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FE-SIMULATION OF MACHINE TOOL WITH INTEGRATED CUTTING

TO ANSWER THE CRUCIAL QUESTION: “WILL IT CUT OR WON'T IT ?”

Gerhard KEHL *
 Prof. Dr.-Ing., Universityf Applied Sciences, Faculty of Engineeringuvigement, Essling, Germany

Abstract: In recent years, the use of simula-aided methods has become westablished in machir
tool development. Structural dynamics, for instarare evaluated and optimized on the basis of sit-
ed compliance frequency responses. This allowsnepare alternative conceptual variants, howeve
does not allow authoritative statements to be e in terms of process stability of specific maatuy
processesTo simulate the dynamic overall behavior and thasveer theabovementioned questis, it is
necessary to couple machine model and process t Precondition for this are qualified machinind
process models. The machine model of a machininzecenust on the one hand map the mechai
structure with the integrated drives and contr@sd on the other hand describe in detail the sgirms-
tem. The process model based on analytic modceptions should be abte map all relevant effects
machining process like turningmilling or drilling. This article discusses the following points fror
machine tool manufacturers perspect FE modeling andimulation of the machine t¢; coupling of
machine model and proces®del by compliance frequency respg; stability analysis by FE simulatic
with integrated cutting process modexperiences and limitations regarding the foreaagttapability of
this simulation;future steps for furthedevelopment.
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PROCESS

erative chatter.

1. INTRODUCTION

A central field of activity in the development of
new machining centre before its launch into theketais

the investigation and optiration of ts process behav-

ior, especially process stability and workpiecefae
quality influenced byhe regenerative chatter mechar
(Fig. 1).

Already during the design processme machine toc
manufacturers apply methods experiment and ve
all progressively simulationn digital modelsto investi-
gate the expected process stabiihd achievable cuttin
depth For this purpose, the focus is on the dyns
characteristics of the overall system resultingrfrthe
interaction of all relevantomponents involved (machil
tool + cutting tool + fixture + woniece) an the ma-
chining process under the influence of control tedo-
ay.

Resulting from dynamic wave-omave cutting(Fig. 2
left) due to oscillating tool and/or workpiecegenerative
chatter plays the key role in mechanisms limiting -
productivity and leading to nomecallable portion o
installed cutting performance. As a consequence
design goal is to noticeably expand the stabléntutree
in stability charts of referenceutting processes (Fig.

right) [1].
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Fig. 1. Turning and millingvorkpiecesurface quality with and
without regenerativichatter.
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Fig. 2. Wave-onwave cutting / design goal in stability ch

2. MODELING AND SIMULATION OF
MACHINE TOOL

In terms of the development process chstructure-
dynamic machine simulation differentiates betwex-
amination of individual components and examinatdl
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the overall system. As a result of dynamic prodesses
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Experience has shown that the modeling of drive

acting on tool and workpiece an important and estabtrains in the controlled system is one of the grsiathal-
lished outcome of such examinations are compliancdenges in conjunction with the complete machine ehod

frequency responses.

Examinations of components are useful, if compo-

nents can be successfully isolated and static gndrdic
load types can be transferred to a model in a
realistic way. However, in most cases the validitguch
examinations is limited to a relative comparisotwaen
constructive variants.

For modeling drive trains incorporating ball scrérives

or rack and pinion drives, typically a spatial datdr
chain with translatory and/or rotary degrees of

freedom is employed. To ensure correct representati
natural modes including bending, the ball screw is
mapped as a volume model. All axial and radial ingar

of the ball screw drive are included in the modkgb.

Typical applications for component examinations areensure high efficiency in model generation the nedé

the cutting units of machining centers (comprisitige,
main drive, milling spindle). Figure 3 shows a dire
driven machining unit with hollow-shaft motor (lgfind
a high-torque machining unit (> 1000 Nm) with spur
gearing (right) together with simulated amplitudes
compliance frequency responses allowing evaluadioh
optimization during the design process. Examinatioh
this kind are purposely not conducted on the cotaple
machine model to permit evaluation on componergilev
Detailed 3D CAD models are required already for

the ball screw drives can be generated fully autmaisy
via macros.

Examination of the reference and disturbance re-
sponse in the frequency and time domain is madsipos
ble by a control toolbox (for example in ANSYS [4])
This additional macro allows the implementation of
machine tool usual control structures like P-posiPI-
velocity feedback control for each axis integratetb
FEA, whereas mechatronic simulations on large nwodel
require prior model reduction by component mode- syn

component examination and a large number of detailshesis (CMS). Typical criteria evaluated in sucmuia-

(spindle bearing, bolted joints, couplings) have b®
included for FE modeling.

To begin with, topology optimization of major struc
tural parts (guide slide, spindle neck) is conddicie an
integral part of component development [2]. Addiab
ly, sensitivity of coupling points (spindle bearjngpu-

plings, clamping system) can be analyzed and subse-

qguently optimized [3].

Examination of the complete system (if necessary.

with tool, fixture and workpiece) is useful to ointanore
precise responses to be used for further invegiigat
By means of the software used for modeling the mmach
ing process (separate or FEA integrated), the dame
frequency responses of the virtual machine allowlde
termine in how far a specific operation can be qrened
under stable conditions and which process condition
may cause instability.

Complete machine models are also used to examine

axis dynamics, since the relevant parameters foattis
dynamics of the machine tool (control parametesg, j
pre-control) cannot be indefinitely increased, lawe
limited by instabilities of the machine in terms refer-
ence and disturbance response. Without simulatdéns
this kind it is not possible to make prediction®uatbthe
expected productivity of the machine.
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Fig. 3. Cutting units and compliance frequency responses.

tions regarding the dynamics of machine tools are:
Frequency domain

reference frequency responses of the velocity and
position control loop;

compliance frequency responses (absolute and rela
tive between tool and workpiece).

Time domain

behavior for jerk-limited positioning;
circularity behavior;
behavior in case of disturbance force jumps.

Compared to frequently used co-simulations between
FEA and Matlab to represent mechatronic systenss, th
method of integrated FE modeling and simulation has
clear advantages in terms of

integration into the development process chain;
applicability for complex systems with coupledeax
3D visualization of results;

flexibility regarding alternative control strucas.

An advantage for a machine tool manufacturer creat-
ing the models as mentioned is that many of the ma-
chines are very similar in terms of axis configimat
components used in drives, linear guideways, siratt
components and foundation parts. Main differences i
design often are:

axes strokes;

cutting units;

work piece flow (integrated pallet changer oredir
loading).

A classic problem of FE modeling of machine tosls i
the damping. Since damping coefficients are asiryet
complete, local damping approaches are currentbd us
only for foundation elements, linear guideways,rivegs,
ball screws and viscous couplings. The data basaris
rently being completed for selected machine modeg+
es in cooperation with component manufacturers. How
ever, due to the complexity of the damping mechmasjs
results cannot be expected in the short run. Assalt,
application of machine simulation in everyday pieet
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can unfortunately not yet do without the use of alod e« cutting depth, tooth feed, spindle speed (constan
damping whose correlation with the design of the ma  speed or sinusoidal speed variation) ;
chine is difficult to interpret. At present detallé-E < sampling time, number of analysed tool rotations.

models usually allocate not more than 50% of tretesy Fig. 5 shows the applied method for a H5000 type

damping in local damping effects, remaining the ies horizontal machining centre of Gebr. Heller Maseii-
modal damping. Further improvement can be expecteql

A ~~fabrik GmbH, Nirtingen.
with incorporated bolted, welded and glued conoesti To gain all data for a complete stability charaatef-
in the FE model.

erence cutting process different loops with bakical
transient sub-simulations have to be conducted:

3. COUPLING OF MACHINE AND PROCESS BY . increasing tool rotation;
COMPLIANCE FREQUENCY RESPONSE o different Cutting depth;

One main interface for coupling the machine tool different spindle speed.

with an analytical process model is the compliafiee Fig. 6 shows a stability chart gained from FE danu
guency response gained from simulations on the FEAion with integrated cutting process using the time
machine model (or from experiments on the alreadydependant chip-thickness modulation determined by
existing real machine). spatial movement of tool centre and workpiece ataa

In order to obtain statements allowing for progrsose bility criteria.
regarding process stability of reference procesHes,
FEA machine model needs to be coupled e.g. to Gutpr = [w=384Hz—
[5], since solutions linking process simulation dfidA T
software package are as yet commercially unavailabl

A bidirectional interface implemented by the BMBF
(Federal Ministry of Education and Research) foe th
“SImMCAT” project automates export of the force-time
characteristic from the analytic process modeltiliza-
tion in FEA as well as import of the compliancegiuen-
cy responses determined in FEA for direct applicatn | N \ :
the analytical process model. Fig. 4 shows thelre$a w“_3::;|jcat-,on [, Ehatior
coupling by means of a stability chart. The chdsba range | "°Chaitt” i
shows the chatter frequencies determined by simalat spindle speed
and three experimental samples of process stability

The implemented interface also allows conducting Fig. 4. Predicted stability chart on the basis of compén
sensitivity analyses (dependency of stability chayh frequency responses from FEA simulation.
parameters of the machine model) and running opéimi
tion loops with the aim to improve process stapibty
means of topology and parameter optimization on the
machine tools [3].

Applicability of the coupled models (FEA and pro-
cess) for wide areas of cutting technology is agnigran-
teed when the forecasting capability of the procasai-
lation is substantially verifiable.

v =104Hz

cutting depth

w =96Hz

4. STABILITY ANALYSIS BY FE-SIMULATION
WITH INTEGRATED CUTTING PROCESS

A further development has been initiated to dlyect
allow the comparison of alternative conceptualargs
during the design process. For this purpose awcalyti
process models for turning and milling have bedr-in
grated in the FEA software packages ANSYS and
PERMAS during the funded research project “VispaB”. Fig. 5. FE simulation of Hellqr HSOOO with .integrated aot

Extensive cutting tests have been realized torattai process for the prediction of stability charts.

sufficient information on cutting force coefficiesnand T T I T I T ]
suitable stability criteria. The following parameteare £ I N [ A A 1 1s |
necessary to describe stationary cutting conditifors g ; Mﬂ | } .
e.g. groove milling and to carry out an integatettiog ) W W M
process stability calculation [6]: g | 1 1 | 1
-

e cutting process: turning or milling; = 1 I A V|

» tool geometry: number of teeth, tooth pitch angle;

«  workpiece material; spindle speed

« cutting force model (linear or exponential); Fig. 6. Stability chart gained from FE simulation withegtat-

» stability criteria; ed cutting process.
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approx. depth of basic cut (level)

. ERYELEL relevant chatter frequency.

II Cutpro simulation / ¢

R 7ot Due to the process characteristics of HSC, the -nega
‘ tive experience gained so far indicates that theme
obviously effects that the applied process modekdmwt
account for [5]. Explainations for imperfectnesstive
forecasting capability have been sought for aneéedjto
be caused by process damping [7].

cutting depth

6. CONCLUSIONS AND FUTURE STEPS

spindle speed After analysis of the applied process model, sofne e
fects were discussed that will be systematicalneined
by way of experiment and simulation in terms ofithe
relevance for determining process stability. Altgbuhe

list of effects of unknown impact is certainly imaplete,

This method has entered the development procesd classification can be madesystem behavior
chain of some machine tool manufacturers to evaluate rotary degrees of freedom on the cutting edge, to
“1machine designs with respect to process stahilit/to sional vibrations of the spindle, inconstant spéndl

Fig. 7. High speed cutting of aluminum (Heller MCi 16.2ngpi
PCD face milling cuttef124mm,z = 4, AIMg4.5Mn, grooves).

compare alternative conceptual variants before fagnu
turing any part of a new machine. Actual experisnme
rare but will be expected after ongoing productigtes

speed;
change of dynamic compliances in rotational cendi
tion;

processes are concluded. » imbalance excitation;
andprocess behavior
5. FORECASTING CAPABILITY OF CUTTING

PROCESS SIMULATION « material behavior depending on cutting speed;

* notable process damping in casek Bf5.

Stability charts are prepared for selected ref&@enc  However, in summary the evaluation of process sta-
processes over the tool speed range and compared Hity during the development process of machir@sds
each other. Compared are of high importance for fast introduction of new guats

| stability charts from experimental milling trials into the market. Furthermore it supplies novelapymi-
Il stability charts from the analytic process model ties to reach the customers expectations in higretuc-
(Cutpro) on the basis of compliance frequency re-tivity.
sponses determined by experiment.
Stability charts on the basis of the analytic pgsce  REFERENCES
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e The relative compliance frequency responses ef th
machine with cutting tool, fixture and workpiecee ar
measured by means of hammer or shaker excitation.

* The cutting force coefficients of each process ar
determined by means of a force measuring platform
(several cutting depths).

Stability charts obtained in | and Il are companed
Fig. 7 by the example of aluminum HSC-machining
showing a close agreement. In case |, experimentd}
uation of chatter was made on the basis of critefia
acceleration amplitudes and also by means of acoust
evaluation. The deviations at low spindle speed lzan . :
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However, analysis of high performance cutting [s; v Attintas, M. Weck,Chatter Stability of Metal Cutting

(HPC) in the range d€=5...8 with and Grinding Annals of CIRP, Key Note Paper of STC-
M, 2004, Vol. 53/2, pp. 619-642.
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L.T. Tunc, E. Budak]dentification and Modeling of Pro-
cess Damping in MillingJournal of Manufacturing Sci-
ence and Engineering 135(2), 2013.

showed much less agreement of curves. In the chse
insufficient forecasting reliability, it is only gsible to
derive the following statements from Il:



