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STABILITY ANALYSISIN MILLING BASED ON OPERATIONAL
MODAL DATA

Prediction of process stability in milling is uslkyalbased on experimental frequency response fumetio
of machine tool and cutting force model. Alternatiy operational modal analysis may be applied tha
prediction of a stability diagram. It does not riegumodal impact test but uses vibration signalufregl during
actual cutting to identify modal parameters. Suohapproach considers boundary conditions that nay b
different during cutting. On the other hand synihed frequency response function is not feasihle tb the
lack of scaled modal residues. Thus, in this papedal mass obtained by means of impact test is tsed
calculate frequency response functions. Estimatiomodal damping and natural frequency is carriedusing
only acceleration signals measured during flexitabekpiece machining.

1. INTRODUCTION

Milling of flexible parts is a challenging task due the occurrence of regenerative
chatter. The mechanism of regenerative chatter exatained by Tlusty and Polacek [1],
and by Tobias and Fishwick [2]. A typical approaich avoid chatter vibration is the
selection of spindle rotation speed and depth ofbagsed on a stability lobes diagram [2].
Since its introduction by Tobias, numerous methadsstability lobes construction
calculation have been developed. A comprehenswvieweof the methods has been given
by Altintas and Weck [3]. Generally, in order tongeate a stability lobes diagram, it is
necessary to have information regarding the cutiracess and machine tool dynamics.
The cutting process is frequently described bymieehanistic force model, which assumes
the proportionality of the cutting force to the gluross-sectional area. Usually, for practical
applications, the dynamics of a machine tool amgresented in terms of a frequency
response function (FRF) matrix. Typically, an FREtnx is identified through the impact
test. This test not only requires trained persorimgl is also a time-consuming task.
Therefore, it may not always be feasible in an stdal environment. Also, modal
parameters, i.e. modal damping and natural freqesrabtained by means of impact test,
might differ from those obtained during cutting doghe speed-dependent dynamics of the
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spindle and different boundary conditions. Sevesakarchers hayeerformed impact tests
with a rotating spindle to take into account itee-dependent dynamics [4],[5],[6]. Such
an approach is, however, not recommended due toyimisk and the excessive machine
tool immobilization that is required to identify migmics at various spindle speeds. This
limitation was overcome by Gagnol et al. [7], whamstructed an accurate speed-dependent
model of the spindle and used it for calculatingtability diagram. Abele and Fiedler [8]
presented the method of calculating dynamic bel@waring milling that also considered
the change in boundary conditions. Their methoduireg a dynamometer to measure
cutting forces and thus has limited industrial a@giility. Zaghbani and Songmene [9]
proposed a different approach that requires no uneagent of cutting forces. Instead, they
employed the operational modal analysis (OMA) tdraet modal damping and natural
frequencies from the acceleration signal measutethgl actual machining. They applied
OMA to find dynamic parameters and then used themrédict tool-spindle based chatter
instability. In order to eliminate the so-calledirtual modes’ that correspond to the
harmonic excitation, they proposed a complicatgdrithm.Their algorithm was limited to
the estimation of modal damping and natural frequewhereas modal residues were not
identified, which made it impossible to synthessweFRF matrix using only output data. In
this paper, a modified OMA which takes into accooatmonic excitations is applied. This
significantly simplifies the selection of real sttural modes.

2. METHOD OF GENERATION OF STABILITY LOBES DIAGRAMBASED
ON OPERATIONAL DATA

The proposed method consists of the following steps
Measurement of acceleration signals in theeclosinity of the tool-workpiece interface
Extraction of modal parameters from acceleratiognai, i.e., modal damping, natural
frequency Generation of stability lobes diagramngssynthesized FRF matrix. Modal
residues are replaced by modal masses obtainedifi@immpact test.

2.1. ESTIMATION OF MODAL PARAMETERS

In this paper, a modified Eigensystem RealizatidgoAthm (ERA) [10] method in
the presence of harmonic excitation was appliedrder to extract modal parameters from
the output-only data. The ERA method is based erNiitural Excitation Technique [11]: if
the system is excited by stationary white noise, dato- and cross-correlation functions
between the response signals are similar to theulsapresponse signal and can be
expressed in a discrete time domain as:
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or in frequency domain
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where R represents matrix built of auto and crassetation functions at kth discrete time,
N is the number of modes in the system, Cr is airmat constants associated with the rth
mode,wr and{r are the rth non-damped natural frequency and degm@tio, Sxx is the
power spectral density matrix of the response sigifae OMA version of ERA consists
of building Hankel matrices from the matrices givgnequation (1) for different discrete
time intervals. This is used to compute a systertrirad&igenvalues of this matrix are used
to extract damping ratio and natural frequencieghe presence of harmonic excitation, in
addition to the random loads, the correlation fiomg will include non-decaying
components. If the system is excited by mh harmaudmponents of frequencias
(=1,2,...,mh) then application of classical OMA algioms will yield mh additional
non-damped modes with poles sj&iti Theoretically, in order to identify virtual moslea
zero-damping criterion may be used, but in practieenping ratio is different than zero. To
cope with this difficulty, Mohanty and Rixen [12lgposed a modified version of the ERA
which forces the modal solution to have non-dammads with natural frequencies equal to
excitation frequencies. The frequency of harmonicitation is assumed to be known
a priori as it is in the case of milling. In theepent study, harmonic components were
assumed to be multiples of the spindle rotatioguency. Consequently, the stabilization
diagram does not include virtual modes but onlyepbtél structural modes (numerical
modes might still be present). Stable poles ane siedected from the stabilization diagram.
The FRF matrix which is required for stability aygé may be expressed in terms
of modal parameters as:

6iw)=S 2 ©)

Iw=s,

r=1

Modal residues Ar can be derived from the relatigmdetween power spectral density,
FRF matrix and power spectral density of the eXoiteforces:

s =G(iw)s,,G(iw)" (4)
When the system is excited by stationary white e@igth varianceo2, the power spectral
density matrix Sxx, which is a Fourier transformlod R matrix takes form:
S ., =202 G(icw)G(icw)” (5)
Equations (5), (3) and (2) relate modal residuericed Ar to matrices of constants Cr as

H
C, :zngt% (6)
2Cl)l"gl"

which is valid when the damping is light.
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Since variance of the excitation forces is unknowiodal residues are not known
exactly and, therefore, an FRF matrix cannot beirately synthesized. The scaling factor
may be found through the analytical model of thetet@ structure or from the mass change
effect. These approaches require either an accoratkel of the structure or carrying out
an additional test after introducing mass changeshasen measurement point. Both
requirements are not feasible in an industrial mmment. In this study a modal mass
identified in the impulse test was used to sytzee§)MA-based FRF. Circle fit method was
adopted for estimation of modal masses independéentivo orthogonal directions X and
Y. FRF matrix was then constructed as

L T6lie) o 0
G(""){ 0 i )}
where
. — 1/mx 7 = 1/my (8)
G, (i) -+ i @ + ot Gy(lw) - +iad w + ot

2.2. GENERATION OF STABILITY LOBES USING OPERATIONAMODAL DATA

Analytical prediction of stability in milling prom®d by Altintas and Budak [13] was
applied to generate stability lobes. The charastierequation for finding limit depth of cut
ap is:

det (I -a pG(ia)C )E[p (1 —exp (— iw.T ))) =0 9)

where® is the immersion dependent matrix, which is a fiemcof cutting coefficients, and
T is tooth period. In order to build this matripegific cutting coefficients for machined
material — cutting tool are required. FRF matrixic®]) obtained from an impact test
expresses a response of the structure to a umiamaec excitation.

This equation is used to find limit stability cotidns, i.e., depth of cut, spindle speed and
chatter frequency.

3. EXPERIMENTAL VERIFICATION

Figure 1 shows an experimental stand used for eén@cation of OMA-based stability
prediction. The stand imitates a flexible workpidghat is responsible for the occurrence
of chatter vibration. The FRF matrices in the X-daW-axis direction required for
conventional stability analysis were first ideradi through impact modal test. The most
flexible mode of the workpiece is at 1162 Hz (s&g BE). Modal damping of this mode is
0.491%. FRF measured at tool tip was also measwamad,it turned out that the tool is
significantly stiffer than the workpiece. Cuttingrte coefficients were estimated from the
calibration tests performed for various feed rat€siting forces were measured using
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rigidly mounted Kistler dynamometer type 9752. Thiting material was aluminum PAGSG,
and the cutter was 20 mm 2-fluted Iscar HM90E9OARAW20 XL with inserts HM
90APCT100302R-PDR made of IC28. The estimated 8pecutting force coefficients
in radial and tangential direction are Kr=401.9 Nithand Kt=1028.5 N/mm?2, respectively.

Fig. 1. View of the experimental stand

Experimentally identified FRF matrix and cuttingde model coefficients were used
to generate stability lobe diagram for full immersicutting. Such generated stability lobes
diagram is compared with diagrams constructed usingperation acceleration signals.
In order to predict stability limit based on opévaal data two cutting tests were performed.
Feed direction during both cutting tests correspdnid the X-axis which is marked on the
machined workpiece (Fig. 1).
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Fig. 2. Comparison of FRFs obtained through impest and synthesized from signals acquired durfigrhmersion
aluminum cutting at spindle speed 8100 RPM, feédhén/tooth and depth of cut ap=2mm

Depth of cut ap was set to 2 mm, and the spindéeedpvas set to 8100 RPM to
provide stable cutting. During cutting tests, tloeederation signals were measured by the
same set of accelerometers that was used in ingstatg. Estimation of modal parameters
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was carried out using X- and Y-axes acceleratignads measured by a sensor fixed
directly to the workpiece. It must be noted that thansient vibration signal, as the tool
entered the workpiece, was not included in theyamal Stabilization diagrams constructed
on the basis of operational data are shown in Eign each analysis, 20 first multiples
of spindle rotation frequency (135Hz) included I tmodal solution were removed from
the stabilization diagram. The stabilization diagsacontain only so-called ‘stable poles’,
l.e., poles that do not change frequency more 18arand damping more than 20% through
consecutive model orders. OMA-based FRFs were sgitéd according to the formula (8)
and compared with the impact test results in Fidt &irned out that only the most flexible
mode had an impact on the synthesized FRF. Ther atlemtified poles contributed
insignificantly to the FRF. Modal damping and natufrequency obtained from the
operational data were 0.45% and 1172 Hz respeygtivel

Model order
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Fig. 3. Stabilization diagrams obtained from thgnails acquired during full-immersion aluminum augtiat spindle
speed 8100 RPM, feed 0.1mm/tooth and depth ofgt2@mm

Figure 4 visualizes the difference between stgbiliagrams from impact test and from actual cutting
at depth 2 mm, respectively. It can be observedithas from the impact test and the depth of cuin2 are
very similar.
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Fig. 4. Analytical stability lobe diagrams from iagt test and from signals acquired during full-innsi@n aluminum
cutting at spindle speed 8100 RPM, feed 0.1mm/taathdepth of cutap=2mm. Squar¢ &nd cross (x) indicate stable
and unstable cutting conditions during experimet@st, respectively
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In order to verify the stability diagram, additidraitting tests were carried out. In this
study, acceleration and the quality of the machisadace were inspected visually to
determine chatter occurrence. We observed acdelerand inspect visually the quality
of machined surface. Fig. 5 shows accelerationasigm the feed direction for various
depths of cut at 6390 RPM. This speed correspondbe bottom of the stability lobes.
Visual analysis (Fig. 6) of the surface qualityssified cutting tests with 2, 2.5 and 3 mm at
6390 RPM as chatter, while the test with 1mm resuit a chatter-free surface. All cutting
tests performed at 8100 RPM (ap=3, 4 mm) were etabl
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Fig. 6. Surface photos for various depths of c@30 RPM

4. CONCLUSION

Stability analysis that utilizes modal parametebsamed from operational data is
presented. Results of the analyses agree with ational chatter prediction. A discrepancy
in absolute limit depth of cut (bottom of lobes)oigserved. This discrepancy is caused by
different values of modal damping obtained by meainsnpact test and operational data
that may be due to different boundary conditionscukate finding of limit depth of cut
exclusively (in this study modal mass from the ictp@st was assumed) from the OMA
based stability analysis will be a subject of fertmesearch. It requires the development
of a method for finding scaled values of modaldess. In our future work, we will also



77 Stability Analysis in Milling Based on Operatioridbdal Data

focus on applying operational data for chatter jgtexh when it is impossible to place
sensors in close vicinity of the tool-workpieceenfiace.
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