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Five-axis finish milling is a complex process. The requested
surface quality and accuracy must be produced in the shortest
possible time. The three main process characteristics - quality,
accuracy and machining time - are closely related one to each
other. They are affected by the dynamic properties of the
machine tool structure, the feed drive properties including
cascade control, the control system interpolator properties and
the NC code. Thus the appropriate optimization of all related
parameters throughout the entire chain is demanding in terms
of both time and material. This paper describes the creation of
a virtual machine tool that takes into account the properties of
the machine structure, feed drives and their cascade control.
This machine tool model is connected to the CNC control
system kernel. Tests used to verify control system functionality
are presented. A virtual simulation of the process is
demonstrated on the use case. The process chain parameters
are optimized using the virtual machine tool to increase
productivity. The simulation and experimental results are
compared.
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1 INTRODUCTION

Five-axis finish milling process is one of the most complex
milling operations. The requested surface high quality and
accuracy must be produced in the shortest possible time.
The three main process characteristics - quality, accuracy and
machining time - are closely related one to each other.

The final surface quality parameters depend on the potential of
the machine tool structure and the machine control to follow
the tool path requested by the NC code. Cutting forces in
finishing machining are usually low and do not play an
important role in final surface accuracy. The cutting media is
important to ensure a cut without any negative effects on the
workpiece surface even for small chip thickness.

Altintas and Brecher [Altintas 2005] referred to the virtual
machine tool (or alternatively, the machine tool digital twin) as
a key tool for virtual testing of machine tools and machining
processes. Since modern machine tools are complex
mechatronic systems, a virtual machine tool must be able to
describe the behaviour of the machine tool structure including
the feed drive mechanical structure and control, the control
system function and the interaction between the machine tool
and the cutting process. These machine tool digital twins can
be used for virtual testing and optimization of machine tool
design and also for virtual process planning and optimization.
The scope of this paper focuses on the application of machine
tool virtual model in five-axis finishing milling of complex parts
and the demonstration of the potential of machining process

virtual testing and optimization. Finishing machining is
characterized by typical application of ball end cutters and
small chip thickness. The key issue of process optimization is
related to processing (interpolation) a large NC code by the
control system and the potential of the machine tool to follow
the requested movement commands. Thus, setting of the CNC
control system parameters with respect to the interaction
between the feed drive control and the machine tool structure
plays an important role in achieving high productivity and
quality of the machining process.

The concept of virtual production was presented during the
1990’s [Onosato 1993], [lwata 1995]. These concepts were at
the manufacturing system level. The authors described the data
flow between all related objects. The machine tool was only
one of these objects. On the machine tool level, authors
focused on cutting force prediction along the tool path [Altintas
1991], [Yun 2003a]. [Lin 1996] presented the importance of the
interpolator function and settings of the tool centre point
movement. Simulations of the interaction between the
machine tool structure and the feed drive control were
presented by [Weck 2003], [Brecher 2004] and [Vesely 2009]. A
comprehensive virtual machine tool model consisting of
structural properties, control and thermal deformation was
published by [Yun 2003b]. Coupled models of structure and
feed drive control were published by [Zaeh 2004]. Erkorkmaz
and Altintas proposed a method for feed drive control
parameter tuning using a virtual machine tool [Erkorkmaz
2001a,b,c]. Pritschow et al [Pritschow 2004] presented
hardware in the loop simulation of tool path control and
methods for evaluation of feedback control stability.

There are various papers focusing on simulation of the cutting
stability along the tool path and prediction of the workpiece
surface quality. Methods for simulation of the machining
process interaction with the machine tool structure and tool
path control were presented by [Denkena 2002] and
[Brecher 2005]. The state-of-the art in virtual machining
is presented in [Altintas 2014]. Constructive Solid Geometry
(CSG) is used for geometric representation of the workpiece
and tool during surface quality simulation [Surmann 2008]. This
method is used to predict the surface quality affected by
machining vibration [Kersting 2009]. The dynamic properties of
the thin walled workpiece can also be taken into account
[Wiederkehr 2016].

As can be seen, methodology for developing a virtual machine
tool is generally well known. Publications predominantly focus
on the coupling of the structural model with the feed drives
and the control system. Authors are typically most concerned
with predicting machining stability and related surface quality.
There are no published papers focused on setting the control
system with respect to workpiece surface quality. This paper
presents a procedure for building a virtual machine tool
including verification of its dynamic properties. There is a
particular focus on the influence of the control system
interpolator on machining productivity and workpiece surface
quality. This influence is demonstrated by the shortened
machining time due to the optimal setting of the control system
interpolator parameters. The results of the virtual machining
and the real machining are compared. The Heidenhain iTNC530
was used for both the virtual and real cases.

This paper is structured as follows: The virtual machine tool
model and the process of virtual machining are described in
section 2. Virtual machining of a specific part including results
comparison with real machining is presented in section 3.
Optimization of the machining process using the virtual
machine tool is presented in section 4. The results and the
potential of the approach are discussed in section 5.
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2 VIRTUAL MACHINING WITH A VIRTUAL MACHINE
TOOL

The workflow of virtual machining using a virtual machine tool
is presented in Fig. 1. The virtual machine tool consists of a
model of the machine tool structure (represented as state-
space model describing its dynamical compliance), the machine
feed drives including their control and the CNC control system
interpolator.

The machining process is typically planned using CAM software
considering workpiece fixture position, toolpath strategies for
cutting tools with various specific shapes and cutting conditions
along the tool path. The aim is to perform anticollision check of
the NC code. The NC code is an input for the virtual machine
tool model. The contour errors along the toolpath are obtained
as an output of the simulation. The virtually machined
workpiece surface is visualized by material removal simulation
in specialized visualisation module considering the real cutting
tool envelope.
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Figure 1: Workflow of virtual machining using virtual machine tool, real
machining and comparison of both.

This level of the virtual machine tool does not involve cutting
process simulation. Thus, only toolpath errors caused by the
interpolator processing of the NC code and subsequent
interaction between the feed drive and structure can be

simulated. Therefore, a typical application is a finish milling
operation. Various tool path errors caused by the NC code and
its interpretation are most visible in free form machining
particularly if ball end mills are used. The described virtual
machine tool enables three types of process optimization on
the virtual level for checking how the applied changes affect
productivity, quality and accuracy of the workpiece:

- Optimization 1: Optimization of the feed drive control
parameters. Position gain Kv, control loop bandwidths and filter
setting are the most important parameters related to the
mechanical structure properties. The feed drive control setting
can significantly influence the process results. This optimization
is not used in this paper.

- Optimization 2: Optimization of the interpolator parameters.
There are many options for setting the interpolator. They are
most significant with respect to the machining process:
tolerance at corners for movements at machining feed rate;
limit frequency for advanced HSC filter; tolerance for curvature
changes with advanced HSC filter; maximum permissible axis-
specific jerk at corners for advanced HSC filter; maximum
permissible axis-specific jerk at curvature changes for advanced
HSC filter [Heidenhain 2010]. This optimization is explained and
presented in this paper.

- Optimization 3: Optimization of the NC code. Various changes
influencing the NC code, e.g. machining strategy, tool path, tool
revolutions and contour feed [Vavruska 2018] can be tested
using the described virtual machine tool. This optimization is
not used in this paper.

This paper is focused on demonstration of the Optimization 2
approach on the example of a five-axis portal milling machine
with a rotary tilting head.

2.1 Intepolator simulation

The main role of the interpolator is to transform the geometry-
based information in the NC code to the time-based input data
for the feed drives. This transformation is done with respect to
the kinematic structure of the machine tool. Various functions
controlled by many parameters are used to ensure smooth
machine tool movement within defined tool path tolerances
[Heidenhain 2010]. Since the interpolator also has a significant
impact on the productivity, accuracy and quality of finishing,
the interpolator has to be part of the virtual machine tool to
ensure the right input signals for the model of the structure and
feed drives.

There are two possible ways to do this. As a first option, it is
possible to use the interpolator of a real machine tool [Altintas
2005], [Vesely 2009]. A “true machine tool interpolator” is used
in this case. Thus, the output data are identical to real
machining. The other option is to use the virtual station used
for NC code simulation. These stations are available from
various control system producers. The station also contains the
control system interpolator. An important advantage of this
solution is that the simulation can be run faster than real time.
On the other hand, this interpolator is not identical to the “true
machine tool interpolator” and some differences in results may
occur. Thus, the kinematic transformation setting and
interpolation functions have to be verified when a virtual
programming station is used.

A virtual programming station was used in the presented
approach. In the first step, the kinematic structure of the
machine tool was defined in the programming station. The
kinematic transformation quality had been tested through
a spherical surface machining test. The tool centre point moves
over the sphere on two half-circle trajectories (see Fig. 2). The
sphere diameter is 100 mm and the requested tool centre point
movement speed is 1 m/min. The tool axis is oriented through
the sphere centre all the time. Five-axis movement control is
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used. A comparison of the tool paths generated by the virtual
station and by the real machine tool (position setpoint signal
generated by interpolator for both cases) confirms that the
setting of the kinematic transformation in the virtual station is
correct. The results comparison can be seen in Fig. 3. If we
neglect errors in the first and last trajectory points caused by
different simulation and experimental initial positions, the
errors are below 1 pm. This is a very good concordance
between the simulated data and the real data gained from the
real machine tool control system.
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Figure 2: Interpolator verification using two half-circle tool path:
example of X axis results.
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Figure 3: Position difference between tool paths generated by the
virtual programming station and the real machine tool.
The interpolator function should be verified in the next step.
Though the spherical surface machining test was also used, the
interpolator setting validation was mainly performed on a

machining. The maximum error along the toolpath (also
position setpoint signals) was about 3 um. The machining time
prediction error was about 100 ms within the 70 s testing cycle,
i.e. the time prediction error was about 0.15 %. With respect to
the results of kinematic transformation verification, tool path
interpolation and the machining time prediction, it can be
stated that the virtual station is able to replace the real
machine tool interpolator with very good concordance.

2.2 Model of structure and feed drives (coupled model)

Coupled model includes finite element (FE) representation of
the machine tool structure (see Fig. 4) together with the feed
drive mechanical structure and feed drive control. FE model
provides an important information on the modal properties of
machine tool structure, which is interacting with the feed drives
and their control. If the FE model is not considered and only a
simplified lumped mass representation of the machine tool
motion axes is used, virtual machining simulation can not
deliver relevant prediction of the tool center point vibration
[Vesely 2009]. In order to achieve time efficient machining
simulation, the machine tool FE model is transformed using
modal decomposition technique into the state space

representation (Fig. 5).

Figure 4: Fe model of the five-axis portal milling machine with a rotary
tilting head used in this study and its typical first structural eigenmode.

simple testing workpiece (Fig. 11) used for three-axis
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Figure 5: Simplified schema of the linear feed drive control. The structure of the machine tool and the mechanical structure of drive components

are presented using the state space model.

The machine tool coupled model can efficiently be verified by
velocity control loop transfer functions of each motion axis. An
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example of the comparison of the model results and the

measured characteristics for X axis is presented in Fig. 6. As can
be seen, the model match with the measured data is quite well.

Speed controller transfer function, X axis
20 T I e

Amplitude [dB]

-60{| —— Measurement 1
—— Model

10° 10' 10

200 T T T

Phase [deg]
o

-100 1

200 . . .
10° 10’ 10° 10
Frequency [Hz]

10*

Figure 6: Example of verification of the machine tool coupled model -
comparison of speed controller transfer function of X axis

2.3 Machining simulation using the virtual machine tool

The virtual machine tool consists of the interpolator and the
model of the structure and feed drives. The input NC code is
processed with the interpolator. As a result, the position
setpoint time signals for all linear and rotational axes are
obtained and used as inputs for the feed drives in the coupled
model. The outputs of coupled model are the position time
signals of the tool centre point (TCP) and the inclination and
tilting of the tool axis and position of the workpiece. This
information is computed with the time step of the interpolator
i.e. usually a few milliseconds (depending on the control system
type). The volume of the workpiece is split into smaller sub-
volumes using the voxel technique. The information about the
TCP position and its axial orientation is used to analytically
describe the position and shape of the tool (typically a cylinder,
ball or similar shape) in the virtual working space of the
machine tool. A distance field function [Jamriska 2010] is
computed for every tool position. Decisions about the
cut/uncut material in voxels or shape of the machined surface
within the voxel are the main results of the distance field
function analysis. This analysis is not continuos nor interpolated
between the interpolator time steps, so the resulting machined
surface is combined from these discrete “cuts”. Thus these
results is mostly unsuitable for roughness estimation even
though they are fine enough for applicable visualisation; see
example in the following section.

3 EXAMPLE OF VIRTUAL MACHINING

A digital twin of the five-axis milling machine with a rotary
tilting head (Fig. 2) was used for the initial simulation of the
machining process. The tested workpiece was an aluminium
mould (Fig. 8). The requested surface quality was Ra = 1.6 um.
The requested surface profile tolerance range was +0.1 mm. All
machining operations (roughing, semifinishing and finishing)
were simulated. The results of the last finishing operation are
presented in the following section. This operation was the most
time-consuming operation in the whole process.

3.1 Virtual machining results

The virtual machine tool model included the described
interpolator (see section 2.1) and the coupled model of the
machine tool (see section 2.2) was used for the simulation. The
interpolator setting for this initial machining is presented in

Tab. 1. The machining time predicted by the model was
7761 sec. The finished surface of the workpiece is the result of
the virtual machining simulation (see Fig. 7). According to the
simulation, the surface shape inaccuracies were within the
requested surface profile tolerance range of +0.1 mm. The
surface errors outside of the tolerance range are marked in red.
The reason for the error is that the ball end mill &2 mm that
was used was not able to produce the requested surface radius
due to tool holder collision. However, this is a process planning
issue that is not relevant to the simulative and real machining
comparison.

Table 1: Interpolator setting used for the initial machining of the
mould. This setting was used on the real machine tool as well as in the
digital twin of the machine tool.

o] weairg st

MP1202.0 Tolerance at corners for movements 0.05 mm
at machining feed rate
MP1213 I..|m|t frequency for advanced HSC 10 Hz
filter
MP1223  Tolerance for curvature changes with 1
advanced HSC filter (O: tolerance is
not included, 1: tolerance is included)
Max. permissible axis-specific jerk at 3
MP1233.x corners for advanced HSC filter 5m/s
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filter
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Figure 7: Visualization of the shape errors on the virtually machined
surface (initial interpolator setting).

3.2 Real machining results

The simulation results were compared to the results of the real
machining. The part was machined on the real machine tool
(Fig. 8). The final surface shape was scanned using the SIP
CMMS5 coordinate measurement machine; see Fig. 9. The
machine uses ruby sphere of diameter 6 mm. The scanning
procedure is as follows: Firstly, position of six selected points is
measured for identification of the spatial position of the part.
Secondly, there is defined 50 points for measurement. The
measurement machine moves to the part on surface normal
vectors obtained from the CAD model. Best-fist adjustment of
the real part spatial position compared to ideal CAD model is
computed. Then, as a last step, position of 1148 points (a
compromise  between  measurement  accuracy and
measurement time) is measured using the same procedure as
in the second step. The best-fist adjustment of the real and CAD
virtual model is computed again. This last fit is used for final
computation of the surface errors.

The real machining results show that the majority of the
surface error was within the defined surface profile tolerance
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of £ 0.1 mm. Only the surfaces with a low radius finished with
the ball end mill @ 2 mm are outside of the tolerance. Thus, the
machining simulation results are similar to the real machining
results. Different methods were used for the virtual and real
surface error evaluation (compare Fig. 7 and Fig. 9). For virtual
machining, the coordinate systems of the ideal and machined
surface were unified. The errors are thus absolute. In contrast,
for real machining, there is no way to obtain the coordinate
system of the real workpiece. Therefore the ideal shape was
fitted in all 6 DOFs according to the lowest average error value.
The real machining time was 7783 sec; see the results overview
in Tab. 3. The surface roughness was also checked on the
machined part. A value of Ra = 0.93 um was measured, which is
within the requested surface quality.

Figure 8: A view of the tested workpiece (aluminium mould). The
workpiece surface after finish milling with the initial setting of the
interpolator is presented.

-100.0

-66.7

-33.3 0.0 333 66.7 10C
Deviations [um]

Figure 9: Scanned surface errors on the real workpiece finished with

the initial interpolator setting. The presented colored areas are within

the surface profile tolerance range of £ 0.1 mm.

3.3 Results comparison and discussion

The presented example shows that virtual machining using a
digital twin of the machine tool is very well suited to predicting
the machining time and the surface quality. The simulation
model does not involve a cutting force model. Therefore, the
presented digital twin is relevant for complex machining
operations with minor cutting forces. The typical example of
such operations is a finish milling using a ball end mill. The
workpiece should be stiff. The cutting forces cannot be
neglected if the structural stiffness of the tool or the workpiece
are an issue that limits the machining stability and accuracy
[Wiederkehr 2016].

In addition, due to the high resolution of the results, virtual
machining can be used to check surface quality. Minor visual
surface errors caused by various reasons within the defined
surface profile tolerance can be found and improved using the
simulation results. In the example in Fig 10, it is possible to see
a finished surface errors (highlighted with color diference in
simulated surface picture) caused by the interpolator setting.

Figure 10: Examples of minor surface errors. Detail of the middle left
area of the part. Picture of simulated surface above, photo of machined
surface below.

4 PROCESS OPTIMIZATION USING THE VIRTUAL
MACHINE TOOL

The digital twin of the machine tool can also be used for various

types of process optimization in the virtual space (see overview

in section 2). In this section, application of the described digital

twin of the portal milling machine with a rotary tilting spindle

head is used for optimization of the interpolator parameters.

4.1 Interpolator parameter optimization
The interpolator transforms the geometry-based information in
the NC code to time-based input data for the feed drives. This
transformation is done with respect to the kinematic structure
of the machine tool. The transformation can be controlled with
specific control system parameters. The most important
parameters are parameters for setting the geometrical
tolerances of the generated tool path (real tool path tolerance
range, frequency of the tool path curvature changes, etc.) and
the dynamic limits of feed drives (jerk limits). In this case, the
Heidenhain iTNC530 control system was installed on the
machine tool. There are five key parameters that significantly
influence productivity and accuracy which were selected as the
most significant for machining result control:
e MP1202.0: Tolerance at corners for
machining feed rate.
e MP1213: Limit frequency for advanced HSC filter.
e  MP1223: Tolerance for curvature changes with advanced
HSC filter.
e MP1233.x: Maximum permissible axis-specific jerk at
corners for advanced HSC filter.
e  MP1243.x: Maximum permissible axis-specific jerk at
curvature changes for advanced HSC filter.
A test workpiece with a simple geometry consisting of linear
and arc sections for three-axis milling was used for pre-testing
various combinations of the interpolator parameter settings for
the finishing operation (Fig. 11). The results of machining were
evaluated through a visual inspection of the surface quality.
Subsequently, the interpolator parameters were changed for
roughing, semifinishing and finishing operations (Tab. 2).

movements at
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4.2 Virtual machining results

The recommended interpolator setting that had been identified
through experiments was tested on the real part using the
digital twin of the machine tool. The only criterion for the
roughing and semifinishing operations was shortening the
machining time. The criteria for the finishing operation were
surface errors and machining time. The simulated results were
compared with the real machining results; see Tab 3. A detailed
overview of the process before and after interpolator setting
optimization is presented in Appendix 1.

Interpolator setting 1
Interpolator setting 2
Interpolator setting 3

Figure 11: Scheme and dimesions of test workpiece for three-axis milling
evaluation of the surface quality with respect to the various interpolator

parameter settings

The surface error prediction for the last finishing operation is
presented in Fig. 12. Compared to the non-optimized initial
state (Fig. 7), the darker red and blue areas show where surface
accuracy is worse. However, the shape of the final part
remained within the defined surface profile tolerance, i.e. the
machine tool with the optimized interpolator setting uses the
full tolerance range. As a subsequent result, the machining time
was shortened by about 18.4 % (comparing total machining
time resulting from both simulation results; see Tab 3).

Deviations [um] -100.0 -66.7 -33.3 0.0 333 66.7 100

Figure 12: Visualisation of shape errors on the virtually machined surface
(optimized interpolator setting).

Table 2: Interpolator setting used for the initial machining and the optimized machining of the mould. The parameters used for roughing and

semifinishing operation are presented in the table.

Initial value (used for all Optimized value Optimized value Optimized value
Parameter . . . -
operations) (roughing) (semifinishing) (finishing)

MP1202.0 0.05 mm 0.2 mm 0.1 mm 0.05 mm
MP1213 10 Hz 10 Hz 10 Hz 10 Hz
MP1223 1 0 0
MP1233.x 5m/s3 65 m/s3 65 m/s3 5m/s3
MP1243.x 5 m/s3 65 m/s3 65 m/s3 65 m/s3

Figure 13: View of the tested workpiece after finish milling with
the optimized interpolator setting.

4.3 Real machining results

The optimized interpolator setting (Tab. 2) was also used in the
real machine tool for machining of the mould workpiece. The
surface of the final part was checked with scanning again, using
the same method. As can be seen (Fig. 14), the majority of the
surface area stayed within the requested surface profile
tolerance. The minor out-of-tolerance areas are the same as

1
-33.3 0.0

Deviations [um]

-100.0 -66.7 333 66.7 10C
Figure 14: Scanned surface errors on the real workpiece finished with the
optimized interpolator setting. The colored areas are within the surface

profile tolerance range of + 0.1 mm.

with the finishing operation using the initial interpolator
setting. These errors were not caused by machine tool control.
The main reason for these errors was the tool path shape
defined with the NC code, which does not change.

The surface roughness was checked on the machined part
again. A value of Ra = 0.87 um was measured. The difference
compared to the machining with the initial interpolator state is
within measurement uncertainties. Thus it is possible to say
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that the finish machining with the optimized interpolator
parameters generated a similar surface roughness.

Concurrently, the machining time was shortened by about

18.4% (comparing total machining time resulting from both real
machining results; see Tab 3).

Figure 15: Examples of the machined surface structure. Detail of the middle left area of the part. Picture of simulated surface is on the left side,

photo of machined surface on the right side.

4.4 Results comparison and discussion

A comparison of the simulated and real machining time shows
that the virtual machine tool model provides 1:1 machining
time prediction with the is error lower than 1 % for the process
considered (see Tab. 3).

As shown above, the virtual machine tool model is also a useful
tool for optimization of the whole process. In this case,
optimization of the interpolator parameters had a significant
impact on the machining time. Various settings were pretested
on the specific real machine tool on the simple three-axis test
workpiece. The selected parameter set was later tested using
the virtual machine tool for machining of the geometry of the
real part. Since the surface quality and accuracy were

acceptable, the optimized interpolator setting was
implemented into the real machine tool. This modification of
the interpolator setting (Tab. 2) enabled machining time
savings about almost 18 %. This result demonstrates that the
interpolator setting can be a significant part of process
optimization for shorter production time with respect to the
defined workpiece accuracy and quality.

The comparison of surface structure on the virtual workpiece
and the real workpiece show similar results; see Fig. 15. These
final results confirmed that the proposed virtual machine tool
model and virtual machining approach are useful for checking
surface quality before running a real process.

Table 3: Overview of machining time results. A comparison of the virtual process simulation and real machining process is shown. Time savings due

to the optimized interpolator setting are also presented.

o Longest finishing operation
Original process . .
Part production total time

. Longest finishing operation
Optimized process . .
Part production total time

Longest finishing operation

Machining time savings after
process optimization

Part production total time

5 DISCUSSION

The presented virtual machine tool model consists of the
structure of the machine tool (structural bodies, mechanical
structure of the axis drives, control of the feed drives) and the
interpolator of the control system. Each part of the model (the
structure model and the interpolator setting) has to be verified
separately before the parts are used together. The presented
virtual machine tool model does not include a model of the
cutting process or a model of the dynamic properties of the
workpiece. A typical application of the model would be e.g.
finish milling of moulds where cutting forces are relatively low

Virtual process Real machining Estimation error of
simulation [sec] process [sec] the simulation

3502 3500 0.06%
7761 7783 0.28%
2928 2926 0.07%
6335 6352 0.27%
16.4% 16.4%
18.4% 18.4%

and the workpiece is stiff. The typical outputs of the model are
predicted machining time and surface accuracy and quality.

The machining time prediction is more accurate than the usual
CAM simulation because the model includes the interpolator
for computation of the time-dependent data for the machine
tool feed drives. As shown in Tab. 3 and Appendix 1, the
prediction error is typically lower than 1%.

The presented virtual machine tool model is also suitable for
predicting surface quality and accuracy. The model can be used
to analyze the surface errors caused by the dynamic behavior
of the whole chain interpolator-feed drive control-mechanical
structure. Workpiece surface accuracy with respect to the
defined surface profile tolerance can be evaluated. The surface
structure can also be checked, as presented on the examples
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above. The model is not able to address geometric and thermal
errors of the machine tool structure or errors related to
workpiece clamping.

Since the model provides very good match with the real
machining results, it can be used as a tool for checking the real
process chain setting. The presented use case demonstrated
that the appropriate setting of the interpolator parameters can
shorten the machining time significantly. As described, it is
useful to use various interpolator settings for various
applications. The other result is that the information about the
surface quality obtained on the test workpiece is applicable to
optimization of the more complex real workpiece.

In the presented cases, only the CNC interpolator parameters
were changed. In general, there is additional potential for
shortening machine time through appropriate tool path
planning and NC code generation using a postprocessor.

6 CONCLUSION

This paper presents a virtual machine tool model and its
application for machining process optimization. The model
includes the machine tool structural parts, mechanical
structure of drives, control of feed drives and interpolator. The
model is able to compute tool centre point position and tool
orientation in the defined work space. This information can be
used for visualisation of surface quality and accuracy.

The model is suitable for testing various NC codes, feed drive
settings and interpolator settings of the accuracy, quality and
productivity of machining. The virtual machine tool model is
able to predict machining time with an error of about 1%. The
surface structure can also be simulated including various minor
shape errors on the workpiece surface.

As was demonstrated, the interpolator setting can significantly
influence the machining time and to some extent surface
quality. Machininig time reduction potential is about 10 — 20 %.
Optimization of the interpolator setting for every partial
operation would be a recommended procedure for achieniv an
increased productivity.
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APPENDIX 1: OVERVIEW OF THE MACHINING OPERATION

Machining time is presented for real machining and virtual simulation with the initial and optimized interpolator settings. The

interpolator settings are presented in Tab. 1 (initial setting) and Tab. 2 (optimized setting).

Initial Initial Optimized Optimized .
. . . L .. . .. Real time
Operation | Tool Cutting conditions machining machining machining machining .
. . savings
(virtual) (real) (virtual) (real)
Face mill 63 mm 1;zp:_03.,2n5mr:1m
Roughing lS.CAR vc = 2800 m/min 499 sec 501 sec 390 sec 393 sec 22%
#1 3inserts
n=14147 rpm
0.5 mm corner
stepover 40 mm
Face mill 25 mm ];Zp:—02.256nTrrnn
Roughing | ISCAR ve = 1257 m/min 649 sec 653 sec 364 sec 367 sec 44%
#2 3inserts
0.5 mm corner n = 16000 rom
' stepover 12.5 mm
fz=0,23 mm
Semi- Ball mill 20 mm ap=1.5mm
finishin SANDVIK vc =1131 m/min 736 sec 738 sec 523 sec 526 sec 29%
€ 4 flute n =18000 rpm
stepover 2 mm
fz=0.17 mm
Ball mill 20 mm ap=0.2mm
Contouring [ SANDVIK vc = 1131 m/min 227 sec 233 sec 218 sec 219 sec 6%
4 flute n =18000 rpm
stepover 0.3 mm
fz=0.17 mm
Finishin Ball mill 20 mm ap=0.2 mm
€ SANDVIK vc =1131 m/min 3502 sec 3500 sec 2928 sec 2926 sec 16%
#1
4 flute n =18000 rpm
stepover 0.3 mm
fz=0.1mm
Finishin Ball mill 12 mm ap =0.25 mm
# g SANDVIK vc =678 m/min 553 sec 556 sec 468 sec 470 sec 15%
4 teeth n =18000 rpm
stepover 0.25 mm
fz =0.06 mm
Finishin Ball mill 6 mm ap =0.15mm
43 J SANDVIK vc =339 m/min 561 sec 565 sec 493 sec 497 sec 12%
2 teeth n =18000 rpm
stepover 0.15 mm
fz =0.04 mm
Finishin Ball mill 2 mm ap =0.08 mm
44 J SANDVIK vc =113 m/min 1034 sec 1037 sec 951 sec 954 sec 8%
4 teeth n =18000 rpm
stepover 0.08 mm
Total 7761 sec 7783 sec 6335 sec 6352 sec 18%
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