing a workpiece
which has a random surface profile. Based on the work of Opitz ankl |84j¢ Minis et al. [25]
also used spectral measurement techniques in measuring dynamics of a lathe.

In this paper, dynamics of a milling machine spindle during ojperas investigated. The ob-
served variations are attributed to the changes in the bearinggiara which are also identified
under operating conditions. For the identification of the bearing pagesnatystem FRFs are de-
termined experimentally during cutting operation. In order to deter the spindle FRF, instead of
exciting the system by an external exciter such as ancinfanmer, actual cutting forces are
measured by a dynamometer and taken as the excitatiore safutitce system. In addition to the
measured cutting forces, response of the milling machine te tbeses is measured by laser vi-
brometer, and spindle dynamics is determined by using the gctittioe - response relation with
two different approaches. First, it is assumed that the sydyaamics is not affected by relatively
small spindle rotational speed variations and system FRF imebtr the standard cutting opera-
tion. In addition to this approach, cutting operation is performed oncaalipelesigned workpiece
proposed by the Opitz and Weck [24], and system FRF is obtaineccfosgiadle speed uniquely.
Finally, using the analytical model of the spindle — holder — to@nally, and experimentally ob-
tained FRFs, bearing properties are identified for static@tating cases. During the identification
of the bearing properties, it is assumed that the changes impititdesdynamics are due to the
changes in bearing parameters under operating conditions.

Spectral Density M easurements

In dynamic systems, system FRF can be obtained by the input-oelgidrrship. In literature
there exist different types of estimators which are suit@ldifferent types of systems and condi-
tions [26-28]. In real life applications, determination of the sydt&t# is highly dependent on the
accurate estimation of the noise exist in the measuremehe ofput and output signals. For in-
stance, for the system given in Fig.x{t) andy(t) are the input and output signals, respectively.
xm(t) andym(t) are the measured input and output signals of the system, resgectnah,(t) and
ny(t) represent the noises in the measured signals.
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Figure 1: The effects of the measurement noise on both input and output.



In order to determine the system FRF, noise levels in the imgubatput signals should be ex-
amined carefully. When there exist noises both in the input and the sigpat measurements as
shown in Fig. 1, system FRF can be determined by the estimator H3 definedws 28] :

Symym(f)_K(f)S&m(f) +\/[S&m(f)/((f)_symym(f)]z+4‘Sxmym(f)‘zk(f)

Hy(f)= 25, () 25, ()

(1)

where «(f) is the ratio of the spectra of the measurement noises in the input and output signals.

_n(f)

K(f) vt

(2)

In real applications, it is difficult to determirniee noise ratio of the input and output signals. In
such cases, it can be assumed that the ratio ofghetra of the measurement noises is unity
(k(f)=1)[28].

In system identification, in addition to the coitrestimator choice, another important criterion is
the consistency of the input and output signalsalses where there are additional inputs to the sys
tem that cannot be estimated or when there is Bnean relation between the input and output sig-
nals, applied FRF estimators will not give cornesults. At that point, coherence function between
the input and output signals can provide valuabfermation about the accuracy of the identifica-
tion process. For a linear time invariant systeimecence function between input and output signals
can be defined as follows:

_ sy ()]
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where S, (f) is the cross power spectrum between input andubstgnal. Similarly,S, and S,

are power spectral density functions of the inmd autput signals, respectively. Generally, coher-
ence functions greater that 0.75 can be takenceptable in the system identification processes.

Deter mination of the System FRF During Cutting

Standard Cutting. In order to determine the system dynamics durighiming, the response of
the system to cutting forces can be used. Forpilnigose, cutting forces can be measured and used
as an input to the system and the response ofyttens to them can be measured using a laser sen-
sor, and finally the system FRF can be obtaineddiyg the input-output relation between cutting
forces and vibration measurements.

Since spindle part of the milling machine usedchi éxperiments (a 5-axis high speed DMG Evo
50 machining center) is placed inside a casingyaese measurements are taken from the rotating
holder part. First, the milling machine is excitdthe tool tip by an instrumented impact hammer
and the response of the system is measured abohédlder with a laser vibrometer for the idle
state of the spindle. Obtained cross FREY@ given in Fig. 2. Here, subscript 1 represdinésre-
sponse point which is on the holder, and subs2rigfpresents the excitation point which is the tool
tip.

In order to obtain tool point — holder cross FRKitlg machining operation, cutting operation
was performed using a 25 mm diameter end mill \sllhmm overhang length and 1-tooth on an
aluminum alloy in down milling mode using 1 mm dxiepth of cut, 12.5 mm radial immersion
and 2025 rpm spindle speed.
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Figure 2: Tool point—holder cross FRF:5

During the cutting operation, cutting forces areased with a Kistler table type dynamometer
which is directly attached to the workpiece andrédsponse of the system is measured at the holder
by using a laser vibrometer. Frequency spectrurth@imeasured cutting force in the x-direction
and frequency spectrum of the laser vibrometer oreasent are given in Fig. 3 and Fig. 4, respec-
tively.

140-

120- 135 He
] e
= |
8 803375H;
2ol | ¥
g 101 Hz
ﬁ 40- ‘//
20-
NS I]J_JJLJ.J

0 S0 100 150 200 25 300 350 400 450 500
Frequency [Hz]

Figure 3: Spectrum of the cutting force in the sediion with respect to the spindle axis.

As seen from Fig. 3 and Fig. 4, main problem i #gpproach is the harmonic characteristics of
the cutting forces. Since the cutting forces exttie system mainly at the tooth passing frequency
and at its higher harmonics, system responds touttg force excitation at the same frequencies.
For example, for the cutting operation with 1 toatid 2025 rpm spindle speed, tooth passing fre-
guency is 33.75 Hz and its higher harmonics aréi6,/101 Hz and 134 Hz. Therefore, it is not
possible to obtain FRF of the system in a certaguency band. Instead, specific points of the FRF
for the given cutting operation are obtained. Idesrto overcome this problem and obtain FRF for
each frequency in the interested band, it is asduhreg the system dynamics is not affected signifi-
cantly from the relatively small spindle speed a&aoins. Based on this assumption, the system is
excited around each mode using the pre-determipiedls speeds. For example, the required spin-
dle speeds in order to excite the system aroundHiZ3dre given in Table 1 for the tool having 4
and 1 cutting edges.



07 HZ 135 Hz

0,025-{ 33.75 HV 5
—, 0,0225-
g o002-

1 [ 1 [ [ 1 [ 1 [ [
0 50 100 150 200 250 300 350 400 450 500
Frequency [Hz]

Figure 4: Frequency spectrum of the laser viboromaeasurement.

Table 1: Spindle speeds and corresponding toosinmagequencies for the tool with 4 and 1 cut-

ting edge.

. Spindle spee
Tooth passing \?vﬁwilii%?ﬁéwith 1 cutting
frequency [Hz] edge [rpm] edge [rpm]

80 1200 4800

90 1350 5400

100 1500 6000

110 1650 6600

120 1800 7200

130 1950 7800

140 2100 8400

150 2250 9000

As seen from Table 1, system can be excited asdhee frequency with higher spindle speeds
by changing the number of cutting edges of the. tdol be able to excite the spindle effectively,
relatively large radial and axial depth of cuts enesen.

In order to determine the tool point — holder sré®F, cutting tests were performed on a 5 —
axis machining center using spindle speeds giverable 1 where a 25 mm diameter end mill with
50 mm overhang was attached to the holder. Cutteg performed using 1 mm axial depth of cut,
30% radial immersion and 2025 rpm spindle spee@revfeed was chosen as 0.25 mm/revolution.
During the cutting operation, cutting forces wereasured with a Kistler table type dynamometer
which is directly attached to the workpiece andrésponse of the system was measured by a laser
vibrometer at the holder. Measurement points onntileng machine are shown in Fig. 5 where
point 1 and 2 represent the response and forceursgasnt points, respectively.
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Figure 5: Measurement locations for the cuttingderand response on the machining center.

Assuming that the system dynamics is not affedgifgcantly by relatively small spindle speed
variations, as mentioned earlier, FRFs given in Eigan be taken as tool point — holder cross FRFs
of the system.
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Figure 6: Tool point — holder cross FRFs for statise and during cutting operation.

As can be seen from Fig. 6, during cutting sigafficchanges in the FRFs are observed. This is
more pronounced at the first spindle mode locaté2DaHz, which is shifted to the lower frequen-
cies during cutting operation. For the second nmodated at 135 Hz, no significant change is ob-
served compared to the first mode. But it shouldkdgat in mind that FRFs given in Fig. 6 are ob-
tained by using the assumption that system dynarsiost affected from relatively small spindle
speed variations.

Cutting with specially designed workpiece. Rather than exciting the system with harmonic cut-
ting forces as shown in Fig. 3 and Fig. 4, excitimg system with random forces can provide much
more valuable information for the determinationtlod spindle FRF. In order to excite the system
with random cutting forces, specially designed vwpogke can be used [23]. For that purpose, a
workpiece having randomly distributed channels weéhdom thicknesses is prepared as shown in
Fig. 7.

Figure 7: Workpiece with random surface profile.



Cutting operation is performed on the same 5-axdashiming center where 25 mm diameter end
mill with 50 mm overhang length is attached to leéder. Cutting was performed with 1 mm axial
depth of cut, 30% radial depth of cut and 500 rpindle speed. During the machining operation,
cutting forces were measured with a dynamometectwisi directly connected to the workpiece and
response of the system is measured at the toothofdhe system with a laser vibrometer.

During the determination of the tool point — holdeoss FRF, H3 estimator is used due to the
feedback characterisctics of the cutting operati@wherence function between the cutting force in
the x direction with respect to the spindle axid aibrometer measurement is shown in Fig. 8. As
seen from Fig. 8, for low frequecies around therested spindle modes, which are located between
70 Hz and 140 Hz, coherence function is around®6~xhich decreases with frequency. Especially
for frequencies larger than 800 Hz, coherencedsecto 0. This high frequency behaviour of the
identfication process is an expected result duthéolimited measurement capacity of the dyna-
mometer.

The tool point — spindle cross FRF obtained bygi$i8 estimator is given in Fig. 9. As it can be
seen from this figure as well, similar changesaoserved in the spindle FRF for the three different
spindle speeds considered. For the spindlle mocktdd at 100 Hz, there is decrease in the stiff-
ness. For the second mode located in the 140-16@egaency band, in addition to the decrease in
the stiffnesss, damping values are increased. Tiesséis are consistent with the expected bearing
stiffness and damping changes under rotating conditas stated in [11-12] since bearing proper-
ties affect mainly the spindle modes [13]. As s#em Fig. 7 and Fig. 9, in both approaches sig-
nificant changes are observed in the spindle FRFs.
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Figure 8: Coherence function between the cuttimgefan the x direction with respect to the
spindle axis and vibrometer measurement.
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Figure 9: Tool point — holder cross FRFs for statise and during cutting operation at spindle

speeds 500 rpm, 1000 rpm and 2000 rpm.

| dentification of Bearing Parameters

In this study, variations in spindle modes are axlito be due to changes in bearing parameters
under operating conditions. In order to identife thariations of the bearing stiffness properties,
system subassemblies (spindle, holder and toohnhadelled analytically by the model proposed by
Erturk et. al. [29]. However in this study, beindferent from the method proposed in [29], subas-
sembly FRFs are coupled using impedance couplinpade[30], since the receptance coupling
gives only the end point FRFs. Thus, by using theedance coupling method, FRFs at the connec-
tion points are also kept. Moreover, it is possibl®btain cross FRF (G12) of the spindle — holder
— tool assembly, where - similar to the experimlecdge - subscript 1 represents the response point
(which is the holder) and subscript 2 represergsetttitation point (which is the tool tip). For the
milling machine, subassemblies and coupling conmeqgboints used in the analytical model are
shown in Fig. 10. In Fig. 10, point C and C’ remsthe rigid impedance coupling point which is
also the response measurement point during theiengrgs.
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Figure 10: System subassemblies and coupling puoeed



In order to obtain cross FRF at the response meamint point of the experiments, holder is di-
vided into two subassemblies as shown in Fig. e 6f the holder subassembly is coupled with
the spindle by the contact stiffness and dampingrpaters at the spindle — holder connection and
the second holder subassembly is coupled withdbkelly the contact stiffness and damping pa-
rameters at the holder — tool connection. Thusdpi— holder and holder — tool subassemblies are
obtained. Bearing dynamics are included into ttetesy dynamics by using the structural modifica-
tion method suggested by Ozgiiven [31].

In Fig. 10,k andc are the linear displacement — to — force stiffress$ damping values of the
front bearing, respectively andc: are linear displacement — to — force stiffness @etiping val-
ues of the rear bearing, respectively,, ] and [K,, ] represent the contact parameters at the spindle

— holder and holder — tool connections, respegtivEhese contact parameter matrices contain
translational and rotational stiffness and dampialges, which are given as follows:

M,sh o : sh
[Ksh]: Ky +iacs . 0 . @)
. 0 k,' +iaxc,
(KM +icc! 0
Kol=| " 5
[Ka] 0 k;“+iwc2t} ©

where k, is the linear displacement — to — force stiffndss,is the angular displacement — to — moment

stiffnessg, is the linear displacement — to — force dampieygjis the angular displacement — to — moment

damping, w is the excitation frequency andis the imaginary number. Also superscripts ht and sh represent
holder — tool and spindle — holder connections, respectively.

Finally, spindle — holder and holder — tool subagslées are coupled rigidly by the impedance
coupling method as shown in Fig. 11 and cross FRReospindle — holder — tool assembly is ob-
tained for the idle state of the milling machine.

Spindle - holder subassembly Holder - tool subassembly

N
s ™ —

k c K; C;

r r

Figure 11: Rigid impedance coupling of the spind@lder and holder — tool subassemblies.

In Fig. 11, point C and C’ represent the rigid im@ece coupling point which is also the re-
sponse measurement point during the experiments.

In order to identify the bearing properties, cr6&F of the system is obtained by impact testing
at the idle state of the machine. Also spindle ldéo— tool assembly is modeled analytically. Us-
ing both experimentally obtained FRF and analytmablel prediction, bearing properties are iden-
tified by manually tuning the translational stifiseand damping values. Experimentally obtained
FRF and analytical model prediction are shown o ER. Identified bearing properties are given in
Table 2.
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Figure 12: Analytically and experimentally obtair@dss FRF for the idle state of the spindle.

Table 2: Front and rear bearing properties.

Front Rear
Bearing | Bearing

56.25x106| 2.25x107

Translational Stiffnes
[N/m]
Translational Dampin
[N.s/m]

30 1500

In the previous section it is observed that duenting operation there exist variations is the
system dynamics and these variations can be asstmietdue to changes in bearing parameters.
Thus, by using experimentally obtained FRFs duduiging operation along with analytical model,
bearing properties during operation can be idettiind variations in the bearing properties during
operation can be studied. For that purpose, sirtoldhe static case, bearing properties are identi-
fied by manually tuning the bearings translatiosi#ffness and damping values. Obtained bearing
properties are given in Table 3. Analytically obd FRF which is obtained by using the identified
bearing properties is shown in Fig. 13 with theakpentally obtained FRF for 500 rpm spindle
speed and also with system FRF for the idle state.

As seen from Fig. 9, since the same deviation®bserved in the spindle dynamics for the ana-
lyzed rotational speed range, identified bearirgpprties for the 500 rpm, 1000 rpm and 2000 rpm
are very close.

Table 3: Front and rear bearing properties.

Front Rear
Bearing | Bearing

55.25x106| 2.0x107

Translational Stiffnes
[N/m]
Translational Dampin
[N.s/m]

150 1500
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Figure 13: Analytically and experimentally obtair@dss FRFs of the system.

Conclusion

In this paper, spindle dynamics during cutting @fien is investigated and bearing parameters
are identified under operating conditions. For ittentification of the bearing properties, tool @oin
FRF is determined experimentally and analyticdiyally, using both FRFs and by manually tun-
ing bearing parameters, parameter identificatiqrei$ormed.

For the determination of the tool point FRF duricgiting operation experimentally, cutting
forces are used as an input to the system ane#pemse of the system to the cutting forces igitake
as the output of the system. Thus system dynamicwestigated with the examination of the input
and output relation between cutting forces andesygesponse. Main problem of the identification
of the system FRF is the harmonic characteristidhe cutting forces. Since cutting forces excite
the system at the tooth passing frequency andigtseeh harmonics, system responds at the same
frequencies and it becomes impossible to obtain 8RR certain frequency band. In order to over-
come this problem, two different approaches ardiegbjin this paper. First, it is assumed that the
dynamics is not affected by the relatively smalhdfe rotational speed variations. Based on this
assumption, in order to excite the system arouwti ezode of the system, required spindle speeds
are obtained and system FRF is determined. Iniaddib this approach, also spectral measurement
techniques are applied to the cutting operatiorartter to overcome the harmonic content problem
of the cutting forces, specially designed workpietech has randomly distributed channels on the
upper surface is used during operation. In the reé@pproach, system FRF is obtained for each
spindle speed uniquely. In both approach, signmftichanges are observed. Finally, spindle — hold-
er — tool assembly is modeled analytically by usimgoshenko beam theory and bearing properties
are identified by using both experimentally andlnzally obtained FRFs.

It should also be noted that in the analytical niadeof the spindle, holder and tool subassem-
blies, gyroscopic effects are not considered, argldssumed that changes in the spindle modes are
due to the changes in the bearing parameters.
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