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Abstract The advantages of PBM (physically based model)
over DDM (data-driven model) were presented, and physical-
ly based modeling of comprehensive thermal errors of servo
axis and spindle was proposed. Based on the theory of fric-
tional heat, heat convection, and heat conduction, the model
for thermal error of servo axis was established, and the screw
temperature field at any time can be obtained to predict screw
thermal error. The thermal bending deformations of spindles
were analyzed for a C-type vertical machining center. The
models for spindle radial thermal drift error under different
deformations were established, and the criterion for determin-
ing the deformations was presented. Tests for identifying pa-
rameters of the suggested models were carried out on a
TC500R vertical machining center. The compensation effects
were verified using both experiment and machining. The re-
sults indicated that the suggested PBM results in high accura-
cy and strong robustness, even if the moving state of servo
axis and the rotating speed of spindle randomly changed.

Keywords Vertical machining center . Physically based
model . Comprehensive thermal error . Compensation

1 Introduction

The temperature rise of machine tools due to both inner and
outer sources [1, 2] can cause changes of distance between the
workpiece and the cutter, thus leading to machining errors [3].
The inner heat source includes motors, friction kinematic
pairs, cutting heat, and coolant; the outer heat source includes
environment, lightning, and human. Thermally induced errors
account for about 40–70% of the total errors of a machine tool
and seriously influence the machining accuracy [4, 5].
Therefore, how to minimize the thermally induced errors of
machine tools is currently a hot research topic.

The commonly used methods to minimize thermal errors
are error avoidance and error compensation [6, 7]. The error
avoidance method aims to reduce or eliminate thermal errors
during the design and construction phases, such as controlling
the temperature rise of inner and outer heat sources, heat in-
sulation measures, and thermal symmetric design. Although
this method can improve the accuracy of machine tools, pro-
duction costs will dramatically increase. With the continuous
improvement of modeling theory, the studies and applications
for thermally induced errors become more and more widely.
The error compensation method aims to create an artificial
error to eliminate the original thermal error. The error com-
pensation method has many advantages, such as a wide field
of applications at a lower cost.

Total thermally induced errors of a machine tool consist of
the servo axis thermal error and the spindle thermal error.
Experimental results show that the friction of screw and nut,
the rotating friction of bearings, and the ambient temperature
variation are the main sources of servo axis thermal error. In
comparison with the above sources, the motor has little influ-
ence on servo axes because the placement is always a little far
from screw in the stroke range. The rotating friction of spindle
bearings, motor of spindle, and ambient temperature variation
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are the main sources of spindle thermal error. The superposi-
tion of servo axis thermal error and spindle thermal error in-
duces the comprehensive thermal error of machine tools. By
paying attention to good thermal design of the machine, the
thermal errors of servo axis and spindle can be countered. On
the contrary, if the directions of the servo axis thermal error
and the spindle thermal error are the same, the comprehensive
thermal error may aggravate. Therefore, a comprehensive
compensation method for thermal errors of a servo axis and
spindle should be studied.

The error compensation method is a “soft technology” and
has been studied for many years. Thermal error models have
been established using the multiple linear regression method
[8–11], artificial neural network method [12–14], thermal
mode method [15], support vector machine method [16], gray
model [17, 18], and time series method [19, 20]. Most of these
methods are DDM (data-driven model), which need enough
data to represent the input-output relationships associated with
the process, and the major disadvantage of DDM is poor ro-
bustness [21]. Because it is difficult to obtain a sufficient
number of representative data, when the moving information
in actual machining differs from that in a thermal test, the
predicted result is always poor. Besides, temperature sensors
are increasingly needed to get high compensation accuracy.
Therefore, it can be concluded that DDM is not the most
desirable modeling method. In this paper, PBM (physically
based model) is used for modeling thermal errors of a servo
axis and spindle. The advantage of PBM is that the model is
designed based on heat transfer theory and geometrical struc-
ture, so the forecast bias will be small.

The thermal error of Y-axis and radial thermal drift error of
spindle in Y-direction are studied on a vertical machining cen-
ter. They are separately modeled and experimental tests for
identifying thermal characteristic parameters are carried out.
Finally, the validity of PBM is verified using both experimen-
tal tests and machining.

2 Thermal error model and parameter optimization

2.1 Modeling method

The thermal errors of a servo axis and spindle are mainly due
to the temperature rises of screw and spindle. An inherent
relationship exists between thermal error and temperature,
however is hard to be obtained. Therefore, most of the com-
monly used methods are DDM. DDMs need enough data to
represent the input-output relationships associated with the
process, and then map thermal natural phenomena to mathe-
matical equations. Thus, if obtained data is not complete, the
established model will not be suitable for all circumstances.
For example, if the moving information in actual machining
differs from that in thermal testing, the predicted result is

always poor. However, the whole data for all circumstances
is hard to be obtained. Experiments at different moving states
and different temperature ranges are needed, which sometimes
is even impossible. Therefore, DDM is inherently flawed and
is not the most desirable modeling method.

In this paper, physically based modeling methods for ther-
mal errors are studied. The thermal behavior of a machine tool
should be analyzed if PBM is applied. The thermal behavior
can be expressed by explicit or implicit mathematical formula.
For example, if the screw can be discretized into M segments
and the temperature of each segment is predicted, the thermal
error of the whole screw can be obtained using integration.
The major advantage of PBM is that it does not need sufficient
data to train models. For instance, if the heat transfer model of
screw is known, tests under different moving speeds and
ranges for identifying parameters are not essential; instead, a
test of only a moving speed and range is enough. Furthermore,
the predicted value in actual machining is calculated based on
a heat transfer model and the acquired thermal parameters and
will not lead to bigger forecast bias.

Following Fig. 1 shows the principle diagrams of DDM
and PBM.

2.2 PBM for a servo axis

2.2.1 Modeling

The screw is simplified to a one-dimensional bar because only
the axial thermal deformation of screw affects the machining
accuracy [22]. The screw in the stroke range is discretized into
M segments, and the length of each segment is L. For a certain
segment Li of the screw in the stroke range, the frictional heat
increases the temperature of Li; at the same time, Li conducts
heat to the two sides and exchanges heat with the surrounding
air. The heat transfer principle diagram is shown in Fig. 2.

The temperature of the screw at initial time is considered
the same as the ambient temperature, so

T jt¼0 ¼ T f 0ð Þ ð1Þ

where T is the temperature of screw, °C; Tf is the ambient
temperature, °C.

For a certain segment Li of the screw in the stroke range,
the thermal equilibrium equation for Li can be expressed as
follows:

c� ρ� L� Sð Þ � TLi tð Þ−TLi t−Δtð Þð Þ
¼ Qf −Li tð Þ−Qt−Li tð Þ−Qc−Li tð Þ ð2Þ

where c is the heat capacity of screw, J/(Kg × °C); ρ is the
density of screw, Kg/m3; S is the equivalent cross-sectional
area of screw, m2; TLi tð Þ is the temperature of Li at time t, °C;
Δt is the sampling time, s; Qf −Li tð Þ is the frictional heat
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production of Li during (t-Δt, t), J; Qt−Li tð Þ is the axial heat

conduction of Li to both two sides during (t-Δt, t), J; andQc−Li
tð Þ is the heat convection of Liwith the surrounding air during
(t-Δt, t), J.

(1) Frictional heat production

For Li, set Q is the heat production of Li after one friction.
The total frictional heat production Qf −Li tð Þ during (t-Δt, t)
can be expressed as follows:

Qf −Li tð Þ ¼ Q� N ð3Þ

where N is the number of frictions of Li during (t-Δt, t).

(2) Axial heat conduction

Heat conduction is the heat transfer produced by motion or
collision of a heat carrier. From a macroperspective, the heat
conduction is caused by temperature gradient and the classical
Fourier law in the form of differential equation describes this
phenomenon [23].

q ¼ λ� ∇T ¼ λ� ∂T
∂x

jx þ
∂T
∂y

jy þ
∂T
∂z

jz

� �
ð4Þ

where q is the density of heat flow, J/m2; λ is the coefficient of
heat conduction of screw, W/(m × °C); ∇ is the Laplace opera-
tor; jx, jy, jz are the unit vectors in x, y, z directions, respectively.

Since the screw is simplified to a one-dimensional bar, the
heat passing through the screw cross-section in unit time is:

Qt−Li ¼ S � q ¼ λ� S � ∂T
∂x

ð5Þ

After discretizing Eq. (5), the axial heat conductionQt−Li tð Þ
of Li during (t-Δt, t) can be expressed as follows:

Qt−Li tð Þ ¼ λ� S � TLi tð Þ−TLiþ1 tð Þ� �þ TLi tð Þ−TLi−1 tð Þð Þ
L

�Δt ð6Þ

In particular, for L1 and LM,

Qt−L1 tð Þ ¼ λ� S � TL1 tð Þ−TLa tð Þ
0:5� La þ Lð Þ �Δt þ λ� S

� TL1 tð Þ−TL2 tð Þ
L

�Δt ð7Þ

Qt−LM tð Þ ¼ λ� S � TLM tð Þ−TLM−1 tð Þ
L

�Δt þ λ� S

� TLM tð Þ−TLb tð Þ
0:5� Lþ Lbð Þ �Δt ð8Þ

(3) Heat convection

The heat convection Qc−Li tð Þ of Li with the surrounding air
during time (t-Δt, t) can be expressed as follows:

Qc−Li tð Þ ¼ h� S
0 � TLi tð Þ−T f tð Þ� ��Δt ð9Þ

where h is the heat exchange coefficient, W/(m2 × °C), and S'

is the heat exchange area of Li, m
2.

According to Nusselt criterion, h can be expressed as:

h ¼ λa � C � gL3βΔT
υ2

� Pr

� �m

=L ð10Þ

where λa is the heat conduction coefficient of air, W/(m × °C);
C andm are the coefficients and determined by the heat source
and airflow form [24]; Pr is the Prandtl number; g is the
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gravitational acceleration, m/s2; β is the expansion coefficient
of air, °C−1; υ is the kinematic viscosity of air, m2/s;ΔT is the
temperature difference between air and screw, °C; and L is the
feature size, m.

The real-time temperature TLi tð Þ of Li can be obtained from
Eqs. (2), (3), (6), (7), (8), and (9).

The above derivation shows that the real-time temperature
field of screw can be calculated if the initial temperature T|t = 0

of screw at thermal steady state, the real-time ambient temper-
ature Tf (t), and the moving information of servo axis are
known. The thermally induced error of servo axis at a certain
time t can be expressed as follows:

Efd tð Þ ¼ ∑
M

i¼1
α� TLi tð Þ−TLi 0ð Þð Þ � Li ð11Þ

where α is the thermal expansion coefficient of screw, μm/
(m × °C).

The abovementioned PBM records the dynamic process of
the thermal field of a screw. No matter how the moving state
of a servo axis changes, including the moving speed, moving
range, whether moving or not, the real-time thermal error of
the servo axis can be obtained by Eq. (11). Compared to
DDM, which does not know the thermal field of screw and
needs many temperature sensors, this kind of modeling meth-
od has higher accuracy and stronger robustness.

2.2.2 Identification of parameters

In the model shown in Section 2.2.1, some parameters are
difficult to determine, such as the coefficient of heat conduc-
tion α, heat exchange coefficient h, heat production Q, heat
capacity c, the equivalent cross-sectional area of screw S, heat
exchange area S', the length of screw outside the stroke range

in the motor side La, and the length of screw outside the stroke
range in the other side Lb. Thus, these parameters should be
identified. ISIGHT is one of the best integrated CAE software
and automatic parameter identification platform. This plat-
form organizes the parameter identification process into a uni-
form frame [25]. The optimization program is written in
MATLAB; Eq. (12) is the optimization function.

min F c; h;λ;Q; La;Lb; S; S
0
;α

� �h i

¼ ∑
U

u¼1
∑
V

v¼1
Efd u; vð Þ−Efdt u; vð Þ� � ð12Þ

where Efd (u,v) is the calculated thermal error of the vth test
point during the uth test; Efdt (u,v) is the tested thermal error of
the vth test point during the uth test; U is the total test times;
and V is the total test points of a servo axis.

2.3 PBM for a spindle

2.3.1 Modeling

The thermally induced spindle errors consist of radial thermal
drift error and axial thermal growth error. In this section, only
radial thermal drift error is studied. Moreover, because of
symmetrical structure in X-direction of the C-type vertical
machine centers, only thermal drift error in Y-direction is
modeled and the error in X-direction can be neglected. Two
assumptions are given first: (1) spindle is rigid and does not
bend and (2) thermal fields of both upper and lower surface of
the spindle box are approximately even.

A C-type vertical machine center is simplified, and the
diagrams of initial thermal equilibrium state and probable
thermal deformations are shown in Fig. 3.
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where L1 is the distance between the upper and lower
surface of spindle box in the vertical direction, m; L2 is the
distance between the lower surface of spindle box and the
upper displacement sensor in the vertical direction m; L3 is
the distance between the upper and lower displacement
sensor in the vertical direction, m; Lu is the thermal elon-
gation of the upper surface of spindle box, m; Ld is the
thermal elongation of the lower surface of spindle box, m;
ey1 is the thermal drift error measured by the lower dis-
placement sensor, μm; ey2 is the thermal drift error mea-
sured by the upper displacement sensor, μm; x1 is the
distance between the lower surface of spindle box and
the crossover point, crossed by the distorted spindle and
the original spindle, m; x2 is the distance between the
upper test bar and the crossover point, crossed by the
distorted spindle and the original spindle, m; Ly1(t) is the
projection of AC in the horizontal plane, m; and Ly2(t) is
the projection of AB in the horizontal plane, m.

Depending on the settings of the spindle error analyzer,
when the distance between the displacement sensor and the
test bar becomes smaller, positive error is displayed. Three
different kinds of thermal deformations exist after spindle
heating:

(1) deformation 1: ey1 > 0, ey2 > 0
(2) deformation 2: ey1 > 0, ey2 < 0
(3) deformation 3: ey1 < 0, ey2 < 0

According to assumption (2), the thermal elongation
errors of the upper and lower surface of the spindle box
and the temperatures of the upper and lower surface of the
spindle box are linearly related. The thermal elongation
errors Lu (t) and Ld (t) at time t can be calculated using
the temperature variations of Tu (t) and Td (t), respectively.

Lu tð Þ ¼ cu 1ð Þ � Tu tð Þ−Tu 0ð Þð Þ þ cu 2ð Þ ð13Þ

Ld tð Þ ¼ cd 1ð Þ � Td tð Þ−Td 0ð Þð Þ þ cd 2ð Þ ð14Þ
where cu(1), cu(2), cd(1), and cd(2) are the coefficients to be
identified.

(1) Thermal deformation 1

Equation (15) can be obtained from the triangular propor-
tional relationship:

x1
L1

¼ Ld
Lu−Ld

ð15Þ

x1(t) at time t can be expressed as follows:

x1 tð Þ ¼ Ld tð Þ � L1
Lu tð Þ−Ld tð Þ ð16Þ

From the triangular proportional relationship, ey1 and ey2 at
time t can be expressed as:

ey2 tð Þ�� �� ¼ L2−x1 tð Þð Þ � Ld tð Þ
x1 tð Þ ð17Þ

ey1 tð Þ�� �� ¼ L2 þ L3−x1 tð Þð Þ � Ld tð Þ
x1 tð Þ ð18Þ

(2) Thermal deformation 2

Equations (19) and (20) can be obtained by triangular pro-
portional relationship:

Ly2
Lu−Ld

¼ L1 þ L2
L1

ð19Þ

x2
L1 þ L2

¼ Lu−Ly2
Ly2

ð20Þ

x2(t) at time t can be obtained by substituting Eq. (7) into
Eq. (8):

x2 tð Þ ¼ Ld tð Þ � L1 þ L2ð Þ−Lu tð Þ � L2
Lu tð Þ−Ld tð Þ ð21Þ

ey1(t) and ey2(t) at time t can be obtained by triangular
proportional relationship.

ey2 tð Þ�� �� ¼ x2 tð Þ � Ld tð Þ
x2 tð Þ þ L2

ð22Þ

ey1 tð Þ�� �� ¼ ey2 tð Þ � L3−x2 tð Þð Þ
x2 tð Þ ð23Þ

(3) Thermal deformation 3

Thermal deformation 3 contains two conditions: |ey1| < |ey2|
and |ey1| > |ey2|. For deformation 3 (a), triangular proportional
relationship gives Eqs. (24) and (25):

Ly2
Lu−Ld

¼ L1 þ L2
L1

ð24Þ

Ly1
Lu−Ld

¼ L1 þ L2 þ L3
L1

ð25Þ

For deformation 3 (a), ey1(t) and ey2(t) at time t can be
obtained by Eqs. (26) and (27).

ey2 tð Þ�� �� ¼ Lu tð Þ−Ly2 tð Þ

¼ Lu tð Þ− Lu tð Þ−Ld tð Þð Þ � L1 þ L2ð Þ
L1

ð26Þ

ey1 tð Þ�� �� ¼ Lu tð Þ−Ly1 tð Þ

¼ Lu tð Þ− Lu tð Þ−Ld tð Þð Þ � L1 þ L2 þ L3ð Þ
L1

ð27Þ
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Equations (28) and (29) can be obtained for deformation 3
(b) by triangular proportional relationship:

Ly2
Ld−Lu

¼ L1 þ L2
L1

ð28Þ

Ly1
Ld−Lu

¼ L1 þ L2 þ L3
L1

ð29Þ

For deformation 3 (b), ey1(t) and ey2(t) at time t can be
obtained by Eqs. (30) and (31).

ey2 tð Þ�� �� ¼ Lu tð Þ þ Ly2 tð Þ ¼ Lu tð Þ þ Ld tð Þ−Lu tð Þð Þ � L1 þ L2ð Þ
L1

ð30Þ

ey1 tð Þ�� �� ¼ Lu tð Þ þ Ly1 tð Þ ¼ Lu tð Þ þ Ld tð Þ−Lu tð Þð Þ � L1 þ L2 þ L3ð Þ
L1

ð31Þ

Note that the model (26), (27) obtained from deformation 3
(a) and the model (30), (31) obtained from deformation 3 (b)
are identical.

PBM of spindle above derived describes the radial thermal
drift errors at all probable thermal deformations. Therefore,
strong robustness can be achieved whether the rotating speed
of spindle randomly changed or the cooling system disturbed
the spindle.

2.3.2 Criterion for determining thermal deformations

Section 2.3.1 highlights that ey1 and ey2 are functions of
L1, L2, L3, Lu(t), and Ld(t). Spindle deformation may
change among thermal deformations 1, 2, and 3 in actual
machining process; thus, it should be determined in real
time during thermal compensation. By analyzing Fig. 3,
Ly1(t) and Ly2(t) were chosen as the criterion for the

determination of thermal deformation, and the general
equations to calculate Ly1(t) and Ly2(t) are as follows:

Ly1 tð Þ ¼ Lu tð Þ−Ld tð Þð Þ � L1 þ L2 þ L3ð Þ
L1

ð32Þ

Ly2 tð Þ ¼ Lu tð Þ−Ld tð Þð Þ � L1 þ L2ð Þ
L1

ð33Þ

The relationship between Ly1(t), Ly2(t), and Lu(t) was cho-
sen for determining thermal deformations.

From deformations 1, 2, and 3 (a) Lu > Ld, so Ly1(t) and
Ly2(t) assume both positive values; moreover, in deformation
3 (b) Lu < Ld, so Ly1(t) and Ly2(t) assume both negative values.
Therefore, the criterion is as follows:

(1) If Ly1(t) > Lu(t) & Ly2(t) > Lu(t) then deformation = 1
(2) If Ly1(t) > Lu(t) & Ly2(t) ≤ Lu(t) then deformation = 2
(3) If Ly1(t) ≤ Lu(t) & Ly2(t) < Lu(t) then deformation = 3

2.3.3 Identification of parameters

The parameters cu(1), cu(2), cd(1), and cd(2) in the models
presented in Section 2.3.1 need to be identified. Thermal elon-
gation errors Lu and Ld at all three deformations can be ob-
tained from the tested values of ey1_t and ey2_t. Moreover, the
calculated values of Lu and Ld can be obtained from Eqs. (13)
and (14). The parameter identification is carried out according
to Eqs. (34) and (35) [9, 26].

min F cu 1ð Þ; cu 2ð Þð Þ½ � ¼ ∑
N

t¼1
Lu t tð Þ−Lu c tð Þð Þ

lb 1ð Þ ≤ cu 1ð Þ ≤ ub 1ð Þ
lb 2ð Þ ≤ cu 2ð Þ ≤ ub 2ð Þ

ð34Þ

min F cd 1ð Þ; cd 2ð Þð Þ½ � ¼ ∑
N

t¼1
Ld t tð Þ−Ld c tð Þð Þ

lb 3ð Þ ≤ cd 1ð Þ ≤ ub 3ð Þ
lb 4ð Þ ≤ cd 2ð Þ ≤ ub 4ð Þ

ð35Þ

where Lu_t and Ld_t are the thermal elongation errors obtained
from the tested values of ey1_t and ey2_t; Lu_c and Ld_c are the

T2

T3

T1

Fig. 4 The tested machine and temperature sensor positions Fig. 5 Test of thermal errors using a laser interferometer
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calculated values of Lu and Ld obtained from Eqs. (13) and
(14); and lb(i) and ub(i) are the lower and upper limitations of
parameters, respectively.

3 Tests to identify the parameters

Thermal tests were carried out on a vertical machining center
TC500 featured with FANUC 0i MD control. Maximum

speed of Y-axis was 48 m/min; the half-closed-loop control
activated the Y-axis and the screw was fixed on the motor side
and supported on the other side. The mechanical spindle was
driven by belt and its maximum rotating speed was
24,000 rpm.

Three temperature sensors, whose accuracy was ±0.1 °C
(5–45 °C), were installed on the machine. Following Fig. 4
shows the positions of temperature sensors on tested machine.
The temperature sensor T1 was mounted on the bed nearby the
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Y-axis; T2 and T3 were placed on the upper and lower surface
of the spindle box, respectively. The initial temperature mea-
sured by T1 approximately represented the initial temperature
of screw, and the real-time values approximately represented
the temperature Tf of the surrounding air. Measurements from
sensors T2 and T3 were the temperatures Tu and Td,
respectively.

3.1 Tests on servo axis

Thermal errors of servo axis were measured with a laser inter-
ferometer XL80 (Renishaw Company, UK). Note that the pa-
rameter “expansion compensation of material” should be set
as 20 °C to achieve the actual accuracy in any temperature.
Figure 5 shows the thermal error experimental setup.

The procedure of thermal test of Y-axis is as follows:

(1) Firstly, test the positioning error of Y-axis in initial ther-
mal steady state in the range from −10 to −390 mm, and
record the value of T1. Clearance at the test starting point
is essential only in the first test.

(2) Let Y-axis move in the range from −10 to −390 mm at the
speed of 10,000 mm/min for 10 min.

(3) Stop the movement. Test the positioning error of Y-axis,
and record the value of T1.

(4) Repeat steps (2) and (3) for six times.
(5) Let Y-axis stop at −10mmposition to cool down. Test the

positioning error every 10 min until five times, and re-
cord the value of T1.

The results of Y-axis test are shown in Fig. 6.
Figure 6 shows that the thermal drift error of the origin is

big and reaches to 55 μm because the screw is far from the
bearing on the motor side and the test starting point. In that
situation, the screw discretization described in Section 2.2.1
should be carried out for the whole screw instead of consider-
ing the screw in the stroke range.

3.2 Tests on spindle

Spindle radial thermal drift errors were tested at 10000 rpm
using a spindle error analyzer CPL290 (Lion Precision
Corporation, USA), as shown in Fig. 7. At the same time,
T2 and T3, and Tu and Td were acquired. To collect data
both in temperature rising and falling phases, the spindle
rotated for 4 h at 1000 rpm and then was stopped for 3 h.
The sampling periods for error and temperature data were
both set to 10 s; Fig. 8 plots the results. Thermal drift error
in X-direction is small due to the symmetrical structure of
the machine in X-direction. Besides, temperature and error
fluctuate at 1 and 6 h respectively due to the influx of cold
outside air.

Section 2.3 showed that the thermal drift error in Y-direc-
tion is mainly caused by the temperature difference of the
upper and lower surface of spindle box. To verify this assump-
tion, Fig. 9 shows the comparison of temperature difference
and thermal angle of spindle, where the angle was calculated
by atan((Lu-Ld)/L1). The curves of temperature difference and
thermal tilt angle of the spindle are similar. Furthermore, cor-
relation analysis was carried out and the calculated correlation
coefficient between temperature difference and spindle ther-
mal angle is 0.94, a value that validates the assumption and the
proposed model.

0 1 2 3 4 5 6 7
-0.01

-0.005

0

0.005

0.01

0.015

)cra(
el

g
na

tlit
la

mre
h

T

Time (h)

0 1 2 3 4 5 6 7

-0.2

0

0.2

0.4

0.6

0.8

T
u-

T
d 

(
)

Thermal tilt angle

Temperature difference

Fig. 9 Comparison between the temperature difference and the thermal
angle of spindle

Commands

of Y-axis

Position

deviation

Servo

driver

Servo

motor
Load+

Signal of encoder

-

T1

+

External mechanical

coordinate offset

FANUC 0i-MD

Thermal compensator

Model for Y-axis

Model for spindle
T2

T3

Py
Fig. 10 Diagram of real-time
compensation

470 Int J Adv Manuf Technol (2018) 94:463–474



4 Verifications

4.1 Communication software

Real-time compensation requires the reading of servo axis posi-
tions fromCNCand thewriting of compensation values toCNC.
Fanuc open CNC API specifications was used to obtain these
reading andwriting functions.This kindofmethoddoesnot need
tomodify the CNChardware and software and neither the work-
piece coordinate nor the machining process will be influenced.
Figure 10 shows the diagram of real-time compensation.

Thecomprehensivethermaltestandcompensationsoftwarewere
developed inMATLABR2014a, and the functions such as temper-
atureacquisition,CNCcommunication,dataanalysis,modeling,and
real-time compensation were also made with this software. The in-
terface of real-time compensation is shown in Fig. 11.

4.2 Experiments

In this section, the compensation for comprehensive thermally
induced errors of spindle and Y-axis was verified using a laser
interferometer XL80: the reflector was installed on the far end

of the worktable; the spectroscope was mounted on the spin-
dle. In this way, the laser interferometer both recorded the
thermally induced errors of spindle and of Y-axis. In other
words, the tested error is the relative error of worktable and
spindle in Y-direction. Figure 12 shows the testing equipment.

Fig. 11 Interface of real-time compensation

Reflector 

Interference 
mirror 

Compensator 

Fig. 12 Testing equipment
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The procedure of compensation test is described as
follows: (1) test the positioning error of Y-axis in an
initial thermal steady state without and with compensa-
tion in the range from −10 to −390 mm first. (2) Let Y-
axis and spindle move according to the path shown in
Fig. 13, where Y-axis moves within the range −10 to
−390 mm. (3) Measure Y-axis positioning error every
10 min without and with compensation. Note that clear-
ance at the test starting point to get the thermal drift
error of spindle is required only for the first test.

Figure 14 shows the experimental results. The errors
without compensation contain spindle thermal drift error
in Y-direction ey (T2, T3) and thermal expansion error of
Y-axis Efd (T1, Py). The errors without compensation
range from 34.6 to 49.6 μm, whereas the errors with
compensation range from −0.4 to 5.1 μm. Note that the
accuracy is high even if the moving information of Fig.
13 is changeable. Therefore, the strong robustness of
PBM is verified.

4.3 Machining

In this section, machining without and with compensation was
performed for further verification of PBM. The side face of a
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rectangular workpiece was machined on the vertical machin-
ing center TC500 to evaluate by eye the differences without
and with compensation. Figure 15 shows the main features of
the machined workpiece.

The experiment was performed according to following steps:

(1) Open the compensator. The compensator was connected
to CNC through Ethernet cable, as Fig. 16a shows.

(2) Fix the workpiece on the worktable with a jaw vice.
(3) Mill side face B using a φ12 4-edge milling cutter to

guarantee its straightness and fineness.
(4) Mill one hole 5 μm width on the left side of the surface

without compensation (marked as “State 1: N” as shown
in Fig. 15).

(5) Open the compensator and mill one hole 5 μm width on
the right side of the piece, with compensation (marked as
“State 1: Y” as shown in Fig. 15).

(6) Raise the spindle. Let Y-axis and spindle move according
to Table 1.

(7) Stop moving. Mill a 5-μm-width second hole on the left
side of the piece, without compensation (marked as
“State 2: N” as shown in Fig. 15).

(8) Open the compensator, and mill a 5-μm-width second
hole on the right side of the piece, with compensation
(marked as “State 2: Y” as shown in Fig. 15).

(9) Repeat steps (6)–(8) until five groups of holes are
machined.

Figure 17 shows the machined workpiece. Note that due to
the size of the Y-axis positioning error, the compensator also

compensated it. Therefore, the actual depth of the holes on the
right side was more than 5 μm.

Figure 17 shows that the micron-level thermally induced
errors of servo axis and spindle can be easily observed by
unaided eye. In addition, the observation of the machined
workpiece without and with compensation leads to the con-
clusion that even if the machine moved according to the ran-
domly changed information shown in Table 1, the accuracy
stability with compensation is much better than that obtained
without compensation, thus further verifying the strong ro-
bustness of PBM.

5 Conclusions

The advantages of PBM to DDM were discussed, and PBMs
for comprehensive thermally induced errors of servo axis and
spindle were proposed. The compensation effects were veri-
fied using both experimental tests and machining. The salient
points of this work are outlined as follows: (a) PBMs of servo
axis and spindle were established, which promote the progress
of modeling method for thermal errors comparing to the com-
monly used DDMs. (2) The comprehensive thermally induced
errors of servo axis and spindle were compensated together.
(3) Strong robustness of the proposed PBMs was verified, and
the compensation results were still good even if the moving
state of servo axis and the rotating speed of spindle randomly
changed. (4) Comprehensive compensation of servo axis and
spindle only needed three temperature sensors; thus, the cost is
lower. (5) The test efficiency for identification of parameters is

Fig. 16 a Machining site. b
Machining process

Table 1 Machining moving parameters

Number Y-axis speed
(mm/min)

Y-axis range
(mm)

Spindle rotating
speed (rpm)

Time
(min)

1 8000 −300 to −10 2000 8

2 9000 −390 to −100 4000 10

3 10,000 −350 to −50 6000 15

4 12,000 −390 to −10 8000 15
Fig. 17 The machined workpiece
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higher, and only one test is needed for servo axis and spindle.
Therefore, it can be concluded that presented work can be
widely applied to machine tools in non-controlled temperature
workshops.

It should be noted that the cutting tool is not coaxial with
the spindle when the cutting tool is changed or clamped again,
which would lead to the radial error of the spindle. However,
this error is random and unpredictable. Therefore, if the cut-
ting tool changes, the tool should be preseted before real-time
thermal error compensation.
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