Compensation of thermal deformation of compact
CNC lathe by measuring temperatures at a few
points
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Compensation of Thermal Deformation of Compact CNC Lathe
by Measuring Temperatures at a Few Points
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As heat sources of a compact CNC lath are closely-arranged, they would cause large and complicated thermal
deformation. Thus, compact CNC lathes often arrange the heat sources and so on to reduce thermal deformation. The lathes
taking such arrange into consideration can show high-precision work under stable environment. On the other hand, it would
cause large thermal deformation at unstable environments. Previously, we proposed a simple method to compensate thermal
deformation of CNC lathes by measuring temperatures at a few points such as spindle and tool. In order to apply similar
method to a compact type lathe, we evaluated its thermal deformation. As a result, the thermal deformation of the evaluated
machine is affected by the hydraulic unit as well as the spindle part. Thus, we tried to approximate the thermal deformation
caused by the hydraulic unit and the spindle part respectively. Then, those thermal deformations can be expressed by simple
equations. Furthermore, we applied these equations to compensate thermal deformation of the lathe. As a result, it is

confirmed that the work error can be reduced under various conditions.
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(a) Photograph of overall view (b) 3D model (left) (c) 3D model (right)
Fig. 1 Schematic view of the lathe (TAKAMAZ XC-100)

Table 1 Specification of the lathe

Height of the center from floor [mm] 1050
Head stock ;
Max. spindle speed [min™ ] 4500
Max. stroke of X axis [mm] 120
Tool post -
Max. stroke of Z axis [mm] 230
Motor Power of spindle motor [kW] AC 7.5/5.5
Power of hydraulic motor [kW] 0.75
Weight [kg] 1900
Size : lengthxwidexheight [mm] 1150x1360x1730
X axis servo motor W@ ¥
Z axis servo motor :
Fee
A %Z
T Ty,
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Bed ’T L
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] 1
TE— L LK
MW Tool post

[ Ball screw

Chuck

Fig. 2 Main part of the lathe Fig. 3 Setup of the displacement sensor
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Fig. 4 Method of measuring distance between the spindle and tool [mm]
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Table 2 Conditions and measured results of the cutting simulation tests

. . . Variation ofthe | Variation of'the Variation of distance
Spindle speed | Initial reference | Initial headstock .
No. o o o reference headstock between the spindle and
[min~’] temperature [C] | temperature [C] temperature [*C] | temperature [C] tool post [um]
1 2000 22.9 22.9 2.3 7.1 2.5
2 2000 17.6 17.3 8.7 14.1 9.2
3 3000 18.2 17.5 2.5 9.5 3.2
4 3000 22.5 22.7 32 9.6 32
5 3000 18.1 17.8 9.8 16.4 10.2
6 4000 18.5 18.0 1.8 9.4 3.0
7 4000 21.6 21.6 37 10.2 33
8 4000 21.6 21.3 4.8 11.8 4.2
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(b) Changes in C with the headstock temperature (No. 6)

Fig. 5 Results at the cutting simulation test with a few atmosphere temperature changes
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(a) Changes in C with time (No. 6)
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(a) Changes in C with time (No. 8)

Fig. 6 Results at the cutting simulation test with some atmosphere temperature changes
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(b) Changes in C with the headstock temperature (No. 8)
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Table 3 Conditions and measured results of the waiting tests

. Initial hyraulic | Variation ofthe | Variation ofthe |Variation of distance
. Initial reference . . .
No. | Test time [h] temperature [C] unit temperature reference hyraulic pomp |between the spindle
[C] temperature ['C] | temperature ['C] | and tool post [um]
1 24 23.7 23.4 1.5 8.5 12.6
2 24 232 23.1 1.8 8.8 12.6
3 12 239 234 1.8 8.9 9.4
4 12 24.3 23.8 1.1 8.4 11.8
5 20 21.9 21 14 9 14.6
6 8 20.7 20.1 1.9 9.8 9.1
7 14 25.1 242 1.3 8.9 74
8 12 17.8 18 2.9 9.5 12.8
9 10 16.9 16.8 9.5 16.3 7.6
10 8 12.7 11.5 7.1 15.3 11.5
10
8t No.5
6L No.9
— 4t
5§ 2
o0 :
2 4 8 12 16 20 24
4l Time [h]
6f
8L

Fig. 7 Results at the waiting tests
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Table 4 Absolute correlation coefficients of C with variation of the temperature at each measured part

Air Oil Oil unit(1) | Oilunit(2) | Oilunit(3) | Other(1) Other(2) Other(3) Other(4) Other(5)
0.63 0.85 0.77 0.85 0.85 0.80 0.88 0.69 0.73 0.87
Other(6) Other(7) Other(8) Other(9) | Other(10) | Other(11) | Spindle(1) | Spindle(2) | Spindle(3) | Spindle(4)
0.84 0.68 0.76 0.63 0.65 0.66 0.86 0.75 0.79 0.79
Spindle(5) | Spindle(6) | Spindle(7) | Spindle(8) | Spindle(9) | Spindle(10) [Tool post(1)[ Tool post(2)| Tool post(3)|Tool post(4)
0.80 0.80 0.79 0.85 0.78 0.66 0.75 0.70 0.66 0.61
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Table 5 Correlation coefficients of C with variation of each measured temperature

Fig. 8 Temperature variation (No.5)

Fig. 9 Changes in Cy, at the waiting tests

Measured part | Spindle(1) | Other(1) [ Spindle(2) | Spindle(3) | Oil unit(1) [ Other(2) | Other(3) | Other(4) | Spindle(4) | Spindle(5) | Oil unit(2) [ Other(5) | Spindle(6) | Oil unit(3) | Spindle(7)
Spindle(1) 0.971 0.986 0.985 0.981 0.973 0.970 0.915 0.960 0.958 0.940 0.931 0.953 0.926 0.946
Other(1) 0.973 0.967 0.960 0.951 0.966 0.903 0.931 0.935 0.955 0.912 0.932 0.941 0.915
Spindle(2) 0.984 0.984 0.980 0.973 0.906 0.963 0.959 0.950 0.951 0.954 0.941 0.952
Spindle(3) 0.984 0.979 0.973 0.892 0.980 0.973 0.949 0.932 0.968 0.940 0.970
Oil unit(1) 0.991 0.967 0.920 0.957 0.950 0.938 0.934 0.941 0.946 0.946
Other(2) 0.969 0.905 0.964 0.952 0.943 0.949 0.943 0.957 0.956
Other(3) 0.844 0.973 0.973 0.990 0.934 0.970 0.973 0.966
Other(4) 0.808 0.794 0.800 0.860 0.778 0.844 0.784
Spindle(4) 0.990 0.959 0.928 0.987 0.935 0.997
Spindle(5) 0.961 0.911 0.996 0.925 0.987
Oil unit(2) 0.916 0.959 0.973 0.953
Other(5) 0.905 0.931 0.930
Spindle(6) 0.915 0.985
Oil unit(3) 0.929
Spindle(7)
Measured part | Other(6) Oil Spindle(8) | Spindle(9) | Other(7) [Toolpost(l)] Other(8) [Toolpost(2)|Tool post(3)|Tool post(4)|Spindle(10)| Other(9) Air Other(10) | Other(11)
Spindle(1) 0.883 0.891 0.880 0.836 0.834 0.838 0.856 0.835 0.788 0.759 0.661 0.498 0418 0.234 0.255
Other(1) 0.914 0.920 0.918 0.816 0.826 0.896 0.834 0.854 0.775 0.772 0.656 0.495 0.394 0.203 0.239
Spindle(2) 0.896 0.901 0.892 0.829 0.811 0.852 0.885 0.837 0.822 0.751 0.622 0.452 0.370 0.206 0.206
Spindle(3) 0.887 0.903 0.898 0.812 0.793 0.822 0.862 0.833 0.794 0.714 0.598 0.409 0355 0.179 0.179
Oil unit(1) 0.916 0.914 0.903 0.837 0.824 0.787 0.836 0.790 0.756 0.672 0.613 0.421 0.399 0.219 0.220
Other(2) 0.923 0.921 0.911 0.819 0.794 0.775 0.853 0.785 0.776 0.646 0.576 0.361 0.335 0.178 0.154
Other(3) 0.919 0.948 0.937 0.735 0.728 0.854 0.863 0.826 0.818 0.736 0.521 0.341 0.278 0.033 0.083
Other(4) 0.878 0.827 0.819 0.949 0.959 0.722 0.704 0.671 0.592 0.601 0.828 0.631 0.604 0.531 0.488
Spindle(4) 0.850 0.891 0.884 0.717 0.678 0.803 0.890 0.829 0.842 0.705 0.467 0.277 0.220 0.024 0.028
Spindle(5) 0.840 0.883 0.875 0.712 0.671 0.826 0.897 0.854 0.856 0.738 0.457 0.298 0.222 0.009 0.037
Oil unit(2) 0.916 0.955 0.946 0.686 0.674 0.873 0.853 0.825 0.822 0.730 0.470 0.288 0217 -0.042 0.020
Other(5) 0.887 0.877 0.867 0.790 0.736 0.808 0.928 0.741 0.871 0.682 0.548 0.328 0213 0.150 0.055
Spindle(6) 0.823 0.870 0.861 0.692 0.655 0.836 0.901 0.869 0.867 0.759 0.446 0.303 0211 -0.008 0.029
Oil unit(3) 0.974 0.989 0.984 0.742 0.722 0.795 0.816 0.733 0.760 0.611 0.507 0.250 0.241 0.025 0.034
Spindle(7) 0.839 0.880 0.873 0.690 0.644 0.789 0.899 0.816 0.855 0.689 0.426 0.231 0.167 0.013 | -0.027
Other(6) 0.981 0.976 0.781 0.782 0.737 0.718 0.640 0.643 0.520 0.577 0.300 0.326 0.138 0.133
oil 0.994 0.720 0.716 0.767 0.737 0.693 0.682 0.565 0.513 0.246 0.272 0.017 0.061
Spindle(8) 0.718 0.711 0.767 0.728 0.695 0.673 0.552 0.515 0.237 0.266 0.021 0.057
Spindle(9) 0.944 0.646 0.666 0.607 0.548 0.539 0.862 0.668 0.645 0.642 0.564
Other(7) 0.651 0.571 0.607 0.454 0.568 0.912 0.755 0.726 0.668 0.650
Tool post(1) 0.823 0.877 0.826 0.904 0.551 0.516 0.267 0.089 0.170
Other(8) 0.803 0.975 0.770 0.394 0.270 0.055 0.028 -0.062
Tool post(2) 0.805 0.870 0.484 0.478 0.269 0.078 0.174
Tool post(3) 0.793 0.292 0.209 0.044 | -0.004 | -0.156
Tool post(4) 0.512 0.613 0.298 0.114 0.245
Spindle(10) 0.867 0.794 0.780 0.779
Other(9) 0.817 0.762 0.871
Air 0.753 0.916
Other(10) 0.861
Other(11)
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Table 6 Coefficients of Eq. (1)

a; [um/C]
a a, a,
-0.632 -1.772 3.066

4-3 FHT—FORRBIZLIBEBOTFR

Serk OUIEIRHERRIC L v FEh A TS ST, FE— 2 OFEE Fi IR OV R & OBR A E
T4, L, EMEEERISELE, WE2=y B, EME—XORBOLERFTHI LN TE R
V. F 2T, KaSCCIEUIHIBEERBR O FHAEN DI ET =y NORBIC L 2 FHEREEZZ LI 2T,
Tl — & OFBDR L HBER 245, il LT, K 10@)I2=~d3 2 H0> No.6 THElE L7 Tl N4
HEEC e, R)EVEHLZK 100 R lEL=y hORBIZ L5 THIEFEE Cor 2 LGl X, Fiit—
2 DOFENZ LV AU &5 2 s Tl ANREEBEA L& Ch 2 X 10(e)lZR T &L 5 i3 5. [A CAWE% No. 3,
5 OWPEFREFIZR L THITY, 57z Ch & UIHEHEEERERRE O FHiRR L 22 LAT, & OBROTRIEZE 11 12
R

161 16+
12+ 12+
8t 8
g 4t g 4
=0 2 O]
© 4l 60 120 180 240 300 360 420 480 540 o Al 60 120 180 240 300 360 420 480 540
8l Time [min] gl Time [min]
-12¢ -12¢+
-164 -16t
(a) Change in C’ with time (b) Predicted value of Cy, by Eq. (1)
161
12+
g ~—~—
§j4
— 0
O 4l 60 120 180240 300 360 420 480 540
gl Time [min]
-12+
-16L

(c) Predicted value of Cy,
Fig. 10 Prediction of variation of the thermal deformation by heat of the spindle (No.6)
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Table 7 Coefficients of equation (2)

b [um/C]
b, b,
1.20 -0.99
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Fig. 13 Simulation of compensating the thermal deformation
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Table 8 Condition of the cutting test
F
© 7 Rough processing Finishing
40 Spindle speed [min™] 2000, 3000, 4000 2000, 3000, 4000
Cutting depth [mm] 0.1 (2times) 0.05
X 0 Feed speed [mm* min’'] 360 200
Cycle time [s] 60

Fig. 14 Work piece [mm]
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Fig. 15 Diameter variation of the test pieces on continuous cutting at constant temperature
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Fig. 16 Diameter variation of the test pieces on discontinuous cutting at constant temperature
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Fig. 18 Diameter variation of the test pieces on discontinuous cutting with temperature changes
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Fig. 20 Diameter variation of the test pieces by actual cutting test at non constant temperature
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