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ABSTRACT

Inertial cross-talk consists of displacements
perpendicular to the intended direction of motion
owing to a lateral offset between the driving
force and the centre of mass, which causes a
titing  motion  during  acceleration and
deceleration. The amount of cross-talk can be
determined with a small number of
measurements. With the derived proportional
factors between acceleration and lateral cross-
talk an efficient model can be built and used for
offline compensation on an industrial numerical
control (NC).

INTRODUCTION

Dynamic deviations become more and more
relevant for machine tool applications as the
dynamic loads get increased due to an always
ever increasing demand for productivity. One of
these systematic dynamic deviations is the so-
called inertial cross-talk as mentioned in ISO/CD
230-8.23 which consists of displacements
perpendicular to the intended direction of motion
owing to a lateral offset between the driving
force and the centre of mass (CM), which
causes a tilting motion during acceleration and
deceleration. The tilting causes an orthogonal
deviation of the tool center point (TCP)
depending on the axial TCP offset from the
centre of mass (see Figure 1). Ordinarily in the
development of machine tools structures inertial
cross talk should be minimized as far as
possible [1].

Caused by the application, work-space
accessibility and restraints concerning cost, for a
large number of cases inertial cross-talk can not
be fully eliminated by conceptual means only [2].
For these numerous cases the procedure
described in this paper shall be applied.

This procedure consists of measuring the
systematic cross-talk values and then using the
derived proportional factors for the displacement
compensation. Due to the linear nature of the
inertial cross-talk phenomena a position and

movement dependent generation of additional
superposed axes movements can be applied.
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FIGURE 1. The figure shows the principle of
cross-talk.

METHODOLOGY

This chapter explains the single steps required
to build a cross-talk model for cross-talk
compensation on an industrial numerical control.

Measurement

Firstly the perpendicular displacements caused
by acceleration (or deceleration) have to be
measured. An appropriate measurement system
is the grid encoder from the Heidenhain
Company [3]. Here the axial and the lateral
components of motion can be captured
simultaneously with moderate practical effort.
For a complete compensation of cross-talk on a
machine tool every axis has to be accelerated
and every orthogonal direction has to be
measured individually. In this chapter the
movement and measurement process is shown
for one specific acceleration direction only. The
measurement is done for one specific
orthogonal direction only. To be able to find a
proportional factor for a specific deviation
(example EYX for X-axis acceleration) and
machine configuration in the working volume,
several different set-point accelerations have to



be defined. Exemplarily the acceleration in
Figure 2 is changed to 50, 100 and 200% of the
suggested maximum acceleration for
displacement over 100mm.
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FIGURE 2. Grid encoder measurement with
different maximal accelerations defined in the
NC. The abscissa shows the positioning
movement over 100mm. The ordinate shows the
orthogonal deviation mainly caused by cross-

talk.

6000 : o i B Acceleration 50%
N’: Acceleration 100%
€ 4000/}, Acceleration 200%
E ] Corresponding Setpoint
c ‘ : : ‘
S 2000 fiy ! d i - - - - [
Y
o
g o
<<
o \
£ 2000 ----t----4----
< | |
o
Q. ! | |
@ _4000 1o __a____2 ]
£ 1 1 1 1
o | | | | |
-6000 TTTTTATTTTATTT T
1 1 1 1

Position of accelerated axis [mm]
FIGURE 3. Different measured accelerations
over the position of the movement. The solid
black lines indicate the set-point accelerations.

Proportional Factors

Figure 3 shows the grid encoder measurements
and the corresponding set-point accelerations
over the positioning movement. Comparing the
acceleration profiles with the orthogonal
deviation profile in Figure 2 some correlation
becomes obvious [4]. Cross-talk is proportional

to the acceleration as is explained in Figure 1.
This proportional factor can be determined
through a linear fit (trend) in acceleration to
cross-talk plot as shown in Figure 4. By plotting
the acceleration versus the orthogonal deviation
the linear correlation becomes obvious.

For the linear fit, all the measurements of
different accelerations are put together; thereby
some measurement filtering is needed. A
measured acceleration never goes to zero, thus
measurement points with low accelerations do
not represent the cross-talk effect and therefore
should not affect the linear fitting process.
Therefore these points are neglected as
described in Figure 4 by defining a lower
boundary for acceleration. A lower boundary for
the orthogonal deviation is defined to ignore
non-cross-talk effects in the fitting process.
Additionally all the measurement points from 25
to 75mm are neglected too (Figure 2 and 3).
This proportional factor has to be determined for
every measured axis configuration of the
machine tool.

Figure 4 contains additional information about
the possibilities of the cross-talk modeling. The
span of the orthogonal deviation on the ordinate-
direction describes the amount of orthogonal
errors that can’t be modeled. Taking a short look
at Figure 2 it becomes obvious that excited free
oscillations can’'t be compensated. In contrast to
them, the cross-talk which appears to be a
forced oscillation  (proportional to the
acceleration in Figure 3) can be compensated.
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FIGURE 4. 2D representation of measurements;
orthogonal deviation versus axial acceleration.
The trend-line (blue) shows a linear fit of the
data. The dotted area shows points which were
neglected for the trend line.



Model Fit

According to the effects described in [1] an axis-
position (machine configuration) dependant
model can be created and parameterized by the
measurements. The offset of the tool center
point from the center of mass (axial TCP offset)
as well as the distance of the driving force to the
center of mass (lateral CM offset) do influence
the cross-talk behavior.

TABLE 1. The proportional factor (PF)
determined by a set of measurements and
calculated from a machine configuration
dependant model are shown. (* indicates a
double weighted machine configuration)

Offset Cross-talk PF [um]/ [m/s"]
Ia?e,\;’a / ;EZ Measurement Model delta
Back Small 0 -0.3 -0.3
Back Medium 3.2 3.5* +0.3
Back Large 7.6 7.3 -0.3
Front Small 34 3.1 -0.3
Front Medium 6.5 6.8* +0.3
Front Large 10.8 10.5 -0.3

In the current example the measurement was
mainly position dependant but not influenced by
the moved mass. The observed influence was
taken in account using a linear dependence of
the orthogonal position.

Cross-talk Compensation

The compensation of the cross-talk effect is
based on feed-forward control. For a given
acceleration set-point curve the cross-talk model
is applied and the position deviation calculated.
These values are then superposed to the
original set-points. Using multiple models at a
simultaneous axis movement, the compensation
values can be accumulated axis-wise. The
cross-talk effects inserted onto the system by
the set-point compensation is neglected
because of the low acceleration that is required.
For successful set-point compensation the
demanded acceleration and jerk have to
correspond to the dynamic capabilities of the
compensating axes.

The basic plant model [5] is used to investigate
the transfer function behavior from the set-point
to the internal measurement system. As shown
in Figure 5, the plant model applied on the
compensating movement inhibits the
compensation due to its limited dynamics. To
resolve this loss a scaling factor is applied to the
set-point compensation. Applying the plant
model, the loss of compensation can be
recovered. To determine the scaling factor the

simulation is compared with the compensation of
the cross-talk model.
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FIGURE 5. Set-point profiles using a cross-talk
model for compensation (first part of positioning
motion). Calculated compensation in blue,
scaled compensation in red.

RESULTS
The cross-talk compensation described above
can be implemented in an actual NC.

Using Industrial Numerical Control

The simple model described above does allow a
machine configuration dependant
implementation on an industrial numerical
control. For the measurements shown below
firstly the original set-point values for the 100mm
positioning movement were captured on the
Siemens numerical control (Sinumerik 840D).
The modified compensated set-point values
were then fed back directly as input for the
position feed-back controller. The compensation
can’t be implemented through ISO-NC code due
to geometry and feed-rate optimization inside
the numerical control.

Measurement Results

For a corresponding machine configuration, a
compensated set-point trajectory was applied on
the machine tool. All the settings for the
positioning movement, including jerk,
acceleration and velocity stayed the same
beside the small lateral compensational
movements. In  Figure 6 the original
measurement is compared with the resulting
compensated measurement. The results show a
reduction of the maximal cross-talk deviation by




about 50% without influencing the dynamics of
the machine tool.
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FIGURE 6. Measured cross-talk deviation for the
non-compensated system (red), for the compen-
sated system (green). The programmed set-
point is indicated blue.

CONCLUSION AND RECOMMENDATIONS

Summary
This paper gives a step by step description for a

compensation of inertial cross-talk on an
industrial machine tool. The first step is a
dynamic machine configuration dependent
measurement in representative positioning and
measurement directions. These measurements
are performed with different maximum
accelerations. Based on these measurements a
proportional factor describing the ratio of the
orthogonal deviation depending on the
acceleration and the machine configuration can
be determined. The given drive dynamic can be
taken into account by using a scaling factor. For
a given set-point trajectory (including
acceleration profile) the compensation can be
calculated and feed back in the industrial
numerical control.

The step by step procedure is applied in an
example for a single positioning direction and an
over 50% reduction of the maximal cross-talk
effect was achieved.

Discussion

The result shown in Figure 6 clearly leaves
potential for improvement. The compensated
trajectory still has cross-talk characteristics,
meaning acceleration and deceleration lead to a
definable orthogonal derivation direction.

The proportional factor (see Figure 4) is
sensitive to the selection of points for the trend
calculation. The observed sensitivity in the
example is 0.5 ym per m/s?.

Recommendations

In the chapter of compensation the additional
scaling of the compensation is suggested
because some of the compensation is lost due
to actuator dynamics and non-linearity. An
alternative approach could be the use of an
inverted model of the plant.

ACKNOWLEDGMENT

This project was supported by the Swiss Com-
mission for the Promotion of Applied Research
(KTI) and by Swiss industrial partners.

REFERENCES

[11 Rehsteiner F, Weikert S, Rak Z Accuracy
Optimization of Machine Tools under
Acceleration Loads for the Demands of
High-Speed-Machining, ASPE-Proceedings
of the ASPE Annual Meeting, St. Louis.
1998; Oct, 25-30: 602-605

[2] Maglie P, Carbini R, Weikert S, Wegener K
Efficient mechatronic evaluation of machine
tool designs using model reduction,
Proceedings of the 12" Mechatronics
Forum, Biennial International Conference.
2010; 1: 285-292.

[3] http://www.heidenhain.de/en_US/products
and applications/setup and measurement/
machine_measurement/kgm/ 2010-6-30

[4] Bringmann B, Maglie P A method for direct
evaluation of the dynamic 3D path accuracy
of NC machine tools, CIRP Annals —
Manufacturing Technology. 2009; 58: 343-
346.

[5] Zirn O, Weikert S  Modellbidung und
Simulation hochdynamischer Fertigungs-
systeme, Springer 2006.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


