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ABSTRACT

The study aims to evaluate angular positioning accuracy and repeatability of DMU 65
monoBLOCK numerically controlled machine tool. The measurements were carried

out with XL-80 Laser Interferometer with XR20-W attachment. The measurements
were conducted according to the standard PN-ISO230-2. Test methodology and mea-
surement results analysis are presented in a form of figures and tables. The final part
presents conclusions from the analysis.

Keywords: positioning, diagnostics, accuracy, CNC machine tool, laser interferometer

INTRODUCTION

Simultaneously with advances in subtrac-
tive machining technologies the dimensional and
shape accuracy requirements for the components
produced with CNC machine tools increase. The
quality of finished products depends on, inter alia,
positioning accuracy and repeatability of numeri-
cally controlled axes, linear and angular errors
(and their measurements), axes alignment (assem-
bly errors), or backlash in the servo drive (opera-
tional errors). Each inaccuracy of the machine is
reflected in the final quality of the product [1-4].

In recent years, five-axis machine tools have
become widely popular in production processes.
This is because of growing capabilities of such
machine tools in performing increasingly complex
motions and in machining complicated shapes.
Most of such machines are used in aircraft and
automotive industries, where five-axis machine
tools enable producing components of complicat-
ed geometry, such as: turbine blades, generators,
geometrically intricate car or aircraft elements,
etc. Realisation of complex machining motions
requires multi-axis CNC machine tools with not
only linear axes but with rotational axes as well.

The most widespread realisation of a rotary axis in
CNC machines, without which it would be impos-
sible to produce the mentioned components, are
rotary or swivel rotary tables, frequently included
in the machine tool as a complementation of a lin-
ear axis. Usually the rotary axes are parallel to se-
lected linear axes of the machine tool; however, in
certain machine tools the rotary axis is situated at a
45° angle to one of the linear axes of the machine.
Rotary axes in machining centres do not have to be
essentially connected with the table. In certain ma-
chine tools the design solutions enable the spindle
axis to realise motions independently of the square
table of the machine [4—6].

While the accuracy of linear axes is relatively
uncomplicated in control and compensation, it is
only since quite recently that rotary axis errors
can be equally effectively measured and compen-
sated. This has been made possible by develop-
ments in diagnostic methods and tools dedicated
for these applications. The study methods con-
nected with rotary axis error measurement in
machining centres can be divided into two cat-
egories. The first one is the method of rotary axis
positioning error measurement, while the second
category includes methods of spatial orientation
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of a rotary axis with relation to linear axes, deter-
mination of actual rotary axis and the evaluation
of stability axis centre [7—-12].

One of the most popular methods of rotary
axis positioning error measurement is the method
employing a laser interferometer with an attach-
ment enabling measurement of rotary axes. This
method is applied according to standard ISO 230-
2 [13]. The interferometer attachment performs
motions following the changes of rotary axis
angular position in the opposite direction to the
rotary motion of the table. The motion is set to
maintain the measuring angle between the laser
beam and the rotary table. The error is effectively
the difference between the target position, deter-
mined by the laser system, and the actual angu-
lar position of the tested axis of a machine. This
method enables verification of axis positioning
accuracy, which is of great importance for com-
ponent machining. The analysis of error char-
acteristics enables verification of the sources of
these errors (in the majority of cases an imprecise
rotary angle encoder or its improper mounting
[12]). The precision of the interferometric method
is £0.5 [14-15].

TEST CONDITIONS AND METHODOLOGY

The conducted tests aimed to measure the
angular positioning accuracy and repeatability
of C axis of a vertical machining centre CMU 65
monoBLOCK (Fig. 1). The tested machine tool is

Fig. 1. Five-axis machining centre
DMU 65 monoBLOCK
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used in piece production and in didactic process.
The measurements were carried out according to
international standard PN-ISO 230-2, describing
norms for determination of geometric accuracy of
machine tools for the machining of metals. The
measurements were performed with XL-80 La-
ser Interferometer (Fig. 2) equipped with a rotary
axis calibrator attachment XR20-W (Fig. 3). The
measurements provided data on errors critical to
the dimensional and shape accuracy of produced
components.

The diagnostic and measurement process
is preceded by a series of setting and regulation
procedures. At the first stage of these setting and
regulation procedures, the XR20-W calibrator is
located precisely on the rotary axis of the table
(Fig. 4). Next, the angular retroreflector is mount-
ed on the magnetic base. XR20-W calibrator is
wirelessly connected with the software via Blue-
tooth interface.

Fig. 2. Laser Interferometer XL-80 (Renishaw)

XR20-W

RENISHAW

Fig. 3. Rotary axis calibrator
XR20-W (Renishaw)



Advances in Science and Technology Research Journal Vol. 9 (28), 2015

Fig. 4. Setting XR20-W calibrator and mounting
angular retroreflector

In preparation for the C axis positioning ac-
curacy measurement the machine tool table was
programmed to perform a rotary motion at a=30°
steps at the full rotation scope 360° (Fig. 5). A4 sec
interval was at every discreet measurement posi-
tion (at every 30°), during which time the angular
position measurement was recorded and captured.
After a full revolution, the table moved in the op-
posite direction (30° step size, 4 sec interval) until
the initial target position was reached. Each test
included three measuring cycles. In order to deter-
mine the measurement repeatability the tests were
repeated 6 times in identical conditions.

TEST RESULTS

Measurement and analysis of test results
was conducted with XCal-View 2.1. Obtained
measurement data is shown in a form of tables

r—
Fig. 5. Preparation for and measurement
of positioning errors

and figures. The computer programme generated
curves showing deviations as a function of angu-
lar position of the table, and their mean values in
each repetition (3 cycles) are shown in Figures 6
and 7. They show a typical graphical representa-
tion of the unconverted measurement data (before
any analytical formatting), according to the stan-
dard ISO-230-2.

Table 1 and Table 2 show detailed statisti-
cal data and result analysis for three repetitions
of 360° in set directions (CW and CCW) (as ex-
amples of results obtained in tests 1 and 2).

Table 3 and Table 4 show selected errors
measured in tests. All measurement results are
presented with a cyclometric function expressed
in arcsecs. The combination of XR20-W and la-
ser interferometer allows measurement accuracy
within + larcsec, which corresponds to a dis-
placement of less than 5 mm at a distance of 1 m).
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Fig. 6. Positioning and repeatability errors (test 1)
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Fig. 7. Positioning and repeatability errors and deviations with rotation direction (CW; CCW) of C axis (test 1)

Table 1. Measurement results statistics (test 1)

Numer punktu docelowego (i) 1 2 3 4 5 6 7 8 9 10 1 12 13
Polozenie (°) 0 30 60 90 120 150 180 210 2240 210 300 330 360
Kierunek + + + + + + + * + + + + +
| 1200 (-21 0800 | 07 |09 11|08 |03 |07|02]|-11|09]|13|47|-14 20|04 /|-02|17|-11]-15 02/[-16]|-05
Polozenie Odchytd Xij| =2 -1.9 | -02 | 16 | -20 | -09 | 11 | 05 | 09 | 01 | -04 | -08 06 (-1 -08|-13|-22|-15|-15[-04] 00 13|10 16| 02 |-14 | 07
j3| 18 | 04 |-20  -16|-05 06|09 | 09|06 -08|-13 03 |[-08|-14]|-16|-30]|-14 20|02 08|47 |-17 |17 -06]-14]-14
Srednie odchyki kisrunkowe| -16 | 02 | 19 | 15 [ 05 | 08 | 08 | 10 | 05 | 03 | 10 | 03 |10 | 41| 14 [ 23 | 14 18|02 | 02| -6 -13|-16 01 [-15 08
Standardow a niepewnos¢ Si| 04 | 02 | 03 | 06 | 05 | 03 | 02  oO1 |04 06|03 02)01 03| 02|07 |01 | 03|03 05|02 04|01 0501|205
2x Si‘ 08 | 04|06 12|09 |05 |05 02|08 12|06 | 04]02)|06 03|13 |02/]06]|07 10|04 08|02 09]202]| 09
4x Si‘ 16 (09 | 11 | 25 | 19 | 11| 09 | 04 | 16 | 24 [ 11 | 08| 04 | 13 | 06 | 27 | 03 | 11| 14 | 21 | 08 | 15 | 04 | 18 | 05 | 18
Srednia-25i| -24 | -06 | 24 | 27 [ 14 | 03 | 03 | 08 | 03 | 45| 45| 01|12 A7 | 47|36 16 24|08 13|20 |20 | 18 | 10 | 17| 18
Srednia+251| 08 | 02 | 13 | 02 05 | 14 | 12 | 12 | 13 | 09 | 04| 08 [-08 | 04| 4110|143 43| 05| 08 | 41| 05|14 09|12/ 01
Zwrotny Bi| 14 04 13 02 08 13 0,0 09 04 0,0 03 16 06
Pow tarzalnos¢ dw ukierunkow a Ri 26 25 27 09 28 23 13 27 11 21 15 27 18
Srednie odchyki -09 17 02 09 01 -03 -10 -18 -16 -02 -14 08 -12
Table 2. Measurement results statistics (test 2)
Numer punktu docelowego (i) 1 2 3 4 5 6 7 8 9 10 1 12 13
Polozenie (°) 0 30 60 90 120 150 180 210 240 270 300 30 360
Kierunek | ® ‘ + | + | + - | + * + + + + + + *
1| 14 00|12 06|03 14|02 1200 12|17 -04|-24 15|16 22|19 -18(-09 01 |11 09|19 04 /[-14 05
Potozenie Odc hytki Xij? 49 01 |12 -45(-01 04 |03 02|03 -15(-16 08(-20 47|13 25|47 23 (07 07|12 12|20 04|12 07
T 15 05|16 -12|(-06 01|02 02)|-05 -20|-23 -12|-19 -24|-19 -34|-19 -27(-08 -07|-14 -12]|-21 -08]-13 -05
$rednie odchykikierunkowe| -16 | 01 | 43 11| 03 06 | 03 05 |03 16| -19 08 [-21 19|16 27|18 -23|-08 04|12 41]|-20 03|13 06
Standardow a niepewnos¢ Sif 03 03 | 02 05|02 07|00 05|03 04|04 04)03 04|03 06|01t 0401 0502 02|01 0601 01
2xSi| 06 06 [ 05 08 [ 05 14 | 01 11105 08|07 09|05 0806 12|02 0802 09|30 0302 12|02 10
4xSi 12 13 (09 18| 10 28 |02 22 (11 16|15 18|11 7|12 24|03 17|04 18|06 07 | 04 24 (04 03
Srednia-25i| 22 08 | 18 21 [ 08 08| 02 06|08 24|26 A7|-26 27|22 39|20 31|40 43|45 44|22 5[5 07
Srednia+25i) 10 05 | 08 02|02 20|03 16|03 07|11 01|16 40|10 5|7 14|06 05|09 07|18 09 |-11 -04
Zwrotny Bi 15 02 09 03 -3 11 0,2 -1 05 04 01 17 07
Pow tarzalnos¢ dw ukierunkow a Ri 27 18 29 22 27 27 1,7 29 17 18 08 31 11
Sredhie odchyki -09 -1.2 02 04 -09 -13 =20 =22 21 -06 11 11 09
Table 3. Measurement results analysis (test 1)
Nazwa (+) arcsecs (-) arcsecs (Bidir) arcsecs Nazwa Wartos¢ (arcsecs)
Doktadno$é [A] 50 3,8 5,0 Zwrotny [B] 16
Pow tarzalno$¢ [R] 2,7 1,9 28 Sredni bfad zw rotny 04
Odchytka systemow a [E] 3,3 26 33 Odchylenie $rednie [M] 2,7
Table 4. Measurement results analysis (test 2)
Nazwa (+) arcsecs (-) arcsecs (Bidir) arcsecs Nazwa Warto$¢ (arcsecs)
Dokiadno$¢ [A] 59 3,0 59 Zw rotny [B] 1,7
Pow tarzalno$¢ [R] 2,8 1,5 3,1 Sredni bigd zw rotny 0,3
Odchytka systemow a [E] 33 24 33 Odchylenie $rednie [M] 2,5
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Figure 8 shows results of all conducted tests.
The presented characteristics indicate that angu-
lar positioning error [A] of C axis is very small,
between 5+5.9 arcsecs (deviation s = 0.468 arc-
secs). The remaining measured error values are
even lower. Positioning repeatability [R] of the
C axis and systematic deviation [E] are approxi-
mately 3 arcsecs. Error return [B] was registered
at 1.6+1.7 arcsecs whereas average return error

0.3+0.4 arcsecs. Average deviation [M] values
were recorded within 2.5+2.7 arcsecs.

Figure 9. Shows average values of positioning
error [A] in all conducted measurements (6 tests)
both in positive and negative direction, as a func-
tion of angular positions of the table (at 0=30°).

Figure 10 shows a summary of average
values of positioning accuracy, errors and de-
viations obtained in all tests and repetitions, in
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Fig. 8. Comparative analysis of C axis positioning errors and deviations at particular measuring series
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Fig. 9. Average positioning errors [A] in 6 repetitions, in CW and CCW directions
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Fig. 10. Average positioning deviations in all tests and repetitions, in each series
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each series. Figure 10 clearly indicates that the
highest error value recorded was in the case of
positioning accuracy [A], and its average value
was 5.52 arcsecs. Average repeatability [R] of
rotary C axis positioning is equal to 3 arcsecs,
and average systematic deviation [E] amounts
to 3.24 arcsecs. Return error [B] amounted to
1.66 arcsecs, whereas average return error was
0.34 arcsecs. Average deviation [M] value was
2.6 arcsecs. Subsequent accuracy and repeat-
ability of angular positioning and other angular
deviations of the analysed axis of the machine
tool will allow designing a prognostic model al-
lowing prediction of geometric accuracy of the
machine tool.

CONCLUSIONS

Measurement and diagnostic methods for
numerically controlled machine tools based on
light wave interferometry are currently a leading
solution in CNC machine tools diagnostics. Non-
contact measurements provide superior accuracy
in determining machine tool elements in motion,
both linear and angular. In addition, the laser sys-
tem offers excellent measurement accuracy.

The majority of modern CNC machine
tools enable linear and angular error compensa-
tion. If repeatable, angular position errors can
be compensated. Removing or minimising er-
rors leads to improving the technical condition
of machines, which is furthermore reflected in
machining quality. This is obtained with simple,
universal, user-friendly and high-precision laser
interferometry measurement systems. An exam-
ple of such a system is the XL-80 Laser Interfer-
ometer with XR20-W calibration attachment. It
allows the estimation of linear and angular geo-
metric errors.

The conducted tests for the analysed C axis
of CNC machine tool show that maximum an-
gular positioning deviation was obtained for the
angular position 210°. These are, however, with-
in the tolerance given in PN-ISO230-2. Angular
positioning error of the rotary axis of the anal-
ysed machine tool did not exceed 6 arcsecs, and
repeatability is equal to 3 arcsecs. According to
ISO standards the errors measured in the anal-
ysed machine tool do not exceed the acceptable
values. Based on obtained angular positioning
error values the tested machine’s condition can
be described as very good. The obvious reason
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for the condition of the machine is that it has not
been used in factory conditions, but served as a
didactic tool and was used for piece production.

The test results presented in this paper
were recorded in the database of the analysed
machine history. They will serve as a base for
building a prognostic model of geometric accu-
racy of machine tools. Building such a model,
and its further application in factory conditions,
will allow proper planning of the machine tool
operation process (maintenance and repairs),
whereas in a direct manner, it will allow reduce
or compensate measured errors. The model will
also serve as a classifier for determining the
suitability of the analysed tool for production
of components of particular dimensional and
shape requirements.
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