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ANALYSIS OF RESULTS OF CIRCULAR TESTS
FOR NUMERICALLY CONTROLLED MACHINE TOOLS
DEPENDENT ON POSITIONS OF TESTS
IN WORK SPACES

Monika Wozniak, Pawel Majda

Summary

This study presents analysis of circular test used according to 1ISO 230-4 for quick diagnostic Computerized
Numerical Controls condition. We built virtual machine, which implements earlier calculations of
Volumetric Error. Using this Virtual Machine we simulated testing of circularity of Computerized
Numerical Control machine tools. Virtual test was taken in ten different places for three different machine
tools. Those machines had different characteristics of kinematic errors and squarness and also different
sizes of working spaces. We observed significant differences in those indicators in dependence of place
where the test was taken.
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Proba okraglosci w analizie stanu obrabiarek sterowanych numerycznie w zalezno$ci
od polozenia w przestrzeni roboczej

Streszczenie

Zaprezentowano analize wynikow proby okragtosci wg ISO 230-4, stosowanej do szybkiej diagnostyki
stanu obrabiarek sterowanych numerycznie. Zbudowano wirtualna maszyne, realizujaca wyznaczona
doswiadczalnie mape btedéw przestrzennego pozycjonowania. Przeprowadzono z jej uzyciem sy-
mulacje proby okragtosci obrabiarek sterowanych numerycznie. Symulacje wykonano w dziesieciu
ré6znych potozeniach przestrzeni roboczej dla trzech r6znych maszyn. Obrabiarki roznity sie zarowno
charakterystykami btedéw kinematycznych i prostopadtosci, jak i rozmiarami przestrzeni roboczej.
Wykazano istotne réznice w wartoéci btedu okragtosci i sferycznosci w zalezno$ci od potozenia w polu
roboczym maszyny.

Stowa kluczowe: bfad okragtosci, sferyczno$c, btad przestrzenny pozycjonowania, pret teleskopowo
kulowy, obrabiarki

1. Introduction

Computerized Numerical Control (CNC) machine tais recently treated
as standard in manufacturing industry, becauseet®@y to get more complicated
shapes of workpieces with more and more accuraeynfthe work the accuracy
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of the machine tool can be decreased, becauseaglgtion process can be
affected by many error sources such as tempergtosgtion errors, vibration,
wear of linear guideway etc. [1,2,3] To decreadkiémce of those sources it is
necessary to diagnose machine tools as frequestiy ia possible and try to
compensate the errors up to date. There existolotgpes of diagnostic tests
showing condition of CNC machine tool. Rules of CN@achine tool
measurement are described in international stasd@ite most common is ISO
230 titled ‘Test code for machine tools’ [4]. Th@shpopular tests are accuracy
and repeatability of positioning axes test, bafl test, R-test, thermal drift, laser
tracer [1-9]. They need different methods, equipnaard time to give different
quality of results. For example, the laser tradiest can generate a whole 3D
vector field with Volumetric Error, but it is expgine and time consuming [1];
a quick but not such a sound test is a ball barthes is based on measuring of
a circular deviation [2]. This test becomes morg mwore common thanks to being
cheapest and lowest time consuming.

This study presents an analysis of influence oftjpméng of testing circle
ball bar testing to circularity in three differibhds of machine tools. Taking into
account machine tools’ Volumetric Error there sedmsxist a relationship
between position of ball bar test and the resultependently of quality of
machine tool.

2. Volumetric error of machine tools

We examined three different kind of machine toglddser tracer (Fig. 1).
First machine tool was a machine from Polish predwdth a very high accuracy.
Its cyclic pitch error is 3 um. The second machinalso from a Polish producer
equipped with linear scales but without compensatigpositions of the axis. The
last machine was an old laser cutter with a laigerkatic error. The machine
tools characteristics are listed below in Table 1.

Table 1. Machine tools characteristics

. Machine 1 Machine 2 Machine 3
Machine volume
X1 [Y] [Z [0:600] [-270 : 270] [150:1110]
[mm] [-20 : 380] [-250 : 260] [-280 : 280]
[-10 : 540] [270 : 720] [-400 : 0]
EXX 12.0 56.8 898.7
EYY pm 3.9 74.4 174.8
EZZ 8.2 74.7 692.3
(e{0) 0.1 -101.5 -1100
B0z prad -2.3 67.1 -931
A0Z -81.1 -183.2 -3800
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Fig. 2. Characteristic of straightness and position

In laboratory in ITM of ZUT in Szczecin we examinagl machines by laser
tracer. We used multi-iteration algorithm to buildathematical model of
Volumetric Error (VE) of each machine. It includash errors as position errors,
straightness errors, rotation errors and squaresfeasis. The characteristic of
position and straightness errors of one of the @xasnmachine were presented
in Fig. 2.

We found the vector field distribution appearingition error. We assumed
that machines compensate their backlash in theitrao systems. Also, all
machines servo mechanism are properly regulatedthier words there is no
mismatch.
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We used the VE data obtained by the experiment &spait to a simulation
on a virtual machine tool, which was constructetlli by the authors.

3. Standard procedures

Machine tool test procedures were developed aaugrth international
standards. The standards ISO 230-4 — 2005 proestigerbcedures during circular
interpolation. The procedure requires fixed asgigieed rate and diameters. The
test gives performance index called circularity idgon G. It is defined as
a difference between maximum and minimum distariggomts of actual path
from the center of the least squares circle.

We build simulator of each machine with their VVoktnic Error vector field
and carry out simulation of circular examinatiorc@ding to 1ISO 230-4. We
decided to proceed with the simulation in ten défe positions. We set two
Z-values of the centers, and for both of them weegated five centers of the
circles: one in the very middle of the work spao®] the other four in its corners.
We made tests in three planes XY, YZ, XZ. In plaewe encircle the whole
circle in contrast to planes YZ, XZ where the t@ss performed in range from
-20° to 200. As a result we obtained ten different sets ohfsiEach set contains
point from three concentric circles. The trajeasrare shown in Fig. 3.

Set 10
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- _ " _
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g -200 .. - - el
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-300-] Set 4—> E

¥, mm X, mm

Fig. 3. Trajectories of simulated ball bar teststém different places

For each circle we found their circular deviatiovith corresponding radius
of least square circle. We also calculated thdiespity and corresponding radius
of least square sphere. The results for each maebgpresent in Tables below.
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Table 2. Results of ball bar test for Machine 1

Machine 1 Circular deviation Radius deviation Spheacity dqups
eviation
. Plane\ wv I vz | xz | xv | vz | xz
Circle
1 10 5 7 -3 -7 0 10 -3
2 10 4 7 -1 -4 3 11 -1
3 10 4 8 -1 -4 2 12 -1
4 10 3 7 -1 -3 3 12 -1
5 10 3 9 -1 -3 2 13 -1
6 7 3 17 -3 -4 -3 16 -3
7 9 3 15 -1 -3 1 17 -1
8 8 3 19 -1 -3 1 19 -1
9 7 2 16 -1 -2 1 18 -1
10 9 2 19 -1 -2 1 19 -1
Standard 1 1 5 1 1 1 3 1
Deviation
Average 9 3 12 -1 -4 1 15 -1
Range 4 3 12 2 4 5 9 2
Table 3. Results of ball bar test for Machine 2
Machine 2 Circular deviation Radius deviation Spheacity dRa.d“.JS
eviation
~ Plane| v | vz | xz | xv | vz | xz
Circle
1 30 26 34 -10 -13 -5 46 -10
2 16 28 35 5 0 8 40 5
3 13 28 48 4 0 5 41 4
4 75 22 39 -3 -22 17 99 -3
5 76 22 49 -6 -22 10 102 -6
6 45 23 25 -11 -17 -4 45 -11
7 16 21 15 6 2 9 25 6
8 18 21 24 7 2 10 28 7
9 93 35 20 -12 -36 18 106 -11
10 99 35 26 -12 -36 15 118 -12
Standard |55 | 5 | gy 8 14 8 35 8
Deviation
Average 48 26 32 -3 -14 8 65 -3
Range 86 14 35 19 38 23 93 19

4. Results

To illustrate how different trajectories we gettlis testdepending oplace
where the test was taken, we translated all citoldése same center, as is shown
in Fig. 4.
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Table 4. Results of ball bar test for Machine 3

Machine 3 Circular deviation Radius deviation Spheacity ngdms
eviation
~ Plane | vy | vz | xz | xy | vz | xz
Circle
1 438 198 66 65 -115 239 454 66
2 292 129 148 131 218 24 304 132
3 173 128 79 245 218 238 185 246
4 310 | 199 111 -58 | -181 63 400 -57
5 470 202 65 35 -181 237 485 35
6 364 | 273 | 809 38 -108 | 164 810 39
7 256 215 906 100 160 11 831 100
8 176 | 216 | 822 182 160 163 712 182
9 279 275 884 -43 -153 50 861 -41
10 379 | 282 | 799 17 -153 | 162 789 17
Standard | o5 |55 | 377] 91| 168 86 234 90
Deviation
Average 314 | 212 | 469 71 -13 135 583 72
Range 297 153 841 303 400 228 676 302
Machine 1 Machine 2 Machine 3

Scale deviation 1:1000 Scale qeviation 1:200 Scale deviation 1:20

X, mm = 105~100
Fig. 4. Different trajectories of ball bar testsiach machine

We observed a relation between higher and lowatipo®f test space. The
lower position (set 1, 2, 3, 4, 5) was nearesttdide and the higher position of
testing (set 6, 7, 8, 9, 10) was upper than théecan Z-axis. The circular
trajectory of ball bar test in XY — plane was podg in this plane and shown in
Fig. 5.

In this figure we can observe different shape ereard dimension errors in
each lower and higher position. The Analysis olultssof U Mann—-Whitney
statistic test shown significant difference betwpesition in Z — axis, not only in
plane XY, but in others also. For Machine 1 thegaifcant differences in plane
XY and also XZ (p = 0.012186), for Machine 2 inn@aXZ, and for machine 3 in
planes YZ, XZ with the same value of p. The sanhgaibn is observed with
spheracity. The significant difference was showmfachine 1 and machine 3.
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Fig. 5. The projection on XY — plane shows diffazes
of shape and dimension errors in Machine 2
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Fig. 6. Ten ball bar test circle in XY plane in Nhée 2

Our next observation is the fact, that the middla working space (set 1) is
not the best or the worst results of testing. Tloeecthere is no reason to take the
test in this place. Furthermore, in a second mactual a particularly interesting
phenoma can be seen. We observed that the rektédtg®in different places can
give a different diagnosis as was shown in Fign@lace 1, the result of ball bar
test is a circle, so it does not show any squererss, and in position 10, the test
suggests that the error exist.
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5. Conclusions

As we expected we observed differences for eagéctay of circular test.
We noticed significant disagreement of resultsighér and lower position. The
differences are not only in dimension but also mape, suggesting different
diagnosis and solutions in different places. Furtizee, the most popular position
for ball bar test, the center position, does ne¢ gi best or the worst case, so there
is no reason to take the test in this place tordiag a whole machine. This
differentiation we classified as a method error.

Despite ball bar test is relatively cheap and itastnot good enough to rate
accuracy of machine tools. We recommend to keeggprce during interpretation
of this parameter.

The possible future perspective is analyzing oftmraetools before and after
compensation of Volumetric Error. Then it may begible that the differentiation
of test results might change.
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