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Abstract

The conventional thermal error compensation for computer numerical control machine tools in ISO 230-3:2007 is based on a
single positioned point on a worktable; this guideline ignores the thermal error differences of different locations across an entire
worktable. As a result, a reduced compensation effect is achieved for the whole worktable, although the single-point compen-
sation model generally provides high prediction accuracy. The 2D thermal error compensation method, which can greatly
improve the compensation effect of the worktable, is proposed in this study. This method builds a 2D thermal error map model
parallel to the worktable at each time point. The thermal error at any position on the workbench can be predicted accurately. Thus,
this compensation method can significantly reduce the influence of thermal error differences on the compensation effect across
the whole worktable. The thermal error prediction results and compensated experimental results show that the compensation
effect of this new method is better than that of the conventional single-point method for the whole worktable.

Keywords CNC machine worktable - 2D thermal error map model - Least squares surface modeling

1 Introduction

During the process of operating a computer numerical control
(CNC) machine, multiple heat sources exist, and the temper-
ature field is complex because of the effects of spindle rota-
tion, cutting parameters, and environment temperature. As a
result, the relative position between the tool and workpiece
changes, leading to processing errors for the machine [1, 2].
Temperature-induced changes in the relative position serve as
an important basis for evaluating the thermal errors of CNC
machine tools [3]. Statistics reveal that thermal errors account
for 40—-70% of the total machining errors of such tools [4, 5].
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The software thermal error compensation technique, which
predicts thermal error values with the thermal error compen-
sation model, is a highly effective and economical means to
improve the accuracy of machine tools [6, 7].

Recently, researchers worldwide have characterized the
thermal properties of many CNC machine tools by the thermal
deformation of the spindle at a single positioned point of
worktable in relation to ISO 230-3:2007 [8]. Substantial re-
search has focused on the selection of modeling algorithms
and modeling temperature variables [9—15]. In particular,
Abdulshahed et al. [9] used a thermal imaging camera to mea-
sure the temperature (in the context of the thermal error) of
spindle Z, screened temperature-sensitive points through the
gray relational model and fuzzy clustering algorithm, and then
combined these strategies with an adaptive neural fuzzy infer-
ence system to establish a thermal error model. Miao etal. [11,
12] studied the changes in the characteristics of temperature-
sensitive points in a machine tool spindle through annual
tracking experiments. Liu et al. and the author [13] subse-
quently modeled and compensated for the thermal deforma-
tion of a positioned point through a multiple linear regression
model, and this approach has been effectively applied in en-
gineering practice.

However, in the machining process, the workpiece pos-
sesses a certain volume shape, which occupies a certain space
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area of the worktable instead of a single positioned point. The
worktable is also connected to a guide rail through a slider;
this connection allows the worktable to undergo dynamic
and complex thermal deformation [16, 17]. The tool’s
displacement/orientation is significantly different depend-
ing on the location in the workspace [18]. Consequently, a
large uncertainty is introduced in the thermal error com-
pensation for the whole worktable if only a single point on
the worktable is used to establish the compensation model.
To date, few researchers have focused on thermal compen-
sation for the whole worktable. In 2015, Zhang et al. [17]
proposed a multilocation forecasting model with the piece-
wise fitting compensation method to improve the compen-
sation effect of a large worktable. In 2016, S. Ibaraki et al.
[18] introduced a new method for measuring 2D motion
trajectory thermal deformations that reduces the measure-
ment time substantially.

In the present study, a 2D thermal error map method is
proposed for the thermal error compensation of a whole
worktable. First, 15 positions on the worktable are selected
to measure the thermal errors of the whole worktable in the
X, Y, and Z directions. The temperature changes of key
parts of the machine tool are also measured at the same
time point. Second, the differences in thermal error at dif-
ferent positions on the worktable are analyzed, and the
thermal error models of 15 positions in each direction are

@ Springer

established. On the basis of the thermal error prediction
values of 15 positions, the 2D thermal error map model
of the whole worktable at that time point is built using
the least squares surface fitting algorithm [19]. Then, the
prediction results of the 2D error map models are com-
pared with those of the conventional positioned single-
point model. Finally, the 2D thermal error map compensa-
tion method and single-point method are separately

Fig. 2 Diagram of the standard measurement part
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Table 1 Installation locations and

functions of temperature sensors Sensors

Installation site

Function

T1, T2, T3, T4, TS

Front bearing of the spindle

Spindle temperature measurement

T6, T9 Spindle box Spindle temperature measurement
T7, T8 Spindle motor Spindle motor temperature measurement
T10 Machine frame Ambient temperature measurement

embedded into the compensator of the CNC machine tool
to compensate for the thermal error in real time with the
use of the external coordinate origin offset function [20] of
the CNC machine.

2 Measurement experiments of the thermal
error in three directions across the whole
worktable

2.1 Experimental scheme

To measure the thermal errors in the X, Y, and Z directions
across the whole range of the worktable, we select 15 po-
sitions spread out evenly on the worktable and mount one
target block at each position. As shown in Fig. 1, these 15
positions, labeled 1 to 15, are selected in accordance with
the worktable size and experimental time. The target block
is shown in Fig. 2, in which points X1, X2 are used to
measure the X-direction thermal error; points Y1, Y2 are
used to measure the Y-direction thermal error; and point Z
is used to measure the Z-direction thermal error. During the
tests, the thermal error in each direction is calculated by the
deviation of the coordinate values of the corresponding
points. The coordinate value of each point is measured by
an online detection system probe.

Ten temperature sensors (Fig. 1) are used to measure the
temperature changes of the key parts of the machine simulta-
neously. The functions of the temperature sensors are listed in
Table 1. According to the international standard ISO 230-
3:2007 [8], the spindle idles at a constant speed, whereas the
table travels at a constant feed rate along the X- and Y-axes
during each experiment. The temperature and thermal errors

are acquired every 5 min; each experiment lasts for 4 h. A total
of seven batches of experiments are carried out, as listed in
Table 2, and are recorded as K1-K7. The K1 experiment is
used for modeling, whereas the K2—K7 experiments are
adopted to verify the prediction accuracy of the model.

2.2 Experimental configuration

A typical C-type CNC vertical machining center (Leaderway-
V450) is used as the research object. The size of the worktable
is 620 mm X 350 mm. The measurement system is composed
of a temperature measurement system and a coordinate acqui-
sition system. Ten temperature sensors DS18B20 (measure-
ment accuracy of 0.2 °C, highest resolution of 0.0625 °C) are
used to collect the temperature values. The coordinate acqui-
sition system is composed of an online testing system (includ-
ing probe and IR receiver), an expansion I/O unit of the ma-
chine tool, a coordinate acquisition card, and a computer
(Fig. 3).

3 Building of 2D thermal error compensation
models for the whole worktable

The thermal errors in the X, Y, and Z directions of the K1
experimental data are analyzed. The analysis results indicate
that the thermal errors between different positions across the
whole worktable differ from one another. Thus, compensation
models of 2D thermal error maps for the whole worktable are
necessary. Fuzzy clustering with a gray correlation degree
algorithm is used to select the temperature-sensitive variables
for modeling. The multiple linear regression algorithm is used
to establish the single-point thermal error models for all three

Table 2 Experimental parameters

Feed rate (mm/min)

Time (idle/measure) Ambient temperature (°C)

Batch Spindle speed (rpm)
K1 6000
K2 6000
K3 6000
K4 6000
K5 6000
K6 6000
K7 6000

1500 5 min/l min 26.12-30.75 °C
1500 5 min/l min 26.12-30.75 °C
1500 5 min/1 min 26.75-30.37 °C
1500 5 min/1 min 27.87-32.31 °C
1500 5 min/1 min 29.87-32.75 °C
1500 5 min/1 min 29.87-33 °C

1500 5 min/1 min 26.81-31.31 °C
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Fig. 3 Experimental device

directions of the 15 positions. The 2D error map model at each
time point is then established by using the least squares sur-
face fitting algorithm [19] on the basis of the prediction values

of 15 single-point models at the same time point. The 2D
thermal error map models in three directions for the whole
worktable at all times are finally obtained.

3.1 Analysis of thermal errors in three directions
of the whole worktable

According to the experimental data of K1, the trends of the
thermal errors of the 15 positions in the X, Y, and Z directions
are obtained. The trends of thermal errors in the X direction of
point X1 and point X2 are separately plotted in Fig. 4(al) and
(a2), respectively. Similarly, the trends in the Y direction of
Y1 and Y2 are separately plotted in Fig. 4(bl) and (b2), re-
spectively. The trends in the Z direction are plotted in Fig.
4(c). The measurement results of X2, Y2, and Z are studied
in this paper.

The temperature variation curves of the 10 temperature
sensors are also plotted in Fig. 5. Three time points, namely,
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Fig. 5 Trends of temperature change. T1-T10 mark the 10 temperature
sensors. The vertical black lines are the chosen measurement time points

the Oth, 30th, and 132nd minute, are selected to analyze the
thermal errors of the whole worktable. The 2D thermal error
maps of the whole worktable at these time points in each
direction are separately drawn using the surf function in
MATLAB and the cubic spline interpolation surface method
[21, 22] (Fig. 6(a), (b), and (c)).

Figure 6(a), (b), and (c) shows significant differences in
thermal errors in the whole range of the worktable in all
directions. The maximum values of the thermal error dif-
ferences at the same time point reach 5 pm in the X and Y
directions and 11 um in the Z direction. However, the
thermal errors of different positions on the whole workta-
ble are assumed to be the same in the conventional single-
point method. This finding directly affects the compensa-
tion effect over the whole range of the worktable.
Therefore, 2D thermal error map models must be
established to achieve a high compensation precision for
the whole worktable.

3.2 Building of single-point thermal error models
for 15 positions

In this study, the multiple linear regression algorithm is
adopted to build single-point thermal error models of the 15

(b)

Thermal Error (pm)

200

X/mm Y/mm X/mm

400 0

the dependent variable.

In the modeling process, the use of excessively few
temperature variables reduces the prediction accuracy be-
cause of information loss, whereas the use of an excessive-
ly high number of temperature variables increases the com-
plexity of the model and results in collinear errors [11].
Therefore, the temperature variables should be selected
before modeling. As described in reference [11], the meth-
od combining fuzzy clustering and gray correlation degree
is used to select the temperature variables. The selection
results are listed in Table 3.

In accordance with the temperature-sensitive point selec-
tion listed in Table 3, a binary linear regression model is built
for each position on the worktable in each direction. The gen-
eral expression of the model is as follows:

Arp’, = bp‘() + bp,lATm,t -+ bp‘zAT[’t + e (l)

In Eq. (1), Ar, , represents the tth thermal error in one
direction of the pth position on the worktable, where p =1,
2, 15. AT, ,and AT, ;represent the 7th temperature value
changes of the two temperature-sensitive points 7, and 7. e, is
the deviation of the prediction value from the actual measured
value, also known as the residuals. (b, o, b, 1, b, ») are the
estimates of the regression coefficients of corresponding tem-
perature variables, which can be calculated by:

bpo
byi | = (AT ATE) AT x AR, 2)
bya

where AT-=(C, AT,,, AT,) and AT,, and AT; are the mea-
surement data of 7,, and T}, respectively. AT, = {0, Az, »,

o Dty 3 AT =10, Aty o, .., Al Y, C=1{1, .., 1},
AR,={Ar, 1,...Ar, ", and n is the number of measure-
ment data points in K1.

Thermal Error (pm)

Y/mm

X/mm

Fig. 6 Thermal error map in the (a) X, (b) Y, and (c) Z directions in the Oth, 30th, and 132nd minute
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Fig. 7 Prediction results of the (a) X, (b) Y, and (c) Z directions. “Map-
Sd” and “Map-Me” represent the Sd and Me, respectively, of the 2D error
map models, whereas “Single-Sd” and “Single-Me” represent the Sd and
Me, respectively, of the conventional single-point model. Among these

K6 K7

As indicated by the above modeling method, 15 single-
point multiple linear regression thermal error models in the
X, Y, and Z directions can be established on the basis of the
experimental data of K1.

3.3 Building of 2D thermal error map compensation
models for the whole worktable

The thermal error prediction values of the 15 positions at each
time point are calculated in accordance with the 15 single-
point models built in Section 3.2. Then, the 2D thermal error
map model of the whole worktable at each time point is ob-
tained by using the least squares fitting algorithm [16]. The 2D
map model built in this study is a binary cubic polynomial
model, expressed as follows:

Ar, = Ao +ay X+ axy + a3,tx2 + agxy + as,zyz (3)
+a6,tx3 + a7,tx2y + aS,txy2 + ag )’
In Eq. (3), (ao, » a1, 1» ***a9, ;) are estimates of coefficients
for corresponding variables, x and y are the values of the (X,
Y) coordinate of the machine tool, and Ar, is the 7th thermal
error compensation value of the position with (x, y) coordi-
nates on the worktable in one direction. aq_,, a;, ,, ***a9, ; can
be obtained by solving:

04 Tap\“1a,T
=M"M) M"xN (4)

ag s

where M= (K, X, ¥, X>, XY, V>, X*, X*Y, XY, V), K={1, ...,
I}T, X={x1, ...,x15}T, Y={n, ...,y15}T (the other is the
same), N={Ary ... Ars, A7 and x,, and y,, are the coordi-
nates of the 15 positions.

For example, the 2D thermal error map model in the Z
direction in the 30th minute is obtained as follows. The tem-
perature increments in the 30th minute are read on the basis of
the experimental data, where AT;¢=2.68"C and ATgq=
0.63°C. The thermal error prediction values in the Z direction
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models, S;=S/n, and M,=M;/n (i=1, 2, -+, n). Si and Mi are the
prediction residual standard deviation and maximum residual error at
each time point, respectively

of the 15 positions are calculated. As a result, the 2D thermal
error map model in the 30th minute can be built in accordance
with Eq. (3) as follows:

Az30(x7y) = 9.3580
<727.22x2.2339x21.8440xy2.5055y2
+

x 1074
—0.0003x” + 0.0113x%y—0.00098x)” + 0.0139y3>

The standard deviation of the fitting of this model is Sy =
0.35 pm.

The 2D thermal error map models of the whole workta-
ble at any time point can be established by the above cal-
culation method. The temperature values are varied; thus,
the 2D thermal error map models are dynamic and involve
real-time equations. This result holds great flexibility and
predictive ability in engineering applications. Accurate and
real-time thermal error compensation for the whole work-
table is realized, with the 2D thermal error map compen-
sation method embedded into the compensator of CNC
machine tools. This strategy greatly improves the compen-
sation effect over that of the conventional fixed single-
point compensation method.

[ ]Without compensation
[ Iwith 2D error map

— 30\ i |: Wlth Single point
o
5 ol—
£ L
5 04—
e
|—
i 77 )
200 —
e o X/mm

Fig. 8 Thermal error map of the whole worktable in the Z direction
before and after compensation at the 30th minute of K2
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Fig. 9 Thermal errors in the (a) X, (b) Y, and (c) Z directions of 15 points by the 2D error map method

4 Accuracy analysis and implementation of 2D
thermal error map compensation models

4.1 Comparison of the prediction results

The thermal errors of 15 positions in experiments K2-K7 are
predicted from the 2D error map models and the single-point
model separately built by K1. The residual standard deviation
(Sd) and the maximum residual errors (Me) are taken as the
prediction results. The single-point model is presented in
Section 3.2, that is, the intermediate position of the worktable
(position no. 8).

The prediction results of two compensation methods are
presented as bar graphs in different directions (Fig. 7(a)—(c)).

In Fig. 7, the prediction results predicted by 2D error map
models, including Sd and Me, are smaller than those predicted
by the single-point model in all directions. Sd is decreased by
1.21 um (27.9% of the single-point model) in the X direction,
by 2.37 um (44.0% of the single-point model) in the Y direc-
tion, and by 2.26 um (48.0% of the single-point model) in the
Z direction. Me is reduced by 5.46 um (44.8%) in the X
direction, by 6.10 (49.0%) in the Y direction, and by
4.14 um (37.3%) in the Z direction.

The thermal errors without compensation and the predic-
tion residual errors predicted by the two compensation
methods of the whole worktable in the Z direction in the
30th minute of the K2 experiment are shown in Fig. 8.

The thermal error in the whole range of the worktable is
sharply reduced after compensation. The thermal error map of
the worktable with the 2D error map method is closer to the

Thermal Error(um)

——1 e

(b) e

—+—7 10 —<—13
11

zero plane than the result of the single-point method. Thus, the
2D error map method is more effective than the single-point
method over the whole range of the worktable.

4.2 Implementation of thermal error compensation

The 2D thermal error map method is first embedded into the
compensator of the Leaderway-V450 CNC machine tool.
Then, the temperature values of the temperature-sensitive
points and the coordinate value of the machine tool acquired
in real time are used to calculate the thermal error compensa-
tion value at this position. Finally, the value is inputted into the
CNC system, and the compensation is realized through the
external coordinate origin offset function [20] of the system.

The thermal errors of the 15 positions in the X, Y, and Z
directions under the 2D thermal error map compensation
method are measured, and the measurement results are shown
in Fig. 9(a), (b), and (c), respectively. Similarly, the thermal
errors obtained using the single-point compensation method
are presented in Fig. 10(a), (b), and (c). Accordingly, the ac-
tual compensation effect of the 2D thermal compensation
method is compared with that of the single-point method.

Figure 9(a), (b), and (c) shows that the maximum differ-
ences of the thermal errors over the whole range of the work-
table at the same time point are 3.81, 3.37, and 4.52 pum in the
X, Y, and Z directions, respectively. Figure 10(a), (b), and (c)
reveals that the maximum differences in the whole range of
the worktable at the same time point are 12.87, 9.79, and
9.11 um in the X, Y, and Z directions, respectively.

5

Thermal Error(um)

200 0)

50 100

Measurement Time (min)

150 50

Measurement Time (min)

100 150 200

Measurement Time (min)

Fig. 10 Thermal errors in the (a) X, (b) Y, and (c) Z directions of 15 points by the single-point method
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From a comparison of Figs. 9 and 10, we conclude that
both compensation methods can reduce the thermal errors of
the whole worktable. The thermal error differences of the
whole worktable under the 2D error map method are substan-
tially lower than those under the single-point method. Thus,
the compensation effect of the 2D error map method is better
than that of the conventional single-point method for the
whole worktable.

5 Conclusions

1. In this paper, the thermal errors in three directions
of 15 positions on a worktable are measured by
batches of idling experiments on a Leaderway-
V450 CNC machine tool. The measurement results
show that differences in thermal errors exist between
different positions on the worktable. The differences
reach 5 um in the X and Y directions and 11 pum in
the Z direction. The results prove that the compen-
sation effect of the conventional single-point thermal
error model is affected for the whole range of
the worktable. Therefore, the 2D thermal error map
compensation method for the whole worktable is
proposed, and 2D error map models are established.

2. The prediction effect of the 2D thermal error models
for the whole worktable is compared with that of
the conventional single-point thermal error model.
The comparison results reveal that the standard de-
viations of the prediction in the X, Y, and Z direc-
tions are improved by 1.21 um (27.9%), 2.37 um
(44.0%), and 2.26 um (48%), respectively. The al-
gorithm of the 2D thermal error map compensation
is embedded into the compensator. Along with the
real-time temperature values of the sensitive points
and the coordinate value of the machine tool for
calculating the thermal error compensation value of
the position, the origin offset function of the CNC
system is adopted to realize the online compensation
of the whole worktable.

3. The significant reduction of the influence of the
thermal error differences on the compensation effect
of the whole worktable under the proposed compen-
sation method is the key point in this paper. Thus,
the single-point robust modeling algorithm is not
studied, and experiments K2 to K7 involve the same
experimental parameters.
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