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A prediction method of process error spectrum for double turntable
machine tool considering thermal error

Wu Shi, Fan Zhengdong, Liu Xianli, Li Chuandong, Wang Chunfeng

(Key Laboratory of Advanced Manufacturing Intelligent Technology of Ministry of Education, Harbin University of
Science and Technology, Harbin 150080, China)

Abstract; Geometric error and thermal error of the five-axis CNC machine tool are two important factors that affect the machining
accuracy of workpiece. The analysis of these error factors can effectively improve the machining accuracy of thin-walled workpiece.
Firstly, based on the homogeneous coordinate transformation method, the geometric error model of rotating axis of five-axis CNC machine
tool with double turntable is formulated. Then, on the basis of standard ball, the machine contact measurement is carried out. Twelve
geometric errors of the two rotating axles are identified. These errors consider the mutual influence between the two rotating axles and the
influence of thermal error. Finally, the geometric error field in the machining space of five-axis CNC machine tool is analyzed. In this
machining space, the geometric error gradually increases from the center to the outside. When the rotation angle of axle increases, the
maximum error also increases. Compared with other position error identification methods, the measurement accuracy of the proposed
method meets the processing requirements. The measurement time only needs 30 min.

Keywords : five-axis CNC machine tool; dual-rotation axis; geometric error; thermal error; spatial error field
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Fig. 1 Structure of a five-axis machine tool with double turntable
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Table 2 The parameters of the ruby probe.
Sk R BA% . @55 mm, £ 95 mm
FRAiEl B4 B 60 mm
Mk +X,+Y,~-7Z

DN i v B4 ) B SR
WEFAE XY - I fe RA% Bl A BE

0.001 mm(20)
15°

WSk AR 4 mm B0 Sk B30 > R ZE (A0SR 3 BT
71N FESE BRI I B0 P 8 25 L HEA T AR B AME
R3I AEAVLHNERE
Table 3 Measurement error of the ruby probe

TIN5 1) 55 3%

5.0
RFKH/(°)

10.0 15.0 20.0

WSk R W T4 2
f s 5% 97 1) fil i BF 0.0015 0.007 6 0.0309 0.0536 0.070 9
AR 22 (H/ mm

FRUEERIE T PG 2 AR AL O, , BLA2 K 30 mm , BRIAHS
B R b E AR E G20, W DU AR B R, SR TR AR 3
VMC-C50 FHIHLIR bk 47 , ZE LI & 37 & 6 s,
A/ C ERTET A AR oI B B AN 3% 4 BT
3.3 NiEEHAEIRENEIEST

BT e A 1R 22 P AL ARG A/ C ShER 1 AR FR
DU 5 TR PN WS S 1 P 2 iR 22

A BRI B R 22 R 7 eoR ] 6, (EAR/N, 2
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Fig. 6 On-machine measurement of standard spherical El7 AR EG 2
coordinates experiment Fig. 7 The average position error of the calibrated A axis
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Table 4 A/C axis spherical coordinate measurement data

A/C it B/ mm A=-30° A=0° A=45° A=90° c=0° C=90° C=180° c=270°
X —-542. 852 —-542.558 —-542. 838 —-543.228 —-542.558 —-349. 362 —-82.458 -276.223
+X [1] Y -279. 061 —-248. 368 -194. 373 -151. 346 —248. 268 14. 301 -178.918 —-445.515
Z -152. 402 -124. 420 —-117. 968 -155.992 -124. 420 -127.283 -125.500 —-126. 748
X -522. 888 -522.478 -522. 650 - -522.478 -329. 562 -63.072 -
R 1 +Y [1] Y -297. 603 -270. 640 -215.393 - -270. 640 -4.267 -197.653 -
Z -152. 402 -124.419 -117. 968 - -124. 419 -127.283 -125.500 -
X -502. 606 —-502. 948 -502. 627 -502. 706 -502. 948 -308. 803 -42.241 -235.750
-X [ Y -276. 389 -253.204 -195.493 -151.723 -253.204 -16. 877 -176. 624 -446. 369
A -152.403 —-124.419 -117. 968 -155.992 —-124.419 —-127.238 -125.500 —-126. 748
X -523.182 -522.553 -521.928 -523. 408 -522.553 -329.052 -62. 126 —255. 644
AL Y -278.313 -249.902 -193. 589 -151.722 -249.902 -15. 898 -176. 594 -446.370
Z -135.031 -108. 214 -101. 017 -137.995 -108. 214 -108.300  -108.273 -108. 225
X -356. 170 -356. 154 -356. 159 - -356. 154 -92.175 -264.277 -528.390
+X [ Y -35.644 4.713 -42.591 - 4.713 -167. 813 -430. 469 -259. 742
A -61.554 -167. 678 -328. 667 - -167. 678 -166. 813 -430. 469 -259.742
X —-338. 678 -338. 865 -339.574 - -338. 865 -75.173 —247. 467 -510. 274
Bk 2 +Y [ Y —-53.944 -13. 060 -62.417 - -13. 060 185. 877 -449. 819 -277. 854
Z -61.554 -164. 275 -328. 668 - -164.275 -166. 801 -167.098 -168. 327
X —-338.456 -338.329 -338. 167 - -338.329 -74.133 -245.692 -510. 694
AL Y -36. 674 4.939 —-42. 401 - 4.939 -168. 983 -413.539 -261.123
Z —-46. 147 -152.235 -312. 895 - -152.235 -152.182  -152.071 -152.152
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Fig. 8 The average position error of the calibrated C axis
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Fig. 9 The distribution of the comprehensive error field of the machine tool processing space
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Table 5 Maximum and minimum of the spatial error

at each angle

A=0° A=30° A=45° A=60° A=90°
AE,;,/mm 0. 005 0. 006 0. 008 0.010 0.011
AE . /mm 0. 062 0. 069 0.071 0. 075 0. 086

WE9 (b) () B, A WFF G IEATHER , 4 A Bl
JREHE FA BE /N T 450N 15 22 S5 RAE 3G 0 6% 8 FEAR /N 5 ot
A0 T2 () 0 /0N 158 25 DX S A Bl 2 A il %) e o, G 7
KRR Y A Rl TE % A RE Ry 45° I I DX R A S
24 DI T 23 18] 5 (=400, 400, 400) F) 5 (400, —400,
—400) 1 —>XF A 22 X, 12 DX 8 P 1R 25 B /ML 2 R
8 wm, WTLLIXIR Al Ah, 25 515 25 B i, fe /Ml ik 3]
T2 71 pum,

WE9 (d) . (e) i, 4 A Bhiess KT 45°
I, 55 1% 25 B S5 KB T 4 W 2 5 m s [ 1 /)i
22 DI 7 Al e A AR A, 2 A Rl RE e A R K F 90°
IF 32 DX A 58 2 0 A A2 SR Y Z 5 T B — A 2R [ A
fzs A, 25 (B O AR R 222920 11 pm, T B0 X381 X
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Table 6 Comparison of measurement accuracy of

the rotating axis

PLE IR/ pm A CER[22]  A/CHHREVIAE /%
8, 10.6 12.7 91.0
5.4 -19.4 -20.1 98.2
Ear 29. 8 27.6 96.2
51 25.7 24.0 96. 6
£ -15.1 -12.3 89.8
S.c 13.7 15.6 93.5
8¢ 23.9 22.4 96. 8
o -18.5 -18.4 99.7
a0 -21.3 -19.8 96. 4
£, 28.2 27.2 98.2
5 &

T PEHET SR U AR bR AR ST T U 5 T A
BILR IR 2 Al TLART 15 22 A5 Y | AR 5 35 o s BR R4 7 78
AL b 00, SRS 0 PR RE BlAY 12 UL 2R 22, e
AL T TR LR I T3 R U2 22 3% . 1Rty 32
LSBT .

1) PR FE AR 22 X6 T A FRORG JEAT A BR S ), A
I 255 T B B A 15 22 5 i) R VPR e P B 22 i) Y AR L5
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RN

2) SR BRERR AT AL C Bl ERS M BT L
iR 2 AT A5 e Bl A % U LA R 22, 42
T T AR AT e s R 1) R RS LR e 7 il i3
ZEW T %07 V6 HERAG  0 & TU LA 5 22 5 1B 2
TEABRAERR I 7 B R 22T AR L, WA IR E] 95%
BRI A K752 30 min,

3) 1€ F R ALK i T 28 TR JL AT iR 25 3 Y
A=90° iR 2237 il b iR 25 B /MBS 11 pm, B N80
BRZEB WG FEIN 23 Rl 1 3K 5] T 86 wm, 1%
ZERfE A RhERE £ B B3GR TTIG O, DR sk o T A v R
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DI, B A bR R AR AT O T LA SR A 25 kM
TR N T2 EA A R At AR
5% 3k
[ 1] IBARAKIS, OTA Y. A machining test to calibrate rotary

axis error motions of five-axis machine tools and its

application to thermal deformation test[ J]. International



21050000062006

%5 3 EN

15 = f1. fbd

55 5 B IE I XU S HLIR T SR 223 Ty 12 77

[11]

Journal of Machine Tools and Manufacture, 2014, 86;
81-88.

ZHONG G, WANG C, YANG S, et al. Position
geometric error modeling, identification and compensation
for large 5-axis machining center prototype [ J ].
International Journal of Machine Tools and Manufacture,
2015, 89 142-150.

SCHWENKE H, KNAPP W, HAITJEMA H, et al.
Geometric error measurement and compensation of
machines—An update[ J]. CIRP Annals - Manufacturing
Technology, 2008, 57(2) :660-675.

FU G, FU J, XU Y, et al. Accuracy enhancement of
five-axis machine tool based on differential motion matrix:
modeling, identification ~ and

Geometric error

compensation| J]. International Journal of Machine Tools
and Manufacture, 2015, 89, 170-181.
ZHONG G, WANG C, YANG S, et al. Position
geometric error modeling, identification and compensation
for large 5-axis machining center prototype [ J ].
International Journal of Machine Tools and Manufacture,
2015, 89:142-150.

Ll J, XIE F, LIU X J. Geometric error modeling and
sensitivity analysis of a five-axis machine tool[ J]. The
International ~ Journal of Advanced Manufacturing
Technology, 2016, 82(9-12) ; 2037-2051.

XIANG S, ALTINTAS Y. Modeling and compensation of
tools [ J ].
International Journal of Machine Tools & Manufacture,

2016, 101.65-78.
HE Z, FU J,

volumetric errors for five-axis machine

ZHANG L, et al. A new error
measurement method to identify all six error parameters of
a rotational axis of a machine tool [ J]. International
Journal of Machine Tools and Manufacture, 2015, 88.
1-8.

Bt X5, PSS, & THOE TR e iR 22
P s ik [ 1], A 3R 5= 4, 2017, 38 (10)
2484-2491.

PI SH W, LIU Q, SUN P P. A rapid verification method
for the based on laser

rotation  axis  error

interferometer[ J|.  Chinese Journal of Scientific
Instrument, 2017, 38(10) . 2484-2491.

ZHENG F, FENG Q, ZHANG B, et al. A method for
simultaneously measuring 6DOF geometric motion errors
of linear and rotary axes using lasers[ J]. Sensors, 2019,

19(8) : 1764.

FAN J, WU C, LI Z. A novel geometric error

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

identification methodology for the tilting head of five-axis
machine tools based on double ball bar[ J]. MATEC Web
of Conferences, 2018, 221.04001.

FLYNN J M, SHOKRANI A, VICHARE P, et al. A
new methodology for identifying location errors in 5-axis
machine tools using a single ballbar set-up [ J].
Journal of Advanced Manufacturing

Technology, 2016, 99(1) :1-19.
XIA H J, PENG W C, OUYANG X B, et al

International

Identification of geometric errors of rotary axis on multi-
axis machine tool based on kinematic analysis method
using double ball bar [ J].
Machine Tools and Manufacture, 2017, 122.161-175.
LI Q, WANG W, ZHANG J, et al

International Journal of

All position-
dependent geometric error identification for rotary axes of
five-axis machine tool using double ball bar [ J ].
International ~ Journal of Advanced Manufacturing
Technology, 2020(1) ;1-16.

IBARAKI S, IRITANI T, MATSUSHITA T. Error map
construction for rotary axes on five-axis machine tools by
on-the-machine  measurement
probe[ J].
Manufacture, 2013, 68.21-29.

CHEN Y T, MORE P, LIU C S.

using a touch-trigger

International Journal of Machine Tools and

Identification and
verification of location errors of rotary axes on five-axis

machine tools by using a touch-trigger probe and a

sphere[ J]. The International Journal of Advanced
Manufacturing ~ Technology, 2019, 100 ( 9-12 ).
2653-2667.

JIANG Z, TANG X, ZHOU X, et al. Machining tests for
identification of location errors on five-axis machine tools
with a tilting head[ J]. International Journal of Advanced
Manufacturing Technology, 2015, 79(1-4) .245-254.

LI J, XIE F, LIU X J, et al. A geometric error
identification method for the swiveling axes of five-axis
machine tools by static R-test [ J]. The International
Journal of Advanced Manufacturing Technology, 2017,
89(9-12) ; 3393-3405.

KA LMY . TREE S T HESR T B MR G2 Bl iR 22
WIRIFIELT]. AR, 2019,40( 1) :28-34.

YU Y W, DU L Q. Tracing method of CNC machine tool
motion error under the framework of deep learning [ J].
Chinese Journal of Scientific Instrument, 2019, 40(1) ;
28-34.

LI C, LIU X, LI R, et al. Geometric error identification

and analysis of rotary axes on five-axis machine tool based



21050000062006

78 % # AX

[=]
£

=

EE O

15 = f1. fbd

F42 8k

on precision balls[ J]. Applied Sciences, 2020, 10(1) ;
100.

[21] MIAO E, LIU Y, LIU H, et al. Study on the effects of
changes in temperature-sensitive points on thermal error
compensation model for CNC machine tool [ J ].
International Journal of Machine Tools and Manufacture,
2015, 97 50-59.

[22] CHEN Y T, MORE P, LIU C S. Identification and
verification of location errors of rotary axes on five-axis

machine tools by using a touch-trigger probe and a

sphere[ J]. The International Journal of Advanced
Manufacturing  Technology, 2019, 100 ( 9-12 ).
2653-2667.

EE R

RAECHEGEH),2010 4L F K
B E SE R A B2 7, B e R i
TR AR, EEBTE T 10 WU S 17 |
TP &5
E-mail: wushi971819@ 163. com

Wu Shi ( Corresponding author) received his B. Sc. degree
from Belarusian State University in 2010. He is currently a
professor at Harbin University of Science and technology. His
main research interests include mechanical kinetics and on-

machine inspection.

— -
o e |

R

BRIEZR,2019 4R T8 K
IR TRE S e XA Do £ N Y
WA, FEWF S5 ] R MR R 22 A8 3 A%
o (AR
E-mail ; fzd1778417460@ 163. com
Fan Zhengdong received his B.Sc. from Anhui
AgriculturalUniversity in 2019. Now, he is a master’s student at

Harbin University of Science andTechnology. His main research

interests are machine tool errorsand transmission structures.



