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Abstract

Paper briefly describes design of experiments aimed at verification of selected technological
parameters of the plasma cutting machine. Design solution of the plasma cutting machine represents a
complex kinematic structure with 9 DOF. Reaching the prescribed repeated accuracy of the
positioning is one of the main parameters that is required from the machine. Full experiment design
covers more than thousands experiments. Therefore reduced experiment design was prepared that
requires only 32 experiments. We consider only one execution of each experiment. When the data
variability should be observed, five repeating of each experiment is required, resulting in respective
increase of the number of experiments.

Abstrakt

Clanok struéne opisuje navrh experimentov zameranych na overenie vybranych
technologickych parametrov plazmového rezacicho stroja. Konstrukéné rieSenie tohto stroja
predstavuje  komplexni  kinematicki  Struktiru s deviatimi  stupilami  volnosti. Jednym
z najdolezitejSich parametrov, ktoré sa od stroja pozaduju, je dosiahnutie predpisanej opakovanej
presnosti polohovania. Uplny navrh experimentov si vyzaduje viac ako tisic experimentov. Preto sa
pripravil redukovany navrh experimentov, ktory si vyZaduje vykonanie iba 32 experimentov.
Predpokladame pritom iba jedno opakovanie kazdého experimentu. Ak sa ma sledovat’ aj rozptyl
nameranych udajov, vyzaduje sa najmenej pat opakovani kazdého experimentu, ¢o vedie k znaénému
narastu ich poctu.

1 INTRODUCTION

The growing demand for increased productivity in machinery requires introduction of the
brand new technological systems. One example is a three-torch plasma cutter (see Figure 1). The
principle of the plasma cutting is employed for many years. The brand new design, developed at the
Department of Production Engineering (DPE), FME STU in Bratislava, bounds together three cutting
operations into a single technological unit — a three-torch plasma cutting head. This approach offers
an increased productivity with new possibilities for complex cuts not available before [2], [10].
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The new technology requires testing of
assumed technological parameters. Repeated
accuracy of positioning belongs to the most
important parameters as directly affects quality
of the provided cut. Therefore the big attention is
paid to modeling the expected accuracy, design
of experiments for testing the repeated accuracy,
design the measuring tools and performance of
practical design. Due to a brand new mechanical
and kinematic concept of the cutting head, a
number of problems occur in each of the
mentioned phase of the testing process.

The complicated theoretical task is
connected with  design of  appropriate
Fig. 1 Design of the three-torch plasma cutting  experiments. Full experiments design covers
head (courtesy of DPE, FME STU in Bratislava) 65536  experiments. =~ Therefore  reduced
experiment design was prepared that requires
only 32 experiments.

The paper describes the three phases of the theoretical work, performed for determination of
selected technological parameters of a new three-torch plasma cutting head:

1. determination of a theoretical accuracy of a positioning,
2. determination of a single-axis positional deviation,

3. determination of a positional deviation for random sequence of movements of a
cutting head.

2 THEORETICAL ACCURACY OF POSITIONING

The device itself consists of several individually operated axes, either transversal or rotational.
We analysed all individual axis from uncertainties point of view. Let us introduce an example of such
process, demonstrated by movement of both side-torches H1 and H2.

Figure 2 introduces a kinematic scheme for movement of any of side torches, H1 and H2. The
desired position y of a torch § is obtained by several rotations of a motor 2. Motor movement is
transformed over a whole kinematic chain that includes the planet gear box 3, the two pullers 4 and 5
and a ball-screw transmission.

The whole mechanism is designated as an open loop system. The desired position is derived
only from a digital encoder / that records angular rotation of a motor 2. No information is provided
on actual position of a torch. Neither a position sensor nor an angular sensor of a screw-bal
transmission is employed. Therefore if any deviation from the ideal behavior of a whole kinematic
chain occurs, the torch reaches position different from the pre-programmed one.

The displacement (positional change) y of a torch can be derived according to the employed
kinematic scheme as:

Y=k kaer kepe kot Quni (1)
where:
@ sni =360 ° — is the one turn of the digital encoder (digital encoder mounted on the motor shaft),
k  —the ball-screw lead, £ =10 mm / 360 ° = 0,02777 mm/°,
kg, — the pulley 1/ball screw ratio, kg, =1,
k. —the pulley 1/gearbox ratio, k. = 1,
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ky  —the gearbox transmission ratio, k.= 1/14 =0,071429 ,
@ sni = 360 ° —a one complete turn of a digital encoder (i.e. one complete turn of a motor shaft).

When substituting to the equation (1) we get the displacement of both side-torches HI and H2
that corresponds to a one turn of a motor shaft

Now we want to calculate the uncertainty of such theoretical displacement. We employ the
law of uncertainty propagation. As we do not perform any repeated measurement, we calculate just
the uncertainty evaluated by the type B method.

Following relationship for calculation of an uncertainty of a theoretical displacement y applies:

5 2 2 2 2
uiz & u; + ¥ u, + Y u; + @ u; + o u; 2)
0, 0 ks |0 ke w0 K, " 0,

After the substitution to the equation (2) we can calculate the uncertainty of the outer torch
(H1, H2) displacement:  #,=0.01283 mm
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Fig. 2 Block scheme employed for movement of any of both side torches H1 or H2
1 — the angular encoder, 2 - motor, 3 — planet gear box, 4 — puller, 5 — puller, 6 — ball-screw
transmission, 7 — ball sleeve, 8 — torch, 9 — screw-ball housing

3 DETERMINATION OF A POSITIONAL DEVIATION

No standard specially focused on plasma cutting heads accuracy exists. Therefore we use the
standard [1] as a guide for determination of a positional deviation. We proceed as written in a
standard, i.e. testing the positional accuracy in a single axis, while the others are in a standstill. This
is a rather theoretical approach as the plasma cutting head performs a more complex motion in
practice, when several axes work either at the same time or subsequently.

When analyzing the above mentioned terms, we see that a so called unidirectional or a
bidirectional approach is used. We can restrict our analysis to a unidirectional movement. The reason
is that the bidirectional positional deviation has no practical meaning for corrections of a machine
performance.

The standard assumes only the variation in measured data when the positional deviation in any
points is measured repeatedly (see Fig. 3). The standard assumes that this variation is caused only by
imperfectly working machine. Unfortunately, the practice is slightly different. None has invented
a perfect measuring instrument yet. Therefore also the observed variation of data is caused not only
by the machine itself but also by the measurement process [8].
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Imperfections of the measurement process can be evaluated by a measurement uncertainty.
The uncertainty can be calculated in two ways. The type A method takes measured data into account,
the type B method analyses the measuring instruments employed. The respectable and reliable
measurement results comprise the estimate of a positional deviation in particular points and an
appropriate value of the expanded uncertainty of that estimate (see Fig. 4).

The above mentioned law of uncertainties propagation is employed for calculation of
measurement uncertainties. More details about this topic will be published in the next papers.
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Fig. 3 Example of evaluated data processed according to the standard [1]
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4 DESIGN OF EXPERIMENT MODELS

Described prototype has not been tested in practice. As the cut quality is the most important
requirement, proper experiments proving the assumed quality parameters must be performed [7], [9].
The positional deviation of torches in different operational modes must be verified first.

In general, experiment is defined as any intervention to the system with the aim to observe or
measure effects of that intervention [5], [6], [7]. Experiment involves combination of different values
(levels) of facts that are considered to affect the output from the system. As testing of all variations
(tests) represents improperly big amount of tests, incomplete experiment designs are recommended.
They investigate only a restricted selection from all possible combinations. Experiment design
according to Taguchi represents an approach that significantly reduces amount of necessary tests and
introduces also further advantages.

Literature describes two-level multi-factors experiment designs most often. We recommend at
least four levels for selected factors in this application (see Table 1). To be able to execute
measurements for each level for all nine factors, total number of tests reaches N = 4'x2% = 4 096x4 =

65 536. If each measurement is repeated for five times, overall number of tests reaches N = 5x65536
=327 680. That is quite a lot.

Positioning accuracy of the plasma cutting machine can be measured in different modes:

1. each axis (mechanism) is measured separately. Resulting overall positioning accuracy
is calculated,

2. positioning accuracy is measured for combination of movements in several axis.
Resulting overall positioning accuracy is calculated again,

3. positioning accuracy is measured for combination of movements in all axes.

Proposed experiments design follows the third measurement mode [6], [7].

5 DESIGN OF MULTI-LEVELS MULTI-FACTORS EXPERIMENTS

Method employing Taguchi’s approach to quality control is most suitable for experiments
design in cutting machine testing. We recommend to apply the modified version of orthogonal
configuration L32(2'x4%) [12]. It is a composite model for 32 tests. Original version considers one
two-level factor and nine four-level factors. This model is modified for two two-level factors and
seven four-level factors, so L32 (2* x4%). Last column is not full.

For described model L32 is valid: production of any pair of column vectors is not vector
integrated in configuration and is not orthogonal to any other vector from configuration at the same
time. Only influence of main factors is usually assumed in such configuration. Influence of possible
interactions is neglected.

Strategy for experiments execution is as follows:

1. experiment based on orthogonal configuration is executed and main effect of each
factor is estimated,

2. estimates of main effects are used to select the best combination of levels of
individual factors. Prognosis of output for selected combination is estimated,

3. if obtained result does not confirm the prognosis, one can assume that interactions
deflect the estimates of main effects. Then actions must be taken to eliminate
interactions and new experiment must be executed.

Total number of N = 5x32=160 experiments is obtained for five repetitions of each
measurement. That means reduction to 0.05 % of the original complete experiments design.
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6 CONCLUSIONS

The presented paper introduces three stages of theoretical work, aimed at verification of the
expected performance characteristics of a newly designed three-torch plasma cutting head. First, we
tried to determine the theoretical positioning accuracy of individual head axes. The example for
calculation of side torches displacement and its respective uncertainty is presented. Next we
discussed the guidelines for measurement of the positional deviation in a case of the single-axis
movement. At last the presented possibilities for the reduced experiments design, prepared by a
Taguchi approach, for real technological application. Reduced design significantly decreases number
of required measurements but still provides enough information for further analysis and following
technical modifications of tested device.

This paper represents only a theoretical basis for experiments design, their evaluation and
processing of obtained data. Further modifications are expected after obtaining the real measurement
data.

REFERENCES

[1]  ISO 230-2:1997 Test code for machine tools — Part 2: Determination of accuracy and
repeatability of positioning of numerically controlled axes.

[2]  GROS, P., BENIAK, J. Torch rotating unit for universal plasma cutter. In Proceedings of the
7™ International conference Mechanical Engineering 2003, p. 92 (in Slovak).

[31 SMUTNY, L. & FARANA, R. Smart fibre optic sensors for small displacement
measurement. In Proceedings of SPIE, 2004, Vol. 5445, pp. 332-335, ISSN
0277-786X. ISBN 0-8194-5368-4.

[4] KUREKOVA, E, HALAJ , M. BOHUNICKY, A. Design of experiment for verification of the
repeated accuracy of positioning of the plasma cutting machine. In Proceedings of
International Conference Aplimat 2005, Bratislava, 6 pp. on CD (in Slovak).

[5] TEREK, M., HRNCIAROVA, L. Statistical quality control. Published by IURA EDITION,
Bratislava 2004, ISBN 80-89047-97-1 (in Slovak).

[6] TAGUCHI, G. Taguchi on Robust Technology Development. ASME Press, New York (NY),
1993.

[71 VDOLECEK, F. Automation and diagnostics. In Proceedings of the international conference
Strojné inzinierstvo 04, Bratislava, pp. S1-197 to S1-204, 2004, ISBN 80-227-2105-0
(in Czech).

[8] WIMMER, G., PALENCAR, R., WITKOVSKY, V. Stochastic models of measurement.
Published by Grafické stidio Ing. Peter Juriga, Bratislava, 2002, ISBN 80-968449-2-X
(in Slovak).

[9]  Catalogues of MicroStep company.
[10] ENISO 9013:1995: Welding and related processes (in Slovak).
[11]  www.L320rthogonal Array.com.

Acknowledgment

The research work described in the paper was performed by a financial support of the
Scientific Grant Agency (VEGA), grant No 1/1076/04 and grant APVT No. 68/2002.

Reviewer: doc. Ing. Radim Farana, CSc., VSB-Technical University of Ostrava

46




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts 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
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /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
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /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
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>






    /HEB (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /CZE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 790.866]
>> setpagedevice


