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ABSTRACT 
 

With the continuous improvement of the accuracy of machine tools, the proportion of the thermal 
error of machine tools in the total error is increasing. In this paper, the thermal error of horizontal 
machining center is analyzed by finite element simulation, a three-dimensional model is established 
in SolidWorks, and some details (such as bolt holes) are simplified and imported into ANSYS 
Workbench to determine the heat generation model, heat dissipation model, convection heat 
transfer coefficient and other boundary conditions. On the basis of the temperature field, the 
thermal-structural coupling analysis is carried out, and the temperature cloud field of the whole 
machine tool is obtained through the analysis, which provides a theoretical basis for the 
experimental design. Then, the data are divided into four categories by fuzzy cluster analysis, and 
finally, the thermal error model is established by BP neural network based on time series. It 
provides a theoretical reference for the compensation of thermal error. 
 

 
Keywords: Machine; tool spindle; thermal error analysis; BP neural network; finite element analysis. 
 

1. INTRODUCTION 
 

CNC machine tools cover traditional        
machine tools, electronic control technology, 

measurement technology, precision machining, 
etc. With the continuous improvement of 
machine tool precision, the influence of thermal 
error is increasing. In precision machine tools, 
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thermal error can account for about 70% of the 
total error [1], and the higher the precision of the 
machine tool, the greater the proportion of 
thermal error. CNC machine tools are the mother 
machines of industry, and the production and 
processing of all kinds of products are 
inseparable from machine tools. Now, machine 
tool intelligent control system [2] is an important 
part of intelligent machine tool field in the future, 
and key technologies such as artificial 
intelligence technology, digital twin technology 
and cloud service will be the future development 
direction. Jorgensen et al. [3] established a 
comprehensive thermal error model of high-
speed motorized spindle. In this model, the 
coupling analysis of bearing and spindle model 
was carried out by using lumped mass method, 
and the thermal steady state of motorized spindle 
under different lubrication modes was analyzed. 
The model provides a good choice for spindle 
design and optimization. Mian [4] simulated and 
analyzed the thermal characteristics of the 
machining center based on finite element 
simulation. Yang et al. [5] of the University of 
Michigan adopted the neural network algorithm, 
trained the experimental data, and processed the 
thermal error model of the whole machine in the 
machining center, which was more accurate. 
Domestically, Huang Lin [6] of Shanghai Jiaotong 
University studied the domestic horizontal 
machining center with double spindles, 
established a thermal characteristic model based 
on the principles of heat transfer and mechanics, 
obtained the thermal characteristics through finite 
element simulation, and then optimized the 
machining center to verify the accuracy of the 
thermal characteristic model. Yin Ling [7] studied 
the robust compensation method of machine tool 
thermal error and the embedded integration of 
thermal error compensation in numerical control 
system. A thermal error modeling method of 
machine tool structure workspace based on CAE 
thermal analysis and multi-body theory is 
proposed, and the CAD / CAE thermal analysis 
module of horizontal machining center is 
developed [8]. Detailed explanation of the 
machine structure flow heat transfer coefficient 
calculation and environmental reference [9]. This 
paper mainly introduces the modeling and 
structural deformation analysis of machine tool, 
and explains the knowledge and method of 
machine tool optimization in detail [10-11]. 
 
The research object of this paper is a horizontal 
machining center, which mainly takes milling and 
drilling as the machining mode, and belongs to 

the mainstream type of machine tools. Studying 
the thermal error of this machine tool is of the 
same significance to similar models. With the 
continuous improvement of production needs, 
the accuracy of the machine tool is also 
constantly improved, and various optimization 
schemes of the machine tool emerge in endlessly. 
This paper mainly analyzes the thermal error of 
the machine tool. 
 
At present, with the improvement of production 
automation, the precision of machine tools at 
home and abroad has been continuously 
improved, and the thermal error of machine tools 
has been paid more and more attention [12-13]. 
There are many sources of thermal errors in 
machine tools, and the errors caused by heat 
can't be avoided. In terms of modeling methods, 
the thermal error modeling of machine tools can 
be divided into two categories. One is empirical 
thermal error modeling, which mainly collects 
information (temperature, time, etc.) of each data 
point of machine tools, then identifies the thermal 
key points based on statistical models, and then 
makes corresponding compensation by modeling. 
The other is the theoretical thermal error 
modeling method, which is a differential equation 
based on heat transfer and constraints of force 
and displacement, and the thermal deformation 
is solved by solving the solution of the differential 
equation. In recent years, with the rapid 
development of computer technology, theoretical 
thermal error modeling method has been widely 
used. 
 

2. THE ESTABLISHMENT OF THREE-
DIMENSIONAL MODEL 

 

According to the two-dimensional drawings, build 
a three-dimensional model, and then assemble 
each part, as shown in Fig. 1. The structure of 
the horizontal machining center mainly includes 
lathe bed, cross slide table, upright post, spindle 
box and other parts. The structure of machining 
center is complex and there are many parts. If 
the complete model is directly imported, it will be 
difficult to define the contact and solve it. In order 
to prevent the stress distortion of the model in 
finite element analysis, on the basis of ensuring 
that the calculation accuracy is not affected, the 
small structures such as bolt holes, chamfers 
and fillets in the three-dimensional model are 
simplified into entities. The simplified model is 
imported into ANSYS Workbench, and the 
contact surface is set as friction contact, which is 
convenient for heat transfer. 
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Fig. 1. Three-dimensional model diagram of horizontal machining center 
 

 
 

Fig. 2. Grid diagram of horizontal machining center 
 

Table 1. Material properties and mechanical properties 
 

Material Elastic modulus Gpa Density/m3 Poisson's ratio Specific heat capacity 

J(/kg*℃) 

HT300 130 7300 0.25 460 
45 steel 210 7850 0.3 434 

 
ANSYS Workbench integrates various grid 
generation methods, such as tetrahedron 
generation method, sweeping generation method, 
etc. This design adopts the method of automatic 
grid division, and the program will automatically 
select the best division method according to the 
structural characteristics. Set the cell size to 
20mm, generating a total of 766,083 nodes and 
432,829 cells. The division effect is shown in        
Fig. 2. 

Horizontal machining center is mainly composed 
of key parts such as bed, upright post, slide table, 
spindle, spindle box, etc. The movement 
between bed and slide table and between slide 
table and upright post is realized by ball screw 
feeding, which has the advantages of low friction 
coefficient and high transmission accuracy. The 
materials and mechanical properties of machine 
tools are shown in Table 1. 
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3. ESTABLISHMENT OF THERMAL 
CHARACTERISTIC MODEL OF 
MACHINE TOOL 

 
3.1 Heat Transfer Theory 
 
When the machining center is machining, a large 
amount of heat will be generated due to the high-
speed rotation of the spindle, and the bearing will 
also generate huge heat, as well as other heat 
sources. These heat will be transferred through 
the machine tool parts, thus making the 
temperature of each machine tool part different, 
and then causing tiny deformation, which is the 
reason for the heat transfer deformation of the 
machine tool. Usually, heat transfer can be 
divided into two categories, one is generalized 
heat transfer, and heat is transferred around us 
all the time. For example, computer heat is 
transferred to the air, and heat transfer is a 
science to study the basic law of heat transfer. 
The other is heat transfer in a narrow sense, 
which refers to the process of heat transfer 
between the hot fluid through the wall of a solid 
object and the cold fluid around the object. 
Therefore, heat transfer is a science that studies 
the way and speed of heat transfer. Heat transfer 
can be divided into three types: conductive heat 
transfer, convective heat transfer and radiative 
heat transfer. 
 
3.1.1 Heat conduction 
 
Suppose the area of a flat plate is A2, the 
thickness is L(m), and the temperatures on the 
left and right sides of the flat plate are T1 and 
T2(K), respectively. The amount of heat 
transferred by heat conduction is: 
 

     
     

 
                                                      (1) 

 

Where is the thermal conductivity, and the heat 
transfer per unit area is the heat flux Q, where 
the temperature gradient of the flat plate 

is                       
 
  

  
 

     

 
                                                           (2) 

 
Therefore, the heat flux caused by heat 
conduction 
 

    
  

  
                                                          (3) 

 

This formula is a one-dimensional expression of 
Fourier law of heat conduction. The thermal 

conductivity k is a physical property, or 
thermophysical property, determined by the state 
of a substance such as its temperature and 
composition. On the premise of the same 
temperature gradient, the greater the thermal 
conductivity, the greater the heat transfer caused 
by heat conduction of the material. The thermal 
conductivity of different substances can vary 
greatly. 
 
3.1.2 Thermal convection 
 
Suppose the surface area of an object is A, the 
temperature is T2, and there is a fluid flowing 
around it with the temperature of T2. Because 
there is a temperature difference between the 
object and the surrounding air, convective heat 
transfer occurs. Around the object, there is a 
boundary layer whose temperature and velocity 
change. At this time, the relationship between 
heat transfer and temperature difference can be 
expressed by the following formula: 
 

                                                           (4) 
 
Where h(W/m2*K) is the heat transfer coefficient. 
The heat transfer coefficient is different from the 
heat transfer coefficient, which is the inherent 
property of a substance, and changes with the 
flow rate and temperature of the fluid. If the area 
is dA(m2), the heat transfer amount is local heat 
flux density, and the relationship with the 
temperature difference can be expressed 

as               
 
                   (5) 
 
This formula is called Newton's cooling law. 
 
Convection can be divided into natural 
convection and forced convection, in which 
natural convection refers to the buoyancy caused 
by the increase of fluid temperature and the 
decrease of fluid density, which leads to a certain 
convection. Forced convection refers to forced 
convection by external blowing or pump. 
 
3.1.3 Thermal radiation 
 
Every object has a certain temperature. Because 
of the existence of temperature, the object will 
radiate heat. Assuming that the temperature of 
an object is T(K), the thermal radiation per unit 
area is 
 
                                                                               (6) 
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Where is the Stefan-Boltzmann constant. It is the 
blackbody emissivity, that is, the heat flux density 
of blackbody radiation. In this paper, the 
influence of thermal radiation is relatively            
small, so the thermal radiation is not 

analyzed.                        
               
 

3.2 Heat Generation Model 
 
3.2.1 Bearing heat generation model 
 
In horizontal machining centers, the bearings are 
mainly rolling bearings, and the heat generated 
by the bearings mainly comes from the friction 
between the rolling elements and their contact 
surfaces. The heat generation of the bearing is 
related to the type of bearing, the type of 
lubricant, the rotating speed, etc. According to 
the empirical formula, the heat generation of the 
rolling bearing can be calculated by the following 
formula. 
 
                     (7) 
 
Q is the heat generation of the rolling bearing, M 
is the total friction torque of the bearing, and N is 
the rotating speed of the bearing. Total bearing 
friction torque m includes viscous friction torque 
and rolling friction torque. 
 
1) The viscous friction torque is caused by the 
viscous force of lubricant, and the calculation 
formula is as follows: 
 
   

 
          

     
                         

            
                         

                          

(8) 
 

Type-coefficient related to bearing type and 
lubrication mode, as shown in Table 2, 
 
  —Diameter of bearing pitch circle, unit (mm) 

  —kinematic viscosity, in mm2/s  
N— bearing speed, in r/min. 
 
2) Rolling friction torque is calculated by the 
following formula. 
 
                (9) 
 
Among them, 
 

              

           
        (10) 

 

Type-impact load coefficient   

  -equivalent static load of bearing; 

  -rated static load of bearing 

  -bearing radial load 
  -bearing axial load 

  、  The calculation can refer to Table 3. 
 

2. Heat generation model of screw nut 
 

Ball screw is an important part of machine tool. 
Ball screw has the characteristics of high speed 
and high precision, and its heat mainly comes 
from friction heat generated by balls and 
environmental temperature. As the increase of 
heat leads to the deformation of the ball screw, 
the screw is a slender piece. Experience shows 
that when the temperature of the screw shaft 
rises by one degree Celsius, the elongation of 
the screw is about 0.012mm/m. For high 
precision machine tools, the error caused by 
temperature rise should not be underestimated. 
Therefore, the heat generation model of the 
screw nut is used to calculate the birth heat. 

Table 2. Type-coefficient related to bearing type and lubrication mode 
 

Bearing type Oil injection Grease lubrication mist lubrication 

axial contact ball bearing 0.7-1 1.5-2 3-4 
Single row radial ball bearing 0.7-1 1.5-2 3-4 
single file/row 1 2 4 
biserial 2 4 8 

 

Table 3. P1，f1 Selection of reference for calculation 

 

Bearing type       

axial contact ball bearing              
                           

Single row radial ball bearing              
               

single file/row              
              

biserial             
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In this paper, the heat generation model of the 
screw nut is approximately equivalent to the heat 
generation of the bearing heat generation model 
plus the heat generation caused by the pre-
tightening force of the screw nut, and the friction 
torque caused by the pre-tightening force of the 
screw nut is 
 

   
       

  

   
      (11) 

 
Total friction torque is 
 
           
 
Then, according to formula (7), the heat 
generation can be obtained. 
 
3. Motor heat generation model 
 
The mechanical structure of the spindle drive 
system of CNC machine tools has been greatly 
simplified. Traditional machine tools are driven by 
electric motor, belt drive and gear drive are used 
in the middle transmission, and modern CNC 
machine tools are mostly directly driven by built-
in electric motor, commonly known as' electric 
spindle'. This machine tool spindle motor adopts 
AC servo motor. The electric spindle has the 
advantages of compact structure, light weight, 
small inertia, small vibration, low noise and fast 
response. 
 
The calculation formula of motor calorific value is: 
 
         (12) 
 
Where: P is motor power and motor efficiency.  
 
4. Heat generation model of guide rail slider 
 
The heat generation of the guide rail mainly 
comes from the friction heat generation of the 

guide rail slider, and its heat generation             
model is: 
 

      (13) 
 
 Is the friction coefficient between guide rail and 
slider, f is the positive pressure between guide 
rail and slider, and v is the relative moving speed 
between slider and guide rail. 
 

3.3 Heat Dissipation Model 
 
3.3.1 Natural convection heat transfer 
 
Natural convection heat transfer is the thermal 
convection between the outer surface of the 
machine tool and the environment, which is the 
main heat dissipation mode of the machine tool. 
According to Nuschelt's criterion, the calculation 
method of heat transfer coefficient is:  
 

  
    

 
       (14) 

 
In this formula, Nu is Nuschert number, the 
thermal conductivity of the fluid, and l is the 
characteristic size.  
 
The standard Nu-Serto criterion and Grachev 
equation for natural convection heat transfer are: 
 
                  (15) 
 

   
      

  
       (16) 

 
Where, C,n are constants, and the specific 
values are shown in Table 4. Gr is the Grashoff 
number, Pr is prandtl number, G is the 
acceleration of gravity, the bulk expansion 
coefficient of the fluid, L is the characteristic size, 
the temperature difference between the fluid and 
the wall, and V is the kinematic viscosity.   . 

 
Table 4. C, value table of n 

 

C n Applicability Heat exchange surface position Fluid state 

0.59 1/4 (Gr*Pr)∈[10^4,10^9] Vertical wall laminar flow 
0.12 1/3 (Gr*Pr)∈[10^9,10^12] Vertical wall turbulence 

0.54 1/4 (Gr*Pr)∈[10^5,2×10^7] The wall is horizontal and the hot side 
faces downward. 

laminar flow 

0.14 1/3 (Gr*Pr)∈[2×10^7,3×10^10] The wall is horizontal and the hot side 
faces upwards. 

turbulence 

0.27 1/4 (Gr*Pr)∈[3×10^5,3×10^10] The wall is horizontal and the hot side 
faces downward. 

laminar flow 
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3.3.2 Forced convection of cooling water 
 
Water-cooling device is used in the spindle, 
which can take away more heat. The calculation 
equation is: 
 

                         (17) 
 

   
   

 
     (18) 

 
Where, U is the water flow velocity, in m/s, and D 
is the pipe diameter, in m. 
 
The thermal conductivity of water is 0.54W/(m*k), 
the prandtl number Pr is 7, and the kinematic 
viscosity is 0.658 mm2/s. The diameter of the 
pipe is 8mm, and the cooling water flow rate is 
5L/min.  
 

4. FINITE ELEMENT ANALYSIS OF 
HORIZONTAL MACHINING CENTER 

 
When the horizontal machining center is in 
operation, the heat source generated inside is 
transferred to different parts through heat transfer. 
At the same time, the components are also 
affected by gravity and contact force, and 
thermal-mechanical coupling occurs. Resulting in 
deformation of the final parts. Then it affects the 
machine tool-fixture-workpiece system, making 
the precision of machined parts lower. The 
steady-state thermal analysis module of AYSYS 
Workbench is used for analysis. Through the 
heat generation model and heat dissipation 
model, the boundary conditions of finite element 
simulation are calculated, and the steady-state 
temperature field distribution of the whole 
machine is solved. In order to get the influence of 
machining center heat on structural deformation, 
the static modules share the temperature results 
of steady-state thermal analysis by using the 
results of steady-state analysis, and the 
deformation under thermal-structural coupling is 
obtained. 
 

4.1 Thermal Characteristic model under 
Simulation Conditions 

 
4.1.1 Working condition setting 
 
In order to find out the thermal deformation law in 
the simulation environment, it is necessary to 
know what kind of working condition the machine 
tool is in. The horizontal machining center adopts 
FANUC numerical control system, which is a 
three-coordinate machining unit and supports 25 

cutters. It can complete boring, drilling, milling, 
expanding, twisting, tapping and other machining 
processes, and is suitable for flexible machining 
production lines. See Table 5 for specific working 
conditions. 
 
Under this simulation condition, after consulting 
the empirical formula of machine tool cutting 
force calculation, it is calculated that the cutting 
force of the spindle connecting tool is 
FX=614N,FY=1660,FZ=982N. 
 

4.2 Loading and Simulation of Thermal 
Boundary Conditions 

 
The finite element thermal boundary conditions 
include heat generation constraint and heat 
dissipation constraint. There are six kinds of 
loads that can be applied to the finite element: 
temperature, heat flux, convective heat transfer, 
heat flux density, heat generation rate and 
thermal radiation rate, in which the heat 
generation rate is the heat generated by the 
object in unit unit of volume time or the heat 
generated by the surface of the object in unit 
area and unit time. These boundary conditions 
are loaded on the finite element, and the 
temperature cloud field of the whole machine is 
obtained. As shown in Fig. 3. 
 

It can be seen from the figure that the machine 
tool spindle box has the highest temperature, 
with the highest temperature of 71.761 degrees 
Celsius. This is because there is an electric 
spindle in the spindle box, which runs at a high 
speed, and the electric spindle heats itself, and 
the bearing supporting the electric spindle will 
also heat up seriously. Combined with various 
factors, the fever near the spindle box is serious. 
The uneven temperature of each part leads to 
the thermal deformation of the machine tool. In 
the following, detailed modeling, finite element 
analysis and neural network modeling will be 
carried out for the heating problem of the spindle 
system. 
 

4.3 Deformation Field Analysis 
 

After the steady-state temperature field of the 
machining center is obtained, this result is 
shared with the statics analysis module. Apply 
boundary conditions to the statics module, such 
as gravity, contact relationship, cutting force, etc. 
Then, mesh is divided and thermal-structural 
coupling analysis is carried out, and the 
deformation of the whole machine is obtained as 
shown in Fig. 4. 
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Table 5. Working condition of horizontal machining center 
 

Range of motion Fast forward 
speed 

Working 
speed 

Rotation 
speed 

Maximum cutter 
diameter 

X axis Y axis Z axis X, y and z axes X, y and z 
axes 

  

1100mm 500mm 600mm 24m/min 1-10000mm 3900rpm 110mm 

 

 
 

Fig. 3. Temperature field of horizontal machining center 
 

 
 

Fig. 4. Cloud map of machine tool deformation 
 
It can be seen from the figure that due to the 
influence of gravity, contact force and cutting 
force of parts, different parts of the machine tool 
have undergone different degrees of deformation, 
with the maximum thermal deformation occurring 

at the spindle, with a total deformation of 
0.820mm. The thermal deformation of the bed 
and guide rail is small, and this stress-
deformation cloud field can provide a theoretical 
reference for the later sensor layout. 
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5. NEURAL NETWORK BASED ON TIME 
SERIES OPTIMIZES THE SPINDLE 
THERMAL ERROR ANALYSIS 

 
5.1 Finite Element Analysis of Machine 

Tool Spindle 
 
For the establishment of the three-dimensional 
model of the spindle type of the machine tool, 
see Fig. 5 for the sectional view of the three-
dimensional model of the spindle of the machine 
tool. Then, the thermal-structural coupling 
analysis of the spindle is carried out. Firstly,               
the Transient Thermal module in WorkBench                 
is opened for analysis, and the results of 
transient analysis are shared with the static 
analysis module. Get the temperature change                  
of the first 6000s, and then extract the data                     
of 36 temperature points, which are named as. 
Fig. 6 shows the temperature field of                               
the machine tool at 20000s. It can be seen                       
from the figure that the maximum temperature                    

of the spindle of the machine tool is 39.492℃,            
and the highest point is in the middle                             
of the spindle and the bearing. Generally,                        
after the machine is turned on, it needs to                      
be preheated. Different machine tools have 
different preheating time, and most machine 

tools preheat for about 30 

minutes.  ，  ，  ，     . 

 
During the period from startup to 20000s, this is 
the temperature change chart of the outer ring of 
the spindle bearing of the machine tool with time, 
and the temperature rise data is named as. As 
can be seen from Fig. 7, the temperature of the 
machine tool rises rapidly at the beginning, and 
then the temperature of the machine tool 
gradually stabilizes at 10000s, which is in line 
with the actual situation.  . 
 

5.2 Cluster Analysis 
 

According to the principle of selecting 
temperature measuring points, the data are 
analyzed by fuzzy clustering, and the fuzzy 
similarity matrix is established by using the 
correlation coefficient method. According to the 
fuzzy similarity matrix, the fuzzy equivalent 
matrix is obtained, and a certain threshold is 
selected for interception. Fig. 8 shows the 
relevant program for calculating fuzzy matrix, 
which is divided into four categories. Combining 
with the thermal deformation data, the complex 
correlation coefficient between nodes and 
thermal deformation is obtained, and six better 
temperature sensitive points are selected. 

 

 
 

Fig. 5. Three-dimensional model diagram of machine tool spindle 
 

 
 

Fig. 6. Temperature field diagram of machine tool at 20000s 
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Fig. 7. Temperature-time curve of a certain point of bearing outer ring 
 

 

 
 

Fig. 8. Partial program chart of fuzzy cluster analysis 
 

 
 

Fig. 9. Structure diagram of neural network 
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5.3 Thermal Error Modeling of Neural 
Network Based on Time Series 

 
BP neural network is a multi-layer feedforward 
neural network trained according to the                      
error back propagation algorithm, which can 
correct the weight coefficients between neurons 
in different layers according to the prediction 
error until the error meets the requirements. It 
has been successfully applied to system 
modeling, digital recognition, speech 
classification and many other aspects. BP neural 
network has a good nonlinear fitting function. As 
a new spatial mapping method, it can establish a 
high degree of nonlinear mapping from space (n 
is the number of input neurons) to space (m is 
the number of output mental meridian elements) 
only by using sample data without building a 
complex system mathematical model. 
Mathematically, it has been proved that the 
three-layer neural network model can 
theoretically approximate any function. The 
neural network is a multi-layer perceptron 
structure, which can be divided into input layer, 
output layer and hidden layer, as shown in                       
Fig. 9.  
 
Then, the neural network based on time series 
and multiple linear regression analysis are used 
to model and analyze the data. A multiple linear 
regression can have one dependent variable and 
several independent variables. The spindle error 
of the machine tool is divided into axial error and 
radial error, so two multiple linear regression 
analyses are needed to compare the two 

algorithms and select the one with the best 
results. 
 
The data used in the neural network is extracted 
from the workbench platform. The input data is 
the temperature change trend of 36 temperature 
measuring points with time, and the output 
variable is the deformation data of CNC machine 
tools under the action of thermal-structural 
coupling. In the modified article, fuzzy clustering 
and neural network are shown in the article. The 
activation function is a linear rectifier function Re 
Lu (Rectified Linear Unit), which refers to the 
slope function in the algebraic function. Its 
advantage is that it has sparsity, which can make 
the sparse model better mine relevant features, 
and the fitting training data will not appear. The 
problem of gradient saturation and gradient 
disappearance. The number of hidden layers of 
neural network is 3, the maximum number of 
iterations is 100, the learning rate is 0.15, and 
the allowable error is 1 * 10 ^ -4. 
 

Firstly, the data is normalized, and the method 
used here is the maximum-minimum 
method.                . 
 

Then the neural network of MATLAB time series 
is used for analysis. Fig. 10 shows the error 
performance, from which it can be seen that the 
average variance gradually converges and the 
fitting effect is good. Fig. 11 shows the 
regression curve. It can be seen from the figure 
that the regression effect is very good and the 
thermal error model of the machine tool is 
accurate. 

 

 
 

Fig. 10. Error representation diagram 
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Fig. 11. Regression curve 
 

6. CONCLUSION 
 
In this paper, the horizontal machining center is 
taken as the object, and the thermal boundary 
conditions of the machining center under 
simulated conditions are calculated by 
establishing the thermal characteristic model of 
the machining center. Then, through finite 
element analysis, the temperature field 
distribution of the machine tool and the 
deformation law of the whole machine under the 
action of heat are obtained. It provides a 
theoretical reference for error compensation and 
machine tool optimization. For the serious 
problem of spindle heating, a detailed analysis of 
the temperature source is carried out, and then 
36 groups of temperature data are extracted. 
Then, the neural network based on time series is 
used to model and analyze the thermal error. 
Before machining, the machine tool is preheated 
to make the machine tool reach the thermal 
steady state. 
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