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The machining error caused by the thermal deformation of machines or tools accounts for
half or even more in the total error, and the machining precision could be improved by
stabilizing the heat balance of the process system. However, few of the existing studies
have concerned about the thermal deformation law caused by the high-speed self-feed
spindle system that could meet the performance requirements of high-speed cutting in
precision machining, therefore, it’s of great necessity to study the thermal properties of
precision machinery. For this reason, this paper took the precision machinery with a high-
speed self-feed spindle system as the subject to study its thermal properties and thermal
error compensation. At first, this paper introduced the composition of the precision
machining control system and analyzed the thermal properties of the subject. Then, the
heat source and heat exchange forms of the precision machinery were analyzed, the thermal
intensity of the internal and external heat sources during the machining process was
calculated, and the corresponding thermal boundary conditions were given. After that, this
paper divided the heat sources of the subject during high-speed cutting into two types:
internal heat source and external environment heat source, and carried out analysis.
Moreover, this paper gave the structure of a thermal error and temperature synchronous
measurement system for precision machinery, integrated the features of the thermal error
data of two groups of high-speed cutting process, and built a thermal error compensation
model based on the Bayesian network. At last, experimental results verified the

effectiveness of the model.

1. INTRODUCTION

To meet the application requirements of advanced
technologies such as large-scale integrated circuits, and lasers,
the precision machining technology has been developed
rapidly in recent years and it has improved the machining
precision of conventional machining method by more than one
order of magnitude [1-4]. Precision machining has high
requirements for raw materials, equipment, tools, environment,
quality supervision, and other aspects. Now we have already
known that the unsatisfactory precision of work pieces and the
machining error during precision machining are mainly caused
by the process system and the internal stress, and thermal error
and geometric error are the most common error types [5-10].
The machining error caused by the thermal deformation of
machines or tools accounts for half or even more in the total
error, so the thermal error has become the primary error source
of precision machining.

In order to avoid and solve the thermal error of precision
machining, measures could be taken from the aspect of
stabilizing the heat balance of the process system to improve
the machining precision [11-20]. Therefore, figuring out the
generation mechanism of the thermal error of precision
machinery and building thermal error model for it are
conductive to formulating effective thermal error
compensation schemes and reducing thermal error, thereby
ensuring the machining precision of the products.

Reddy et al. [11] discussed to use feed-forward
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backpropagation neural network to develop real-time thermal
error compensation model for precision machine tools and
simplified it with the regression analysis technique, the paper
also talked about the development of algorithm for real-time
compensation module, and its implementation on open
architecture CNC controller; the developed module was then
successfully tested on a diamond turning machine and proved
to be effective. Lei et al. [21] used extra information, namely
the low-cost unlabeled temperature data that are easily
accessible under various operation conditions, to enrich the
thermal error modeling data for feed axes; they employed co-
training semi-supervised support vector machines for
regression to build a thermal error-temperature model for feed
axes which contains the pattern information of the unlabeled
data when modeling; then thermal experiments were
performed on two cases of different axes to attain the labeled
data of temperature and thermal error and the unlabeled data
of only temperature under different operating speeds. To
provide solutions for the high cost and scarcity of thermal error
data collection of precision feeding system, Zhu et al. [22]
proposed a modeling and thermal error compensation strategy
for precision feeding system based on co-training support
vector machine regression. This strategy built a thermal error
model by integrating labeled data such as temperature error
and thermal error and unlabeled temperature data, and then
compensating the compensation method based on Siemens
840D NC system. To improve the accuracy of fiber-optic
inertial navigation system when it’s applied in a thermal
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changing environment, Zhuo and Du [23] studied an integrated
high precision identification and compensation method for the
thermal effect error of inertial instruments, and implemented
system-level calibration within the full temperature range to
establish high accurate calibration parameter references. Liu et
al. [24] proposed a data-driven thermal error compensation
method for high speed and precision five-axis machine tools
based on homogeneous transformation, then the compensation
component was attained from the analysis of the error
transmission chain of machine tools and was expressed as the
transmission matrix consisting of thermal error terms of linear
axes and spindle system according to the differential
movement of the compensation axis.

Although existing studies have modelled the thermal error
of precision machine tools such as the three-axis CNC
machine tools and the CNC grinding machinery, and most of
these models could accurately predict the thermal error of
precision machinery, however, most of the research objects of
thermal error are typical, and few of the existing studies have
concerned about the thermal deformation law caused by the
high-speed self-feed spindle system that could meet the
performance requirements of high-speed cutting in precision
machining, therefore, it’s of great necessity to study the
thermal properties of precision machinery, so this paper aims
to take precision machinery with a high-speed self-feed
spindle system as the subject to study its thermal properties
and thermal error compensation. In the second chapter, this
paper introduced the composition of the precision machining
control system, discussed the thermal properties of the subject
based on the heat transfer theory, analyzed the heat source and
heat exchange forms of precision machinery, calculated the
thermal intensity of the internal and external heat sources
during the machining process, and gave the corresponding
thermal boundary conditions. In the third chapter, this paper
divided the heat sources of the subject during high-speed
cutting into two types: Internal heat source and external
environment heat source, and carried out analysis. In the fourth
chapter, this paper gave the structure of a thermal error and
temperature synchronous measurement system for precision
machinery, integrated the features of the thermal error data of
two groups of high-speed cutting process, and built a thermal

model.

2. THERMAL PROPERTY ANALYSIS

Figure 1 shows the composition of the control system of
precision machine tools. As can be seen from the figure, the
system consists of the driving device, velocity and
displacement detection system, data interface module, PLC
module, control panel, human-machine interface, location
control interface, and function control interface, etc.

Analyzing the thermal properties of the subject based on the
structure of precision machinery and the characteristics of
high-speed self-feed cutting can help us master the laws of its
thermal error and then build model for it. At first, this paper
analyzed the thermal properties of the subject based on heat
transfer theories, then, it analyzed the heat source and heat
exchange forms of precision machinery, calculated the thermal
intensity of the internal and external heat sources during the
machining process, and gave the corresponding thermal
boundary conditions.

During the high-speed self-feed cutting, the changes of the
machine’s own temperature are mainly caused by the heat
source as it emits heat and transfers the heat outward. For
precision machine tools with a high-speed self-feed spindle
system, there’re three heat transfer methods: heat conduction,
heat convection, and heat radiation, and their corresponding
heat transfer formulas are given by Formulas 1-3. Assuming:
npr represents the heat flux of heat conduction; dP/dm
represents the temperature gradient; Spr represents the heat
conduction area; u represents the thermal conductivity of the
material, then there is:

dP
——us.
Mor HOpr dm Q)

Assuming: 74 represents the heat flux of heat convection;
fa represents the convective heat transfer; Pg and Py
respectively represent the solid surface temperature and the
fluid temperature, then there is:
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Figure 1. Composition of the control system of precision machine tools



Assuming: p represents the heat emissivity of the machine
itself; 71 represents the heat flux of heat radiation; BM
represents the surface area; ¢ represents the Stefan-Boltzmann
constant; p represents the thermodynamic temperature of black
body, then there is:

= pBM(sp“

The analysis of thermal properties is to analyze the
machining temperature field and the thermal deformation of
the machine caused by the temperature change, therefore,
attaining accurate machining temperature field is the necessary
condition. Assuming: ¢ represents the density of the material;
SH represents the specific heat capacity of the material; Q,
represents unit volume heat of the heat source; then the
differential equation of heat conduction shown in Formula 4
can solve the temperature field of the precision machinery with
high-speed self-feed spindle system:

j+

[

For the subject, the corresponding solutions could be
attained based on different initial conditions of the cutting
processing and other boundary conditions such as
instantaneous temperature, heat flux density, heat convection,
and heat conduction, and the initial condition is the
temperature distribution of the precision machinery at the
beginning of the cutting, then there is:

(Mo = f(xy.2)

The formula below gives the boundary condition that
characterizes the heat transfer law between the machine body
and the surrounding medium. Assuming: Pz represents the
surface temperature of the machine, if the instantaneous
temperature at any point on the machine body is known, then
there is:
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Assuming: u represents the coefficient of thermal
conductivity, if the normal heat flux density on the surface of
the machine body is known, then there is:

—%: jw=mm

Assuming: Pgr and Ppr respectively represent the solid
surface temperature and the fluid temperature; y represents the
coefficient of convective heat transfer, if the situation of the
convective heat exchange between the machine body and the
surrounding fluid is known, then there is:

oP
—ﬂ[a—mjm = 7(PGT - PLT )

(6)

OPay
om

(7
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Assuming: P, and P, respectively represent the contact
surface temperature of two machine parts, the heat transfer
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between the two is heat conduction, by default it’s considered
that the contact surface temperatures of two are the same, then
there is:

P=P

r=F 9

The machining error during high-speed cutting is mainly
caused by the thermal deformation of each part of the machine,
moreover, due to the uneven temperature distribution and the
different constraints, there’re differences in the thermal
deformation of each part of the machine during the machining
process. Assuming: [ represents the linear expansion
coefficient; pa, ps, pc represent the positive strain components
in the three directions of a, b, and c¢; o, 0uc, ase represent the
shear strain components in the directions of a-b, a-c, and b-c.
Then, based on the elastic mechanics and thermo-elastic
mechanics, the elastic deformation produced when the
temperature of the machine body changes is:

pa=pb=pC=ﬂP (10)
abc = aac = aab = 0
Because the machine body subjected to external constraints
and internal self-constraints cannot deform freely, thermal
stress would generate inside the machine body and cause it to
deform. Assuming: p,, p», p represent the positive strain
components in the three directions of a, b, and ¢; auws, Gac, Obe
represent the shear strain components in the directions of a-b,
a-c, and b-c; &, €, € represent the positive thermal stress
components in the three directions of a, b, and ¢; @ap, Pac, Pbe
represent the thermal shear stress components in the directions
of a-b, a-c, and b-c; A represents the Poisson’s ratio; 7X
represents the elastic modulus; JQO represents the shear
modulus; f represents the linear expansion coefficient, then
the total deformation of the machine body composed of two
kinds of deformations caused by elastic deformation and
thermal stress can be calculated by the following formula:

P L
1
Po = §[€b _ﬁ“(‘c"a +€c)]+ﬁp
. (an
Pc = ﬁ[‘gc _ﬂ'(‘c"a -I—EC)]—{—ﬂP
1
Ay :ﬁgpbc’aac :E¢ac1aab :ﬁgpab
3. ANALYSIS OF HEAT SOURCE AND

CALCULATION OF HEAT SOURCE INTENSITY

The heat source during high-speed cutting of the subject can
be divided into two types: internal heat source, and external
environment heat source. Within a short time, the temperature
change of the external environment heat source is relatively
small, and the temperature changes of the internal heat sources,
including the friction heat, the bearing heat, and the motor heat,
are relatively large, so between these two types of heat sources,
the internal heat source is the main cause of the thermal error



of the machine.

During the high-speed self-feed cutting process of the
spindle system, assuming: W represents the thermal power of
cutting; Foyx represents the main cutting force; v represents the
rotating speed of the spindle, then the amount of heat
generated by cutting can be calculated by the following
formula:

W = Fov (12)

Assuming: LJ represents the average cutting torque during
the high-speed self-feed cutting process of precision
machinery; n represents the normal modulus of the gear; JG
represents the amount of axial feeding; CD represents the
feeding depth of the cutter; vo represents the rotating speed of
the spindle; CS represents the number of gear teeth; ¢c.
represents the correction coefficient of gear material; ¢yp
represents the correction coefficient of the hardness of the gear
material; ¢.x represents the correction coefficient of the helical
angle; GJ represents the outer diameter of the hob cutter; then
the average cutting torque can be calculated by the following
formula:

LJ

13
— 4.02n1.75JG 0.65 P0.81u070.26CS 0.27 (DCLgDYD(oLX ( )

Fox =LJ/(GI/2) (14)

A lot of heat will be generated when the sliding bearing and
the rolling bearing of the subject get close to the high-speed
spindle, under the action of this heat, thermal deformation that
can cause machining error would occur to the high-speed
spindle. Assuming: U represents the sliding speed of the
bearing; G represents load on the sliding bearing; g represents
the sliding friction factor; CJ represents the diameter of the
bearing; m represents the rotating speed of the spindle; then,
the calculation formula of the thermal power w; of the sliding
bearing is:

W = gGlu (15)
7CJm
U=———
1000 x 60 (16)

Assuming: LJ represents the total friction torque; m
represents the rotating speed of the spindle; then the thermal
power wy of the rolling bearing can be calculated by the
following formula:

w, =1.047x10*LJ -m (17)

Assuming: oLJy and LJ; represent the viscous friction torque
of the bearing and the friction torque of the load on it, then the
total torque can be expressed as:

L) =LJ, +LJ, (18)

Assuming: go represents the constant related to the type of
the bearing and its lubrication method; g; represents the
constant related to the type of the bearing and the load on it; u
represents the kinematic viscosity of the lubricating oil; f

represents the rotating speed of the spindle; #; represents the
calculated load of the friction torque of the bearing; ZJ,
represents the middle diameter of the bearing; Ty represents
the equivalent static load of the rolling bearing; D, represents
basic fixed static load of the rolling bearing; G, and G
represent the radial and axial forces, then there are:

107 g, -(vn)’*-Z232,vn> 2000
LJ, = ) (19)
160-107 - g,-ZJ?3,vn< 2000

LJ,=9,-t-2J, (20)

The heat loss generated during the operation of the motor of
the high-speed self-feed spindle system will be transmitted out
in the forms of heat conduction, heat convection, and heat
radiation. Assuming: Wpr represents the amount of heat
generated by the motor; 7pr represents the input power; dpr
represents the efficiency of the motor; NJ; represents the
output torque of the motor; mpr represents the rotating speed
of the motor, then the formula for calculating the amount of
heat generated by the motor is:

1-9
Wor :WDF(l_éDF)_[ S DFJ (21)
DF

4. THE THERMAL ERROR NETWORK BASED ON
BAYESIAN NETWORK

Figure 2 shows the structure of the synchronous
measurement system for precision machining thermal error
and temperature. The thermal error measurement and
temperature measurement were respectively realized by the
eddy current sensor and the temperature sensor, and the host
computer was used to display and store the collected
temperature data and thermal error data. Figure 3 gives the
thermal error compensation flow for the precision machinery.

Bayesian network model is widely used in artificial
intelligence, machine learning and other fields, and is suitable
for dealing with the relationship between uncertain variables
in uncertain problems.

In order to compensate the thermal error of precision
machinery, in this paper, the features of the thermal error data
of two sets of high-speed machining process were synthesized.
At first, the thermal error model was constructed based on the
thermal error data of the machine spindle collected from four
key thermal points. Assuming: VF(AO|AP\, AP>, APz, AP4)
represents the posterior probabilities under the condition that
the temperature variables of the four key points are known,
then, based on the estimation and calculation of VF(40|4P;,
AP>, AP, APy), the Bayesian network thermal error model was
built. Assuming: AP represents the difference between
adjacent sample points of the temperature variable; 40
represents the difference between adjacent sample points of
the thermal error data of the machine, then, according to the
Bayesian theorem, we have:

VF(Y | X VF(X)

VF(X|Y)= VEY)

(22)

Based on the above formula, there is:



VF ( AO | AR, AR,, AP, AP4) Apply full probability formula to VF(A4P1,4P2,4P3,4P440),

| VF (AR, AP, AP, AP, | AO)VF (AO) (23 ~ ‘enthereis
- VF (AP, AP, AP,,AP,)

VF(Y)=Zm:VF(Xi)\/F(Y |X,) (25)

i=1

In the formula, VF(A4P:, AP, AP3, AP440), and the
temperature variable of the four key thermal points was VE ( AP.AP.. AP AP)
1, A, A, ARy

assumed to be independent of each other, so there is: y
= VF (O, )VF (AR, AP, AP,, AP, | AO,) (26)
VF (AF’l, APR,,AR,, AP, | AO) i1

=VF (AR, | AO)VF (AP, | AO) (24)
VF (AP, | AO)VF (AP, | AO)
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Figure 2. Structure of the synchronous measurement system for precision machining error and temperature
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Assuming: m represents the category number of thermal
error O, based on above analysis, the posterior probability
could be attained as:

VF (AO| AR, AP,, AP,, AP, )
VF (AP, | AO)VF (AP, | AO)
_ VF(AP,|AO)VF (AP, | AO)VF (AO) 27

iVF (O )VF (AR, AP,, AP,, AP, | AO; )
i=1

The posterior probability of the Bayesian network was the
value of VF(AO|4P,4P1,AP3,AP4|), for all thermal error
categories, the denominators in the formula were the same, so
the calculation process was simplified:

b=VF (AR, | AO)VF (AP, |AO)

VF (AP, | AO)VF (AP, | AO)VF (AO) @8)

After the thermal error model was built, assuming: [/
represents the data group number; j, n, m, ¢, and c represent the
state domain number, then by calculating {VF/(AO;|AP:,,
APy, APy, APsc)}, the state domains of variable AO; with a
maximum probability of 1-10 could be attained, and it’s
determined that the prediction interval of the thermal error
value AO; was the state domain of the thermal error
corresponding to j at this time, and the thermal error
compensation value was the median value of the state domain.
Assuming: Oy represents the thermal error value of the /+1-
th group; O; represents the thermal error value of the /-th group;
A0, represents the difference between the thermal error values
of the /+1-th group and the /-th group, then there is:

O|+1 = OI +AO| 29

5. EXPERIMENTAL RESULTS AND ANALYSIS

Experiments were carried out according to the flow of the
synchronous measurement of thermal error and temperature,
then data of the spindle temperature and thermal deformation
of the machine at four key points were collected and plotted

25

Thermal deformation

into Figure 4, showing the changes of the thermal deformation
of the precision machinery with time. According to the figure,
after the experiment had started for 450 minutes, the heat
source positions and the heat deformations of the precision
machinery had basically reached a thermal equilibrium state,
the maximum thermal error in the directions of A, B, and C
was respectively 3.2 mum, 23.4 mum and 18.9 mum, and the
maximum thermal error was 15.4 mum. That is, for the subject,
the thermal error in A direction was the smallest and
compensation was not needed; the thermal errors in directions
B and C were larger, and compensation was required.
According to the spindle temperature and thermal deformation
data measured at the key points of the machine, a thermal error
prediction model was constructed for the subject, and the
specific thermal error compensation operations were realized
by inputting the compensated interpolation values into the
control system to perform reverse spindle compensation
control.

The intercept and slope of the thermal error curve are
important parameters that describe the influence of the
temperature of the machine itself on its thermal error. Table 1
shows the results of the correlation analysis between the
precision machinery’s temperature and its thermal error, and
gives the correlation coefficients. As can be seen from the data,
the intercept and slope were highly correlated. After fully
considered the actual installation conditions of the sensor, the
key thermal points closer to both the spindle motor heat source
and the joint part of bearing and guide rail pair could be
selected as representative heat sources.

Based on the correlation analysis results given above, four
key thermal points had been selected as representatives to
reflect the specific temperature change states of the internal
heat source of the high-speed self-feed spindle system and the
thermal error-sensitive components. In order to effectively
reduce the influence of the temperature of external
environment heat source of the system on the thermal error
prediction model, the model was built based on the
temperature rise of the four key thermal points relative to the
external environment heat source of the system, and the key
thermal point temperature rise and thermal error parameters
are listed in Table 2.

A2 Bl =—B2

Titne

Figure 4. The curve of thermal deformation of precision machinery
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Figure 5. Comparison of the high-speed self-feed spindle system before and after thermal error compensation

Table 1. Correlation analysis results of temperature and
thermal error of precision machinery

Correlation

Temp?rature coefficient Sortlng.of
variable correlation
Slope Intercept

Py 0.958 0.814 6

P 0.915 0.849 5

Ps 0.968 0.872 8

Py 0.947 0.859 4

Ps 0.911 0.826 1

Ps 0.928 0.811 3

P 0.936 0.968 7

Ps 0.951 0.915 2

Table 2. The temperature rise of key thermal points and the
thermal error parameters

Temperature rise Temperature rise at

time Intercept Slope key point
32 0.84597  0.847 2.69 1.37
65 1.32655 1.26 4.35 1.29
95 2.51028 1.284 4.17 2.17
121 2.58 1.269 5.29 2.64
153 3.62514  1.352 5.34 2.38
184 3.61257  1.485 5.11 2.05
216 3.52915 2.51 5.69 2.49

Table 3. Comparison of prediction performance of different
thermal error models

Residual standard Residual range

Prediction deviation
model Direction Direction Direction Direction
A B A B
Conventional [-13.26, [-4.16,
BPNN 7.15 2:49 17.95] 5.28]
GA-optimized [-12.05, [-0.82,
network 3.29 135 12.3] 4.35]
PSO-
o [-2.17, [-1.27,
optimized 1.37 0.45 3.67] 1.75]
network
The proposed [-5.49, [-1.69,
model 129 031 5.24] 1.28]

In order to further verify the effectiveness of the constructed
thermal error model, this paper designed a comparative
experiment for the performance of different machine learning
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algorithms, and Table 3 gives the results of the comparative
experiment. Indicators of prediction performance included the
predicted residual standard deviation and the predicted
residual range in directions A and B.

According to the table, in directions A and B, the predicted
residual standard deviation of the proposed model was 1.29
pm and 0.31 pum respectively, the minimum value of the
predicted residual standard deviation of the proposed model
was the largest, and its prediction range was narrower,
indicating that compared with the conventional BP neural
network (BPNN), genetic algorithm-optimized (GA-
optimized) network, and particle swarm optimization-
optimized (PSO-optimized) network, its prediction accuracy
was higher, and its stability was better.

The constructed thermal error compensation model was
then embedded into the integrated compensation control
hardware module, and the thermal error compensation flow of
the precision machinery was experimented according to the
test verification method, then the data of the thermal
displacement of the precision machinery before and after
thermal error compensation were collected. Figure 5 compares
the high-speed self-feed spindle system before and after
thermal error compensation. As can be seen from the figure,
after thermal error compensation had been turned on, the
change interval of the thermal displacement of precision
machining showed significant convergence, which indicated
that the constructed thermal error model had a good fitting
effect. The fitted residual standard deviation of the B-axis and
the C-axis had reduced to 1.04 um and 1.24 pym.

6. CONCLUSION

This paper took precision machinery with a high-speed self-
feed spindle system as subject to study its thermal properties
and thermal error compensation. At first, this paper introduced
the composition of the precision machining control system,
discussed the thermal properties of the subject based on the
heat transfer theory, analyzed the heat source and heat
exchange forms of precision machinery, calculated the thermal
intensity of the internal and external heat sources during the
machining process, and gave the corresponding thermal
boundary conditions. Then, this paper divided the heat sources
of the subject during high-speed cutting into two types:
internal heat source and external environment heat source,



carried out analysis, gave the structure of a thermal error and
temperature synchronous measurement system, integrated the
features of the thermal error data of two groups of high-speed
cutting process, and built a thermal error compensation model
based on the Bayesian network.

Then in the experimental part, this paper plotted data curves
of the thermal deformation of precision machinery, and the
experimental results verified that the thermal error of the
subject in the A direction was smaller, and thermal error
compensation was not necessary; while the thermal errors of
the subject in directions B and C were larger, so the thermal
errors need to be compensated. After that, the correlation
between the precision machinery’s temperature and its thermal
error was analyzed, and the temperature rise of the key thermal
points and the thermal error parameters were given.
Experimental results verified that the proposed thermal error
model outperformed the conventional BPNN, GA-optimized
network, and PSO-optimized network in terms of accuracy and
stability. At last, this paper compared the thermal error of the
high-speed self-feed spindle system, and the results showed
that after thermal error compensation had been turned on, the
change interval of the thermal displacement of precision
machining showed significant convergence, and it proved that
the constructed thermal error model showed a good fitting
effect.
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