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Abstract

During machining occurring losses conduct into the machine tool and lead to deformations that impair the
machining accuracy. Thus, high effort is invested into the compensation of thermo-elastic errors. One
new approach is to use the information extractable from part programs in combination with CNC controller
systems to forecast occurring losses in terms of a look ahead function. The method allows the evaluation
of part programs with respect to its thermal influence on the machine tool. Therefore, the method is ap-
plied on selected part programs, resulting loss distributions are discussed in terms of their thermal impact,

and potential follow-up strategies are stated.
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1 INTRODUCTION

Machine tools are widely used for machining of parts due to
their good balance between productivity, flexibility and ac-
curacy. To raise the economic benefit for the user, the per-
formance and thus the productivity of the machine tool has
continuously increased. In consequence, the machine inter-
nal losses have also increased. [Grossmann 2015]

Losses occur in components and assemblies that are in-
volved in the conversion or transmission of energy [Jung-
nickel 2000]. They spread in form of heat in the machine
tool and lead to thermo-elastic deformations reducing its ac-
curacy. Therefore, productivity and accuracy are always in
conflict [Grossmann 2015].

To handle this conflict, different strategies are used to re-
duce the impact of losses and to maintain machining accu-
racy. A widely applied strategy is the use of cooling systems
to actively cool machine tool components with significant
loss emission. Current machine tools use about 1/5 of their
energy consumption for cooling systems [Denkena 2011,
Brecher 2010, Brecher 2016, Abele 2014, Shabi 2019].
Cause of the aim for energy efficiency the energy consump-
tion joined the conflict of productivity and accuracy.

In order to achieve an efficient cooling, there are efforts to-
wards decentralized cooling systems, which can be con-
trolled individually and thus achieve a better overall temper-
ing of the machine tool [Hellmich 2018].

Preceding remarks show that the energy consumption of
cooling systems is more and more contributing to the total
energy consumption of the whole machine tool. The effi-

cient control of cooling systems is thus moving into the fo-
cus of research. This paper presents an approach that can
predict the losses of the individual loss sources, depending
on the machining task, which is a valuable tool for the en-
ergy-efficient control of cooling systems.

2 STATE OF THE ART

Losses have a high priority in the machine tool sector. Ac-
cording to current estimations, more than half of all machin-
ing errors are due to thermal problems of the machine tool
[Brecher 2016]. The majority of heat sources within ma-
chine tools are caused by losses in assemblies, such as
bearings, guides and motors [Jungnickel 2000, Mayr 2012,
Ramesh 2000].

Measuring the losses is very complex, since sensors have
to be integrated at the loss occurrence into the assembly
[Kekula 2018]. Therefore the losses of the individual loss
causes are examined and modelled separately, e.g. for
bearings [Palmgreen 1957]. These models allow the calcu-
lation of the occurring loss depending on the operating con-
ditions, without touching the assembly.

During machining on a machine tool, the operating condi-
tions at the respective loss occurrences change continu-
ously. A direct use of the loss models without considering
the manufacturing task is therefore not possible.

To forecast the occurring losses for a completely manufac-
turing task, the resulting machine movements have to be
determined and used during loss model application, which
is described in this paper.
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3 PLACEMENT OF THE WORK

The presented approach belongs to the project B10 of the
CRC/TR 96. The goal of B10 is to research strategies for a
“thermal precontrol” of machine tools. Thermal precontrol
comprises loss prediction, loss patterning and the deriva-
tion of control strategies to achieve a temporally stable tem-
perature field. Therefore the project targets at the front of
the thermo-elastic chain [Hellmich 2018], to decrease
changes in temperature field, deformation field and tool
centre point displacement.

Fig. 1 summarizes the issue. The left branch describes the
influence of a part program on the thermo-elastic defor-
mation of machine tools. The right branch shows the mod-
elling strategy and their usage for a determination of opti-
mized control strategies for tempering systems. The yellow
cased block in the right branch is issued in this paper. Sec-
tion 4 describes the general method for the loss forecast
while section 5 applies the method on selected part pro-
grams with an discussion of resulting loss distributions.
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Fig. 1: Placement of the loss forecast within project B10 of
the CRC/TR 96

4 METHODOLOGY FOR LOSS FORECAST
4.1 Overview

Machine tools emit different losses depending on their op-
eration state, which is the main reason for thermal changes

within the machine tool. While in non-operating mode,
losses are mostly stable because the only loss sources are
motors constantly influenced by gravity, like the Z-axis, ac-
tive auxiliary units and hydraulic systems [Shabi 2019]. Dur-
ing automatic operating mode, multiple sources emit losses
that strongly depend on the manufacturing task. These are
for example:

e Motors
e Bearings
e Guidings

To forecast the occurring losses of a machine tool during a
specific process, two major steps are to accomplish.

e  First, the machining task, which is defined in the
NC program, must be interpreted so that the re-
sulting axis movements of the machine tool are
known.

e Secondly, the axis-specific losses have to be cal-
culated with the aid of the previously determined
axis movement.

Fig. 2 summarizes the general workflow. The two main
steps of loss prediction are discussed in the following sec-
tions 4.2 and 4.3.

Loss forecast procedure

l part program

part program discretization

Movements of all
machine axes

loss model application

Axes specific losses

N
Fig. 2: General loss forecast procedure according to Fig. 1

4.2 Part program discretization

Part programs are usually generated after process planning
with computer aided manufacturing systems (CAM) where
resulting paths and machine commands for a desired tech-
nology are defined. The paths within part programs are rel-
ative to the raw part. They do not contain axes specific
movement commands for the machine tool. With the inter-
pretation by a CNC, the defined motion is transformed on
the machine tool axes. For example, machining the same
process (part program) on machines with serial and parallel
kinematics results in significantly different axis movements
[Ihlenfeldt 2012].

The part programs are written in G-code (also called NC-
code or CNC-code) [DIN 66025-1 1983, DIN 66025-2
1983]. G-code is a programming language for machine con-
trol systems that distinguishes fundamentally in path condi-
tions and additional functions. Despite existing standards
for G-code, control systems differ in terms of path pro-
cessing and additional functions. Some control manufactur-
ers have also developed their own syntax, which however
is similar to G-Code in many respects. Therefore, part pro-
grams are mostly controller specific and should be inter-
preted with the appropriate controller type to achieve a high
correlation between simulated and real machine behavior.
Due to complexity [Suk-Hwan 2008] and non-transparent
internal processes, a reconstruction of the internal control
processes to determine the axis movements is often not ac-
curate enough and very time-consuming.
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Since machine tool controllers are a software, running on a
machine integrated computer, most control manufacturers
offer the opportunity to run them offline, which is e.g. used
for commissioning or collision detection and will further be
called virtual numerical control (VNC). Instantiated with the
axes configuration of the machine tool, this leads to high
correlations between simulated and real movement.

By using the appropriate VNC, the interpolation points of
the process can be calculated and transformed on the ma-
chine axes with respect of speed and jerk limits, which can
further be used for the application of loss models.

It should be mentioned that the VNC cannot cover all vari-
ations in a part-program. Commands that involve the ma-
chine operator (e.g. programmed stop) or auxiliary systems
coupled though the PLC (e.g. in process tool length meas-
urement) cannot be simulated because they are outside the
control’s responsibility or rely on process feedback. This is-
sue may be solved by separating the part program in oper-
ator or process dependent parts and independent parts,
which will be part of further research. The major differences
of a VNC and a CNC are sumarized in Fig. 1.

4.3 Loss model application

The losses of an axis strongly depend on its size and the
construction. Rotatory axes mainly have losses in the bear-
ing and the motor, while translational axes have additional
losses in the guiding [Jungnickel 2000].

As mentioned in section 4.1, the losses depend on the op-
eration state. For this purpose, models exist to describe the
respective loss sources. In [Jungnickel 2010] relevant mod-
els were summarized, which are used in the CRC/ TR 96
[Schroeder 2019] and within this work.

The loss model parameterization in combination with ther-
mal simulation models is very complex and above all itera-
tive, as described in [Kauschinger 2015]. With parameter-
ized models, losses of a respective loss source can be de-
termined according to the operation state.

To determine the operating state of an axis, the machining
operation has to be discretized and transformed to the axes
according to the procedure in section 4.2. This results in
time series of axis positions. In practice, these support
points are transferred to the drives, which move quasi line-
arly in between. Therefore the movement from one to the
next support point of the time series can be assumed to be
linear. With this information, the corresponding movements
in the individual loss sources can be determined, which is
the main influence of the loss models. More details to used
loss models and their application are given in section 5.3.

5 APPLICATION
5.1 Research object

The investigations were performed on a hexapod (see Fig.
3), which is equipped with multiple thermal sensors and
used as research demonstrator in prediction, correction and
compensation of thermo-elastic errors. It has six identical
axes (see Fig. 4), which are all mounted on the fixed base
and the moved platform. Each axes has a movement range
of 0.5 m and a speed limit of 1 m/s.

The machine is controlled by a Beckhoff CNC preceded by
a HexaBOF (see Fig. 5), developed at the IMD of the TU
Dresden. The HexaBOF is focussing on the offline transfor-
mation, position limits, work area check and model based
corrections. It has its own programming language called
GEO-code that allows positioning with desired orientation
in R similar to standardized commands of G-code. It gen-
erates G-Code on axis level (further called axis G-code),
which is processed by the Beckhoff CNC at a cycle time of

Fig. 3: Research object: hexapod

Nut
Spindle %
Bearing

Fig. 4: schematic axis setup

Joint

Joint

l GEO-code (*.geo)

HexaBOF

+ axis G-code

Beckhoff CNC

axes positions

hexapod control

Fig. 5: real hexapod control architecture representing
‘CNC’ block in Fig. 1

10 ms. Due to nonlinear transformation models, the devel-
opment of HexaBOF allowed the adaptability of the trans-
formation model with low-cost, compared to the time critical
implementation within the CNC. More details can be found
in [Kauschinger 2006].

The hexapod is fully defined so that each axis can be
moved without moving the other five axes. This allows the
execution of single axis movements as well as 3/5-axis
movements with and without consideration of the transfor-
mation.

5.2 VNC application for part program discretization

For the virtual processing of part programs, the in section
4.2 described procedure has to be applied for the hexapod
control (see Fig. 5).

Therefore, the following key issues have emerged:

1. Creation of a converter to transform G-Code into
GEO-Code

2. Connection of the HexaBOF for the offline trans-
formation from GEO-Code to axis G-Code

3. Connection of a Beckhoff VNC for offline G-code
interpretation, to receive axis positions

For the first step, a converter was developed, which accepts
3-axis machining operations as G-code and converts them
into a GEO program. The conversion from GEO to axis G-
code is done manually via HexaBOF. Due to the language
specifics, the number of NC blocks changes during the con-
version. To enable conclusions to be drawn about the orig-
inal NC program, the reference to the original block was re-
stored after each conversion step, by replacing block num-
bers.
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Fig. 6: VNC architecture for the hexapod

The created VNC is based on a Beckhoff library, that pro-
vides essential functions for the virtual operation of a CNC.
An interface was developed via which NC programs can be
processed, returning the resulting position series of all
axes. The VNC is instantiated by the interface with the axis
configuration of the Hexapod, which achieves a high corre-
lation between real and virtual machine behaviour.

The developed modules were examined and validated indi-
vidually and in interaction with the use of different part pro-
grams. Tests within a virtual machine showed that the vir-
tual interpretation of the part programs is between 50 and
60 times as fast as the machining task itself. Thus, such
approaches could be used efficiently during process plan-
ning.

5.3 Loss model integration and application

To predict the losses of a machine tool, parameterized loss
models [Jungnickel 2010] are required as well as the cur-
rent operating state of the loss source.

The operating state is mainly defined by the present speed
at the loss source, which is made possible by the derivation
of the position time series from section 5.2.

At the research object are three significant loss source
types: bearing, ball screw drive and motor. Each loss oc-
curs once per axis, which leads to 3*6=18 loss sources at
the hexapod.

The loss models used are from [Jungnickel 2010] and were
parameterized by the investigations in [Kauschinger 2015].
In the following, the models are briefly introduced.

Bearing losses

The used bearing loss model (1) is based on the research
of Palmgreen [Palmgreen 1957] and divides into a hydro-
dynamic Mpyqy,, load dependent M,,,, and sealing loss
Mseal-

Mbearing = Mhydro + Mload + Mseal (1)

Hydrodynamic losses (2) are speed-dependent, since the
lubricating film varies according to the speed. Parameters
are: the bearing constant f;, the average bearing diameter
dn, the kinematic viscosity v and the angular speed w.

2 2
Mhyaro = 4501 fy - d® - (v lw])? ¥V vw 220007 (2)

The axial and radial bearing load primarily defines the load-
dependent loss component (3). It is sufficient to consider
only the preload since the process forces are largely can-
celled out by the bearing design, as explained in
[Kauschinger 2016]. Parameters are: Bearing constant f;,
axial force F,, radial force F,. and average bearing diameter
dm.

Mioaq = 1(1.4-F, — 0.1 -F) - dp 3

The used bearing is lubricated with a grease in which min-
eral oil is dissolved. In order to keep the grease in the bear-
ing, sealing rings are used, which cause additional friction.
Therefore an sealing loss (4) [SKF 2020] was considered
which extends the model of PALMGREEN [Palmgreen 1957].
Parameters are: Coefficients for the sealing ring Ks; and
Ks,, diameter of the sealing ring that is sliding over the bear-
ing ring ds.,; and the exponent for the sealing ring .

Mgeqr = Ksq (dsealB + KSZ) 4)

Ball screw drive losses

Losses within the ball screw drive (5) separate into a loss
caused by the rolling elements M,.,;; and an additional seal-
ing loss M,,;. The sealing loss occurs for the same reasons
as described for the bearing loss. Therefore (4) can be used
for its calculation.

Mpysq = Myoy + Mseas ®)

The loss caused by the rolling elements M,,; was used
from [Jungnickel 2010], and is based on empirical research.
Parameters are: Spindle diameter dg,inq., NUt diameter
dnue, NUMber of groves i where rolling elements are in con-
tact, preload force E, and the dynamic load capacity C.

. F
Moy = 452+ 10° - dspindlell44 ) dnutls3 L c (6)

Motor losses

The motor loss model (7) used here was setup of the idea,
that the motors effective torque is equivalent to the sum of
loss moments. With an assumed static efficiency value 7,
the motor loss can be determined.

1-7n
Mmot = T (Mfriction + Macceleration) (7)

Mfriction = Mbearing + Mpsq 8

In addition to the friction losses, the acceleration loss
M cceleration 1S taken into account. Parameters are: Moment
of inertia J, angular speed w and the time change dt.

|w]
Mgcceteration =1 at ©)

The current motor loss model does not consider dynamic
efficiency values n and process forces, since the prediction
of process forces is not trivial [Hanel 2019]. Further re-
search steps will analyze solutions for the integration of ef-
ficiency map lines n = f(M, n), alternative models like [Win-
kler 2015] and process force forecast strategies like [Hanel
2019] for a more accurate forecast of motor losses.

Loss model application

The previously described loss models (1) to (9) can be ap-
plied on the resulting position time series of section 5.2. The
models mainly require an angular speed w, that can be ob-
tained out of the position time series. Equation (10) shows
the calculation of the time dependent angular speed for an
axis. Parameters are: Rotational speed n, axis speed v,
spindle slope s, position at a specific time p(t) and the sam-
ple time dt.

w(t) =2nn(t) = 228 = an
N

N

(10)

The angular speed is axis dependent, which leads to six
different speeds. Therefore, even with identical loss models
for all six axes, the losses of the axes are individual.
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5.4 Loss distribution analysis

The procedure described in sections 5.2 and 5.3 can be
used to predict loss moments of individual loss sources for
any part program. Based on the loss moment the corre-
sponding loss power and loss energy can be calculated with
little effort (11). Parameters are: Loss energy Ej,gs, l0Ss
power Py, passed time dt and the angular speed w.

(11)

The procedure was applied to three different NC programs,
which are discussed separately below. These examples
were chosen to validate the solution and illustrate its poten-
tial with increasing movement complexity. For simplification
the focus was put on the first of the hexapods six axes and
further on its motor loss. For each NC program, the result-
ing motor loss moments over time and the corresponding
power dissipation over the NC block are shown. The
presentation of the loss power over the blocks was chosen
in order to allow an evaluation of individual blocks with re-
gard to occurring losses. All time dependant graphs are ad-
ditionally smoothed with a rolling window over 30s.

Linear pendulum movement

The first NC-program performs a simple linear movement
(RY), which helps to interpret the resulting loss curves. The
goal was to create obvious correlations between NC-
program and resulting loss distributions.

Through the program, all six axes move simultaneously
from 0 to 100 mm and back again. This movement is re-
peated so that the ideal movement would take 15 minutes
and then the axis speed is incremented or decremented ac-
cording to Fig. 7. Between the ideal and real speed is a big
difference. This is caused by the limitations of path devia-
tion and jerk. Especially at high speeds, the axis cant follow
the desired path, resulting in a slower movement.

Eloss = Pross = dt = Mypgs - w - dt

1.0
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—— commanded
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Fig. 7: absolute speed for the linear movement

Within the loss moment distribution in Fig. 8 the change of
the axis speed (Fig. 7) is clearly correlating with the loss
moment, which is mainly caused by the speed dependence
of the friction moment (8). The corresponding loss power
distribution is shown in Fig. 9. Because of the axis limita-
tions, the changes in loss moment and average axis speed
are smaller at high speeds, resulting in small changes of the
loss power according to (11).
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Fig. 8: Loss moment within the X-Motor
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Fig. 9: X-Motor induced loss power of G-Code blocks

Cone movement

The second NC-program was created to analyze the loss
model results, with continually decreasing movement under
constant commanded path speed in R3. Compared to the
first test scenario the axis limitations continuously gain on
impact. The NC-program describes the movement along
the surface of a cone, as shown in Fig. 10. The cones rota-
tional axis is oriented parallel to the Z-axis and is seg-
mented along the Z-axis, so that circular movements are
done by each level. With increasing Z position the circles
shrink while remaining the target path speed, which leads
to stronger accelerations with rising Z position.

Zin mm

Fig. 10: Cone movement of the NC-program

At the beginning, the large circles are driven, which is rep-
resented by the area filled in at the bottom in Fig. 11 (up to
0.405 Nm). The individual spikes (approx. 0.407 Nm) are
caused by the feed motion between the circles. The anom-
alies at the end are caused form control limitations because
the machine is unable to follow the continuously decreasing
circles at the desired path speed. During the real execution
of the program, clear vibrations and a bouncing of the ma-
chine could be heard and seen.

0.4p9 1| — real l
—— smoothed |

0.408
0.407 4

0.406 -

loss moment in Nm

0.405 4

0.404 4

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
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Fig. 11: Loss moment within the X-motor
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While the loss moment increases the loss power (Fig. 12)
of the block reduces because of the decreasing angular
speed (11) in fact of the smaller circles.

The test scenario shows the loss forecast for a part pro-
gram with continuously changing movements. The anoma-
lies that are visible at the end of Fig. 11 and Fig. 12 also
arised at the real execution of the nc-program, which vali-
dates the simulation results.

Real manufacturing task

In a real manufacturing task, the loss curves are much more
complex than those of the preceding tasks and are difficult
to analyze. To illustrate this, a real manufacturing technol-
ogy was used (see Fig. 13). The technology has been cre-
ated according to classical technology planning, with rough-
ing first and then finishing within the following order:

1. Plane milling

2. Bag milling
1. Opened bag
2. BigBag
3. Small Bag

3. Grove milling
1. Longgrove
2. Short grove
4. Txdrilling

Fig. 13: Demonstration part
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Fig. 14 shows the corresponding loss moment distribution
for the x-motor of the hexapod. The red vertical lines indi-
cate a change of the operation step, like switching from
plane milling to bag milling. The plane milling operations
(1R: roughing and 1F: finishing) represent the two big areas

= = ~
o wm =]

loss power in W

w

T T T T
0] 500 1000 1500 2000
block

Fig. 15: X-motor induced loss power of G-code blocks

separated by the red lines. Especially the finishing opera-
tion is very time consuming, indicating inefficient cutting pa-
rameters. Additionally, there is a difference between cutting
movement (at about 0.41 Nm) and positioning movement
(at about 0.46 Nm) visible.

While watching on the loss power distribution at Fig. 15, the
positions of the red lines change in relation to Fig. 14. This
happens because of the different times a block is active,
depending on defined path velocity and path length. As ex-
ample the plane milling operations shrink, cause of long
ways represented by a block. The impacts of a block on the
emitted loss powers are clearly varying, depending on the
operational task. The finishing operations 2.1 to 2.3 point to
two areas, because they were separated in wall and ground
finishing. With the example is shown that the resulting
losses vary according to the manufacturing technology.

Summary

The predicted loss distributions strongly depend on the pro-
cess. The linear pendulum movement showed basic corre-
lations between the path speed and the resulting loss for an
single axis movement in R. In the example of cone move-
ment, the path speed was fixed while continuously reducing
the path length in R3, leading to similar effects. These ex-
amples were chosen for basic validation of the model.
Within the real manufacturing task, the model was applied
to a real process, resulting in complex loss distributions,
which were described briefly.

6 SUMMARY AND CONCLUSION

The forecast of machine internal losses, depending on the
part program, was described and explained at specific ex-
amples. Correlations between resulting loss moment over
the time and the loss power over the sentence were fo-
cussed.

In addition, the loss energy can be determined according to
equation (11), which was not further focused within the pa-
per.

The used VNC as well as the loss models can be substi-
tuted, allowing a transfer to other machine tools, while the
general procedure of the loss forecast in section 4.1 re-
mains the same.

7 OUTLOOK

The presented loss models within section 5.3, are actually
not considering the process dependant losses which mainly
effect the motor loss (7). Further research has to focus on
the increase of model accuracy or additional models, that
may be relevant for other machines, like guide rails, envi-
ronmental changes or loss emission in auxiliary units.

The loss moment (Fig. 14) and loss power (Fig. 15) distri-
bution is valuable for the efficient control of cooling sys-
tems, since they describe the dynamic thermal load caused
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from manufacturing tasks. With their help, control signals
for cooling systems can be determined, which contribute to
a thermally stable machine tool.

Future investigations must therefore focus on the control of
cooling systems. For this purpose, limits of the cooling sys-
tems have to be considered, such as maximum cooling ca-
pacities, reaction times as well as specifics of the cooled
body like the heat transfer coefficient. If the loss predictions
are successfully used to control the cooling systems, two
advantages are expected.

On the one hand, the energy input can be reduced because
the cooling power is controlled according to the power loss
and unreasoned cooling can be avoided.

On the other hand, the machine tools thermal behaviour
can be improved, since power loss and cooling power cor-
relate more strongly and thus reducing the absolute heat
flow into the machine tool.
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