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Modeling and compensation of machining errors for large structural parts
considering thermal deformation

ZHANG Peng, LI Huimin, DENG Ming, DU Zhengchun, YANG Jianguo

(School of Mechanical Engineering,Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: To decrease the machining error of large structural parts, a comprehensive error model considering thermal
deformation was established based on thermal characteristics analysis, and the error compensation verification was
carried out. The mechanism of thermal deformation caused by the temperature change of the grating scale was analyzed
and the nonlinear temperature variation law of the grating scale was studied by heat flux. The geometric error and
thermal error of gantry machining center were modeled separately and superimposed to generate a compound error
model. A linear model between the thermal deformation and the temperature change of the workpiece and a
comprehensive error model considering the thermal deformation were established. The relationship between the
compound error and the thermal deformation of workpiece in the machining process was analyzed. The innovative real-
time compensation system was applied by the external mechanical origin offset function of the CNC system, and the
error compensation of the gantry machining center was realized. The results show that the compound error model has
high prediction accuracy when the machine tool error is only considered, but it cannot be applied to the machining
process of aerospace structures with large thermal deformation. The comprehensive error model has a good effect on the
machining process of large torque arm, which increases machining positioning accuracy by at least 52%.
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Fig.1 Schematic diagram of gantry machining center
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Fig.2 Positioning errors of each axis at different temperatures
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Tab.1 Geometric error modeling parameters of Y-axis

i ay; by Cyi dy;

1 -3.65E-07 3.25E-04 0.047 0

2 -3.65E-07 7.28E-05 0.139 23.6
3 2.55E-07 -1.79E-04 0.114 54.9
4 1.09E-07 -3.00E-06 0.072 74.8
5 -2.30E-07 7.20E-05 0.088 92.6
6 2.83E-07 -8.64E-05 0.085 113.9
7 -2.30E-07 1.09E-04 0.090 132.3
8 1.37E-07 -4.98E-05 0.104 156.0
9 -1.85E-07 4.46E-05 0.103 178.9
10 -1.85E-07 -8.32E-05 0.094 202.6
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Fig.3 Geometric error interpolation result of Y-axis
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Fig.4 Composite error and geometric error of Y axis

R X S R AR 8 3B, B X (1) 757
Ey(y,Ty) =Ey,(y,Ty) — Ey(y) = ang( Ty = Ty).
(4)



57

SR, 25 B TRV TE B R R A5 (1R 28 AR S A -85

HI T PRSI 5 R A T 2 AR i, 9 1 3
R Ry T EE | X 2 R A T — UG, il 4
N FH S BRI R 25 (4) A

Ey(y,Ty) = (Ty - TYO)ang = (kTy] - kTyo)y'

K Ty Ty, 235008 Y SR B AR I ) Y
B, by kUSRS B S G2 B —
LA RERAE.

R, Y SO R 2t B Ik 22 500

Qy, = (kT” - krm)/<Ty1 —Ty).

P A5 32 1 AR B DA R A 2 P PRI IR SR K
ay, = 10.8 pm/(m - C), a,, = 8.6 pm/(m - C).

AR R LR P P K 2R G0 el T DA E X il
JO7 R AR AR, Y S B R AR (RIS RT L el A

1.4.3 DM ROR RE TR A A

R T ET RS R ) S I R A AR R

1) —Beit ]y, S5 X R 52 e mT DL 852
FRo A IR B PR A 3 1) S R R TR A 3 i AR R
1 O RUR BRI (AR 5T

2) B TR 4 52 M (S Ry S R Jr 8 DXk
XA S RUBOCBR K A1

3) HH TG RO I B A b 32 BRI T IR B
M, ] Lkt 228 s EC Tt R S R RS i)

R A E AR, mT A4S 2 HR5 52 e s S AR
A S PR o3 RN

T(l,7) 1 ar(l,T)

ol a oT
TES RIS | A WG 25
T(1,0)=T,.
R
_ aT(l,7) .
T

A, 1M B B S A A R R 7
IR E] s T R BEHIR L 5 T, AN 32 KGR M Y
VIR 5 g FEA RS E s A F1 o 735008 T 4%
FBONIAG R, 2R B0 PS80 b e A
PN

I B AR % Al A ARG T R AR

T(l,7)=T(1,0) + %Mierfc(l/ Vadar). (5)

o derfe 9 TR 22 b pRAL I — BT
ARYCEEEAURE X -5 Y b (A — sz PRI
Wi, 5 s, LY S Y e R — i L
1 Z fihie &, HOUWHERCKAE Z il 52200, i Y fh
LZATIR RN B A0, PR, Y RlDEHIR S 22T
JEFFANVTIE , o F it R Wi Y O 1 3 o A K. 5

WL, Z TAEG R BER N, X X ROEH RS A
W 5K A FL AL [ Sl 7K

(b) W sl R i (o) YoMk
1M R 3 52— v b 3 o il 7 53— RO 26 o | % SRR % T,
A AL s 4— AL B i 2 i R 5 S—AZ ka8 T, M B ;6— Z fig &
PER

5 YHEHRIEE
Fig.5 Schematic diagram of structure for Y axis
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Fig.6  Effect of workpiece thermal deformation on machining
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Fig.7  Algorithm flowchart of comprehensive error model
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R2%/mm
bt — & B2 1L/ %
X I Y] ENEHAZ b
Max 0 0.022 0 0.005 5 11.96
min -0.0331 -0.0109 -0.021 9 47.61

AT DL b Sy, PR UE Tl R S A DGR
LA B PASIE 25 | B RIS N TR 22/
FREA R, ERLEA R RN 1% IO A
TAF AT B D0 T TR 0NN i A v B R o R
72, HA RIFAY LR A MESICR.

4 %2 #®

D) 23T 70 T TR B X% X AT Y
At ) JLAAT IR 22 R 22 AT T 20 il A 4551
BLARAS A bRl (1 52 A5 52 (37 1R 25 AR,

2) BT RIVEER AR ANk 7 550 1 4
SR T TR TN SE BN TR e, #5717 %
JE T AR TE I 25 A TR 2.

3) At [ AR i 2 1M R G, R B &
GErINRAL bR ZR A IR S D RE R AT S A, Ok
TV AR 2 W 52 G 1R 2 AR AT UAR Gy b Tt e 1)
TN T A BR 2 HIFANIE T8 TS TE f
TABOL. BOET AR I AN S PR T34 R A 25 A%
ZERFRUH N T A A7 AE 3R T AT A1 Il LA 1R
T RMEICR: | REAS (il K IR 25 F R F n T 5 100K B2
P 52% VA F.

2% ik

(1] BmEl], PhAN, ZR0006. BT NI BE 55 0 7 8 A8 L o i 2 e 1A
A PEIN TASTE SO B AL [ )] ML TR 4, 2017, 53
(9) :201
HUANG Xiaoming, SUN Jie, LI Jianfeng. Mathematical modeling of
aeronautical monolithic component machining distortion based on
stiffness and residual stress evolvement[ J|. Journal of Mechanical
Engineering, 2017, 53(9) :201. DOI.:10.3901/JME.2017.09.021

[2] EHFR], ZFRRE, EF % HURPRZ BB LER[T]. Al

BT AR, 2015, 51(9):119

WANG Haitong, LI Tiemin, WANG Liping, et al. Review on ther-

mal error modeling of machine tools [ J]. Journal of Mechanical En-

gineering, 2015, 51(9) :119. DOI;10.3901/JME.2015.09.119

MAYR J, JEDRZEJEWSKI J, UHLMANN E, et al. Thermal issues

in machine tools [ J]. CIRP Annals-Manufacturing Technology,

2012, 61(2):771. DOI:10.1016/].cirp.2012.05.008

[4] GOMEZ-ACEDO E, OLARRA A, CALLE L N L D L. A method for

thermal characterization and modeling of large gantry-type machine

(3

s

tools[ J]. International Journal of Advanced Manufacturing Technol-
ogy, 2012, 62(9/10/11/12) ;875. DOI; 10.1007/S00170-011 -
3879-0

TAN B, MAO X, LIU H, et al. A thermal error model for large ma-

chine tools that considers environmental thermal hysteresis effects

—
wn
[

[J]. International Journal of Machine Tools & Manufacture, 2014,
82/83(7) :11. DOI:10.1016/j.ijmachtools.2014.03.002
[6] ZHANG D, YANG J, MA C, et al. Experiment-based thermal error
modeling method for dual ball screw feed system of precision ma-
chine tool [ J ]. International Journal of Advanced Manufacturing
Technology, 2016, 82(9/10/11/12) :1693
LI J G, WANG S Q. Distortion caused by residual stresses in machi-

—
=
[

ning aeronautical aluminum alloy parts: Recent advances[ J]. Inter-
national Journal of Advanced Manufacturing Technology, 2017, 89
(1/2/3/4) :997. DOI:10.1007/S00170-016-9066-6

HE L Y, GUO Y B, HUANG H, et al. The technique of online
measurement and data processing for aspheric machining[ J]. Ad-
vanced Materials Research, 2010, 97/98/99/100/101.:4313

[9] CHOM W, KIM G H, SEO T I, et al. Integrated machining error

—
o)
[l

compensation method using OMM data and modified PNN algorithm
[J]. International Journal of Machine Tools & Manufacture, 2006,
46(12) :1417. DOI.10.1016/j.ijmachtools.2005.10.002

[ 10]YANG J, YUAN J, NI J. Thermal error mode analysis and robust mod-
eling for error compensation on a CNC turning center[ J]. International
Journal of Machine Tools & Manufacture, 1999, 39(9) . 1367

(13, B25F%, #di g, 45, JE T IR ARG J7 e i AR AL
PRI A7 #4015 25 A R S A [ 1] 1 i 38 3 K 2 2 4
2016, 50(5) 710
FENG Wenlong, HUANG Yiqiao, TUO Zhanyu, et al. Modeling of
thermally induced grating positioning error of large machine tools
based on temperature integral method and real-time compensation
[J]. Journal of Shanghai Jiaotong University, 2016, 50(5) :710

[12]CAO H, ZHU L, LI X, et al. Thermal error compensation of dry
hobbing machine tool considering workpiece thermal deformation
[J]. International Journal of Advanced Manufacturing Technology,
2016, 86(5/6/7/8) :1

[13] 90, femmA:, P 5. B LR G A MR 22 @ K TR
L] M /RE DR 2# 4, 2016(1) :107
SUN Zhichao, HOU Ruisheng, TAO Tao, et al. Comprehensive
thermal error modeling for NC lathe in engineering application[ J ].
Journal of Harbin Institute of Technology, 2016(1) ;107

[14]FENG W L, YAO X D, AZAMATA, et al. Straightness error com-
pensation for large CNC gantry type milling centers based on B-
spline curves modeling[ J]. International Journal of Machine Tools &
Manufacture, 2015, 88165

[15]288%, fEE, Z2AN, %, ETFRENMBIHBEIURRIRE S
TR R SE A ()], _BIEACHE K24, 2013, 47
(5):744
JIANG Hui, YANG Jianguo, LI Zihan, et al. Application of real
time compensation with combinative thermal error prediction model
based on error separation on CNC machine tools [ J]. Journal of

Shanghai Jiaotong University, 2013, 47(5) .744

(%H8E # W)



