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Abstract The disadvantages of the common thermal error
compensation methods were analyzed. Based on the analysis,
we report the concept of the comprehensive thermal error
(CTE) of the servo axes of CNC machine tool. The total
CTE was divided into the thermal expansion error (TEE) in
the stroke range and the thermal drift error (TDE) of origin,
and their sources and effects on workpieces were analyzed.
Furthermore, models for TEE and TDE were established. The
model for TEE derived from the heat production, conduction,
and convection theory predicted the thermal field of a screw
and the thermal errors of servo axes in real time. Themodel for
TDE was established by the multiple linear regression meth-
od. The experiments were carried out on a vertical machining
center. The simulation and experimental results indicate that a
high accuracy stability can be achieved with error compensa-
tion, even when the moving state is changed. To visualize the
effect of error compensation with naked eyes, a special ma-
chining process was designed for a rectangular workpiece.
The machining results confirm that the proposed models pro-
vide a high accuracy stability and robustness.

Keywords CNCmachine tools . Comprehensive thermal
error . Thermal expansion error . Thermal drift error .

Compensation

1 Introduction

Thermal error is an important factor for the accuracy stability
of CNCmachine tools. Several experiments show that thermal
errors account for 40–70 % of the total error of machine tools
[1–3]. Thermal errors can be minimized mainly by two
methods: error prevention and compensation [4, 5]. The error
prevention method can eliminate or reduce the deformation of
machines during the design or construction phase of machine
tools, such as symmetric design and screw/nut cooling.
However, these methods have some disadvantages: (1)
Symmetric design is a good method for controlling thermal
errors. However, only a specific axis can be designed as a heat
symmetric structure, such as the y-axis of gantry machine
tools, and the applications of heat symmetric structures are
limited. (2) A higher cost of screw/nut cooling. For example,
the costs of screw DKFZ4016TR-5-P3/1414X1159-D1
manufactured by China Nanjing Technical Equipment
Manufacture Co., Ltd. with and without cooling are $480
and $275, respectively. When the cost of a cooling machine
(for example, the price of cooling machine of Taiwan
KAUKAN Co., Ltd. is approximately $6500) is added, the
cost of the machine tool increases significantly. Moreover,
the start of the cooling machine is intermittent, causing the
fluctuation inaccuracy. Thus, error prevention is not an eco-
nomical or widely used method for controlling thermal errors.

Error compensation method creates an opposite error to
eliminate the original thermal error [6–8]. Error compensation
method has many advantages such as a lower cost and diverse
applications. Thermal error compensation techniques have
been widely investigated. Feng et al. [9] reported a mathemat-
ical model for the transient temperature of a screwwith respect
to time. To solve the problem of uneven heat distribution on a
screw shaft, the screw shaft was divided into several evenly
distributed heat regions. Six test pieces were machined; the

* Kuo Liu
liukuo0727@qq.com

1 College of Mechanical Science and Engineering, Jilin University,
Changchun 130025, People’s Republic of China

2 College of Mechanical Engineering and Automation, Northeastern
University, Shenyang 110819, People’s Republic of China

3 State Key Laboratory, Shenyang Machine Tool (Group) Co., Ltd,
Shenyang 110142, People’s Republic of China

Int J Adv Manuf Technol (2016) 85:2715–2728
DOI 10.1007/s00170-015-8142-7

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-015-8142-7&domain=pdf


results indicate that the accuracy of the pieces significantly
improved than that obtained without error compensation.
Fan et al. [10] proposed an error model based on orthogonal
polynomials to improve the machining accuracy of a CNC
machine; the thermally induced spindle and geometric error
was compensated by 90 % than that without compensation.
Wu et al. [11] suggested a model to compensate thermal ex-
pansion error by multivariable regression analysis. Based on
the simulation, the number of sensors was reduced from 10 to
6. Zhang et al. [12] determined an optimal threshold to opti-
mize the temperature variable in thermal error modeling. Pajor
et al. [13] suggested a novel system that facilitates a continu-
ous compensation of the thermal deformations of a screw
during its work under workshop conditions. Zhang et al.
[14] proposed a novel modeling method for machine tool
thermal error, combining the advantages of both the greymod-
el and artificial neural network (ANN) in terms of data
processing.

Studies show that the aforementioned compensation
methods suffer from the following disadvantages: (1) They
only work under specific conditions. (2) Many temperature
sensors are required to achieve a high accuracy, thus increas-
ing the cost significantly. Moreover, one temperature sensor
should be placed on the moving nut in many of the aforemen-
tionedmethods, easily causing failure. (3) Themethods have a
poor robustness [15]. When the moving position and speed in
actual machining are different from those used in modeling,
the predicted results are always poor. (4) Most importantly,
most of the studies focused on thermal expansion error (TEE)
in the stroke range of servo axis. The thermal drift error (TDE)
of origin has been rarely studied.

In this study, the comprehensive thermal error (CTE) of a
servo axis was divided into two parts: TEE in the stroke range
and TDE of origin. According to the theoretical analysis, TEE
is mainly caused by the variation in ambient temperature and
the frictional heat of the screw. The screw in the stroke range
was discretized, and based on the heat production, conduction,
and convection theory, the temperature field of the screw and
thermal errors of a servo axis were predicted in real time. TDE
is mainly caused by (i) the temperature variation in the bearing
block near the origin of a servo axis, (ii) the heat conduction of
the screw in the stroke range, and (iii) ambient temperature
variation. The multiple linear regression method was used for
the prediction and compensation of TDE.

2 CTE of a servo axis

Most of the previous studies focused on TEE. The CTE of a
servo axis can be divided into two parts: TEE Ee+Em and TDE
Ed, where Ee is the thermal error induced by ambient tempera-
ture variation and Em is the thermal error induced by the

frictional heat of the screw. Figure 1 shows the schematic draw-
ing of CTE. Figure 2 shows the CTE decomposition diagram.

Figure 1 shows that when the worktable warms up in
the range 0–Px, the distance between the spindle and
worktable changes due to thermal errors. On one hand,
the ambient temperature variation and the frictional heat
of the screw induce Ee and Em. On the other hand, the
distance between the origin of servo axis and spindle
changes. Because of the heat of bearing block, heat
conduction from the screw in the stroke range, and am-
bient temperature variation, Ed appears in the distance
between the origin of servo axis and spindle. Figure 2
shows that CTE is the sum of TEE and TDE. TEE
depends on the position and temperature, and TDE does
not depend on the position.

TDE cannot be discovered in a commonly positioning error
test, because the clearance at the test starting point is essential
in a commonly positioning error test using a laser interferom-
eter [16]. Therefore, the tested positioning errors at the test
starting point are always zero. However, in fact, Ed exists
and significantly affects workpieces. Figure 3 shows the ef-
fects of TEE and TDE on workpieces.

Figure 3 shows that the first workpiece is machined
after the tool setting, and the distance between the two
milled holes is L. When the nth workpiece is machined
without tool setting, when only TDE exists, the two
holes drift Ed in the same direction, and the distance
between the two milled holes is still L. When only
TEE exists, the distance between the two milled holes
is L+Ee+Em.

3 Modeling and parameter optimization

3.1 TEE

3.1.1 Model of TEE

The thermal field of a screw is the function of position
and temperature [17]. The screw was simplified to a
one-dimensional bar because only the axial thermal de-
formation of screw affects the machining accuracy [18].
The screw in the stroke range was discretized into M
segments, and the length of each segment was L.
Moreover, the length of screw outside the stroke range
in the motor side was set as Lm0, and the length of the
screw outside the stroke range in the other side was set
as Lm1, as shown in Fig. 1.

3.2 Error caused by ambient temperature variation

In general, the change in ambient temperature is slow,
and the change in the temperature of the screw caused
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by ambient temperature variation is slow. Thus, the er-
ror Ee caused by ambient temperature variation in the
stroke range can be expressed as follows:

Ee ¼ α� T b−Tb0ð Þ � Px ð1Þ
where α is the thermal expansion coefficient of the
screw, μm/(m×°C); Tb is the real-time ambient temper-
ature, °C; Tb0 is the initial ambient temperature, °C; and
Px is the real-time position, mm.

3.3 Error caused by movement

For a certain segment Li of a screw in the stroke range, the
frictional heat increases the temperature of Li. Li conducts heat
to both sides of Li and simultaneously exchanges the heat with
the surrounding air. Therefore, the thermal equilibrium equa-
tion for Li can be expressed as follows:

cmΔTLi ¼ QLi−1−QLi−2−QLi−3 ð2Þ

wherem is the mass of a segment of the screw, kg; c is the heat
capacity of the screw, J/(Kg×°C);ΔTLi is the temperature rise

of Li, °C; QLi−1 is the frictional heat production of Li, J; QLi−2
is the axial heat conduction of Li to both the sides, J; andQLi−3
is the heat convection of Li with the surrounding air, J.

3.4 Frictional heat production

For Li, the total frictional heat production QL i
−1 can be

expressed as follows:

QLi−1 ¼ Q� N ð3Þ

whereQ is the heat production of Li after one friction, J; and N
is the number of frictions of Li.

3.5 Axial heat conduction

The heat passing through the screw cross section in unit time
is directly proportional to the change in temperature and the
cross-sectional area of the screw:

QLi−2 ¼ α� A� ∂T
∂x

¼ A� q 0 ð4Þ
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where A is the cross-sectional area of the screw, m2; and q ' is
the density of heat flow, J/m2.

After discretizing Eq. (4) and supposing that the nut moves
on Li at time t, the axial heat conduction QL i

−2 during (t, t+

Δt) can be expressed as follows:

QLi−2 ¼ α� A� TLi−TLi−1ð Þ þ TLi−TLiþ1

� �

L
�Δt ð5Þ

where TLi is the temperature of Li at a certain time, °C; TLi−1 is
the temperature of Li−1 at a certain time, °C; and TLiþ1 is the
temperature of Li+1 at a certain time, °C.

In particular, for L1 and LM

QL1−2 ¼ α� A� TL1−TL0

Lm0
�Δt þ α� A� TL1−TL2

L
�Δt ð6Þ

QLM−2 ¼ α� A� TLM−TLM−1

L
�Δt þ α� A� TLM−TLMþ1

Lm1
�Δt

ð7Þ

3.6 Heat convection

If the nut moves on Li at time t, then the heat convectionQL i
−3

during time (t, t+Δt) can be expressed as follows:

QLi−3 ¼ h� S � TLi−T f

� ��Δt ð8Þ

where h is the heat exchange coefficient [19], W/(m2×°C); S
is the heat exchange area of Li, S≈A×L, m2; and Tf is the
ambient temperature and almost the same as Tb, °C.

The heat exchange coefficient h can be affected by many
factors, and according to Nusselt criterion, h can be expressed
as follows:

h ¼ N u � λa

D
ð9Þ

where Nu is the Nusselt number; D is the feature size, m; and
λa is the heat conduction coefficient of air, W/(m×°C).

The Nusselt number Nu under natural convection condi-
tions can be expressed as follows:

Nu ¼ C Gr � Prð Þm ð10Þ
where C andm are the coefficients and determined by the heat
source and airflow [20], Pr is the Prandtl number, andGr is the
Grashof number:

Gr ¼ gL3βΔT

υ2
ð11Þ

where g is the gravitational acceleration, m/s2; β is the expan-
sion coefficient of air, °C−1; υ is the kinematic viscosity of air,
m2/s; and ΔT is the temperature difference between air and
screw, °C.

The real-time temperature variation ΔTLi tð Þ of Li can be
obtained from Eqs. (3), (5), (6), (7), and (8).

The temperature variation of a screw is a dynamic process.
Therefore, the temperature field of a screw also changes dy-
namically. For Li, TLi t þΔtð Þ at time t+Δt can be calculated
using TLi tð Þ at time t [21]:

TLi t þΔtð Þ ¼ TLi tð Þ þΔTLi tð Þ ð12Þ

Equation (12) shows that if the initial temperature Tb0 of a
screw in the thermal steady state is known, the entire thermal
field TLi tð Þ of the screw after any movement can be predicted.

The thermal errors Em of a screw caused by the movement
at a certain time t can be expressed as follows:

Em ¼
XM

i¼1

α� TLi−Tbð Þ � Li ð13Þ

3.7 Calculation of TEE

The TEE Eem of a servo axis in the stroke range can be ob-
tained from Eqs. (1) and (13):

Eem ¼ Ee þ Em ð14Þ

Because the model for TEE records the dynamic process of
the thermal field of a screw, the robustness of the model is very
strong. Although the moving state of a servo axis changes,
including the moving speed, moving range, and whether mov-
ing or not, excellent compensation effect can be obtained.

L

Cutter-setting point

L+Ee+Em

L

The 1st workpiece

The nth workpiece

Ee

Only TDE
Only TEE

Fig. 3 Effects of TEE and TDE on workpieces
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3.8 Parameter optimization

In the model shown in Sect. 3.1.1, some parameters are
difficult to determine, such as the coefficient of heat con-
duction α, heat capacity c, heat exchange coefficient h,
heat production of Li after one friction Q, the length of
screw outside the stroke range in the motor side Lm0, and
the length of screw outside the stroke range in the other
side Lm1. For example, Eqs. (9), (10), and (11) show that
the calculation of h is very complex and inaccurate. Thus,
a parameter identification method is required to determine
these parameters.

ISIGHT is an automatic parameter identification platform.
This platform organizes the parameter identification process
into a uniform frame [22, 23]. The program for optimization is
written in MATLAB, and the Δ in Eq. (15) is set as the opti-
mization objective function:

Δ ¼
XK

n¼1

XJ

m¼1

Etnm−Ecnmð Þ ð15Þ

where Etnm is the tested thermal error of the mth test point
during the nth test; Ecnm is the calculated thermal error of
the mth test point during the nth test; K is the total test times;
and J is the total test points of a servo axis.

MATLAB was added to ISIGHT as shown in Fig. 4, and the
program for optimization, initial value of parameters, and upper
and lower limits of the parameterswere set. The abovementioned
parameters were optimized using a pointer automatic optimizer.

3.9 TDE

According to the analysis shown in Sect. 2, TDE is mainly
relative to the temperature variationΔTbr of the bearing block
near the origin of servo axis, the temperature variation ΔTL1

of L1 near the origin of servo axis, and ambient temperature

Fig. 4 Frame of automatic parameter optimization

Fig. 5 Test of thermal errors using a laser interferometer

Table 1 Parameters of thermal tests

Axis Number Speed (mm/min) Range (mm) Time (min)

x State 1 – – 0

State 2 5000 185–535 10

State 3 5000 185–535 10

State 4 5000 185–535 10

State 5 5000 185–535 10

State 6 5000 185–535 10

State 7 5000 185–535 10

State 8 0 171 10

State 9 0 171 12

State 10 0 171 11

State 11 0 171 12

State 12 0 171 15

y State 1 – – 0

State 2 5000 −130 to −370 10

State 3 5000 −130 to −370 10

State 4 5000 −130 to −370 10

State 5 5000 −130 to −370 10

State 6 5000 −130 to −370 10

State 7 5000 −130 to −370 9

State 8 0 −490 7

State 9 0 −490 9

State 10 0 −490 9

State 11 0 −490 10

State 12 0 −490 10

z State 1 – – 0

State 2 5000 −392 to −137 10

State 3 5000 −392 to −137 10

State 4 5000 −392 to −137 10

State 5 5000 −392 to −137 10

State 6 5000 −392 to −137 10

State 7 5000 −392 to −137 8

State 8 0 −10 10

State 9 0 −10 10

State 10 0 −10 10

State 11 0 −10 12

State 12 0 −10 10
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variationΔTb. In Fig. 1, the right direction close to the spindle
was set as the forward direction in a commonly positioning
error test. Thus, ΔTbr and ΔTL1 move the worktable close to
the spindle, andΔTb removes the worktable far away from the

spindle. Supposing that Ed is linearly related to ΔTbr, ΔTL1 ,
and ΔTb, the model for Ed can be expressed as follows:

Ed ¼ f ΔT br;ΔTLi ;ΔTbð Þ ¼ aΔTbr þ bΔTLi þ cΔTb þ d ð16Þ
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where a, b, c, and d are the coefficients to be determined.
a, b, c, and d were solved by the least squares method, and

the objective function and constraint condition can be
expressed by Eq. (17).

min Etd−Ecdð Þ

s:t:
a > 0
b > 0
c < 0

ð17Þ

3.10 Thermal error tests

The thermal error tests were carried out on a vertical machin-
ing center VMC850. FANUC 0i-MATE MD was used as the
control system, and the maximum speeds of x-, y-, and z-axes
were 32, 32, and 30 m/min, respectively. All these three axes
are half-closed-loop control type without cooling, with screws
fixed on one end and supported on the other end.
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Six temperature sensors, with an accuracy of ±0.1 °C (5–
45 °C), were placed on the bearing blocks near the origins and

the bases near the screws of x-, y-, and z-axes. The thermal
errors were tested using a dual-frequency laser interferometer
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XL80. Importantly, the “expansion compensation of material”
should be set as 20 °C to achieve the actual accuracy in any
temperature instead of the accuracy after conversion at 20 °C.
The investigation of thermal errors is shown in Fig. 5.

Taking the y-axis as an example, the procedure of the ther-
mal test can be described as follows:

1. Test the initial positioning error of y-axis in the range from
−10 to −490 mm, and record the values of the temperature
sensors. Clearance at the test starting point was executed
only in the first test.

2. Let the y-axis move in the range from −130 to −370mm at
a speed of 5000 mm/min for a period of time.

3. Stop the movement. Test the positioning error, and record
the values of the temperature sensors.

4. Repeat steps (2) and (3) until the y-axis reaches the heat
balance.

5. Stop the y-axis at −490 mm position to cool down. Test
the positioning error at intervals, and record the values of
the temperature sensors.

The thermal errors of the x- and z-axes were tested in the
same manner. The test parameters of these three axes are
shown in Table 1.

Figures 6, 7, and 8 show the test results of the x-, y-, and z-
axes.

Figures 6, 7, and 8 show that the positioning errors at
all the test points changed with time, including the posi-
tioning errors at the test starting point. Thus, the CTE was
decomposed as follows: The thermal error data of all the
tests were processed to make the errors at the first test
points as zero, and the TEE was obtained. The errors at
the first test points of all the tests were extracted to com-
pose TDE. Taking the y-axis as an example, the CTE
decomposition of the y-axis is shown in Fig. 9.

The TDE curve in Fig. 9 shows that in the warming-up
phase, TDE increased because both the temperatures of the

bearing block near the origin and L1 segment near the origin
increased; in the cooling-down phase, the TDE decreased be-
cause both the temperatures of the bearing block near the
origin and L1 segment near the origin decreased.

The TEE and TDE of the x- and z-axes were obtained in a
similar manner.

3.11 Verification

3.11.1 Simulation

The parameters were optimized following the procedure
described in Sect. 3.1.2 using the data shown in Figs. 6, 7,
and 8. The screws of x-, y, and z-axes were segmented
according to L=10 mm; therefore, the screws of x-, y,
and z-axes were discretized into 70, 48, and 51 segments,
respectively.

Compensation
values

CNC code

FANUC 0i-MATE MD Compensator (PC)

Position, Speed
FOCAS2

d

TEE & TDE
models

Servo driver of X-axis Motor Load of X-axis

Servo driver of Y-axis Motor Load of Y-axis

Servo driver of Z-axis Motor Load of Z-axis

Temperatures

VMC850

Fig. 14 Compensation principle

Fig. 15 Interface of thermal compensation software

Table 2 Parameters of thermal test

Axis Number Speed (mm/min) Range (mm) Time (min)

x State 1 – – 0

State 2 8000 185–535 16

State 3 5000 10–360 10

State 4 7000 360–710 10

State 5 0 10 10

y State 1 – – 0

State 2 5000 −370 to −130 10

State 3 6000 −370 to −130 10

State 4 7000 −490 to −250 12

State 5 8000 −10 to −250 10

z State 1 – – 0

State 2 5000 −137 to −392 10

State 3 6000 −150 to −380 12

State 4 7000 −120 to −410 10

State 5 8000 −10 to −265 10
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The model of TEE shown in Sect. 3 predicted the
temperature field of a screw. Taking the y-axis as an
example, after the parameters were optimized, the model
well calculated the temperature of the y-axis of each
screw segment at any point of time. Figure 10 shows
the temperature field distribution of y-axis. In the
warming-up phase (states 1–7), the temperature of the
screw increased, and the maximum temperature was ob-
tained in the middle of the warming-up range. In the
free cooling-up phase (states 8–12), the temperature of
the screw decreased, and the maximum temperature de-
crease was obtained in the middle of the warming-up
range.

Based on the predicted temperature field of the screw, the
thermal errors at any position and time were calculated using
Eq. (13).

The simulation was carried out using Matlab R2014a, and
the results are shown in Figs. 11, 12, and 13.

Figures 11, 12, and 13 show that the predicted results of
TEE and TDE are very close.

3.12 Experimental

The communication between the thermal compensator and
FANUC 0i-MATE MD was achieved through Ethernet
[20]. Fanuc Open CNC API Specifications2 (FOCAS2)
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Fig. 16 Experimental results of
x-axis
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y-axis
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Fig. 19 Workpiece for
verification
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was used to obtain the reading of the positions of servo
axes from CNC and the writing of the compensation values
to CNC. The compensation principle is shown in Fig. 14.

The thermal test and compensation software were de-
veloped in MATLAB R2014a for thermal compensation
experiments. The interface of thermal compensation is
shown in Fig. 15.

Experiments were carried out using a laser interferometer
according to the varying moving states shown in Table 2. For
each time, first, a test without compensation was carried out,
and then a test with compensation was carried out. Therefore,
the residual errors before and after the compensation can be
easily contrasted.

The experimental results are shown in Figs. 16, 17, and 18.
In Figs. 16, 17, and 18, “N” denotes the thermal errors

without compensation and “Y” denotes the residual errors
with compensation.

Figures 16, 17, and 18 show that the thermal errors
without compensation are high and the thermal errors
with compensation are very low. In particular, the moving
information in Table 2, including the moving speed, mov-
ing range, and whether moving or not, changed; however,
the residual errors after the compensation were always
low. The high accuracy and strong robustness of the sug-
gested model were verified again.

3.13 Machining

Before and after the compensation, machining was performed
for further verification. A special workpiece was designed to
observe the differences before and after the compensation
with naked eyes, as shown in Fig. 19.

The workpiece was fixed on the worktable using a jaw vice
as shown in Fig. 20, and the machining was performed as
follows:

1. Side face A was milled first using a φ12 4-edge milling
cutter to guarantee its straightness. Then, two holes were
milled with a milling width of 5 μm using the same cutter,

and one hole was machined without compensation
(marked as “N” as shown in Fig. 19). One hole was ma-
chined with compensation (marked as “Y” as shown in
Fig. 19). The x-axis was moved according to Table 3, and
two holes were machined after each movement.

2. Side face B was milled by the same milling cutter to
guarantee its straightness. Then, two holes were milled
with a milling width of 5 μm, and one hole was machined
without compensation (marked as “N” in Fig. 19). One

Fig. 20 Machining process

Table 3 Parameters of movement during machining

Axis Number Speed (mm/min) Range (mm) Time (min)

x State 1 – – 0

State 2 6000 100–450 10

State 3 8000 185–535 10

State 4 10000 285–635 10

State 5 0 600 15

y State 1 – – 0

State 2 6000 −50 to −290 10

State 3 8000 −130 to −370 12

State 4 10000 −180 to −420 12

State 5 0 −200 20

z State 1 – – 0

State 2 6000 −302 to −47 10

State 3 8000 −392 to −137 10

State 4 10000 −442 to −187 15

State 5 7000 −392 to −137 20

Fig. 21 Machining result
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hole was machined with compensation (marked as “Y” in
Fig. 19). The y-axis was moved according to Table 3, and
two holes were machined after each movement.

3. The upper surface was milled by a φ20 2-edge milling
cutter to guarantee its flatness. Then, two holes were
milled with a milling depth of 5 μm using the same cutter
on the upper side of the workpiece, and one hole was
machined without compensation (marked as “N” in
Fig. 19). One hole was machined with compensation
(marked as “Y” in Fig. 19). The z-axis was moved accord-
ing to Table 3, and two holes were machined after each
movement.

Figure 21 shows the machined workpiece. Notably, the end
of the cutter almost protruded; therefore, a mark of ring was
obtained with a milling depth of 5 μm on the upper surface.
Moreover, a machined trace occurred when the upper surface
was machined; however, it did not affect the verification.

Figure 21 shows that the micron-level errors of the x-, y-,
and z-axes can be easily observed by the naked eyes. From the
machined holes before and after the compensation, even
though the machine tool moved according to the changed
states as shown in Table 3, the accuracy stability after the
compensation were much better than those obtained before
the compensation.

4 Conclusions

The sources and effects on the workpieces of the CTE of a
servo axis were systematically investigated. The modeling
and parameter optimization for TEE and TDE are presented.
The simulation, experimental, and machining results show
that the compensation effect of the suggested model is very
good, and the accuracy stability after the compensation is
much better than that obtained before the compensation.
Moreover, the main advantage of the suggested model is its
strong robustness. Therefore, high accuracy stability was ob-
tained using this model in a nonconstant-temperature work-
shop, even though the machine tool moved randomly.
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