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Abstract Results from the temperature field and thermal
deformation simulation of a spindle system are greatly affect-
ed by the accuracy of convective heat transfer coefficients
(CHTC:s). This paper presents a new method based on radial
basis function (RBF) neural network to calculate CHTCs.
First, the temperature field and thermal deformations of a
spindle system were obtained by experimental and finite-
element (FE) methods. However, the simulation results are
significantly different from the experimental results because
boundary conditions used for the FE model were derived
empirically. Second, the relationship between the simulated
temperature values and CHTCs were established by a RBF
neural network. Using the experimental temperature values as
an input vector of the RBF neural network, CHTCs of the
spindle system can be predicted through an iterative calcula-
tion taking 14 cycles. Finally, the effectiveness of the pro-
posed method was proved using steady-state and transient-
state analyses of the spindle system. Results from the steady-
state simulation show that temperature errors were less than
4 % at the seven thermal-critical points and deformation errors
in the three directions were less than 6 %. Results from the
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transient-state simulation of the spindle system show that the
variations for each of the thermal characteristics are in good
agreement with the experimental results. The method provides
guidance for modifying boundary conditions of a FE model.
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simulation - Thermal characteristic - RBF neural network -
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1 Introduction

Among many factors affecting workpiece errors in precision
machining, thermal errors can cause up to 70 % of
manufacturing errors [1-3]. Furthermore, the spindle system
(the spindle assembly and the headstock) is one of the biggest
sources of thermal errors [4—6]. Currently, no theoretical anal-
ysis can predict the thermal characteristics (temperature field
and thermal deformation) of a spindle system with sufficient
accuracy. Experimental and finite-element (FE) methods are
the primary methods for researching thermal characteristics of
spindle systems. To measure these thermal characteristics, a
large number of sensors are needed. Consequently, the crea-
tion of an accurate experimental platform is a difficult and
time-consuming task. Even so, it is impossible to acquire all
thermal characteristics of the spindle system. At the design
stage of a machine tool, FE methods can predict all thermal
characteristics of the spindle system. However, under most
circumstances, simulation results are significantly different
from actual values because of complicated boundary condi-
tions of the FE model. Therefore, there is a critical need to
develop an accurate FE model by modifying boundary condi-
tions. Use of this model cannot only predict all thermal char-
acteristics of the spindle system, but also reduce the huge
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effort needed in experimental verification and design costs in
prototype optimizing.

Accuracy of the FE model is affected by a whole range of
boundary conditions, such as heat sources, thermal contact
resistances, and convective heat transfer coefficients
(CHTCs). The spindle bearing is the main thermal source of
the spindle system, and heat can be computed by the mature
method presented in [7]. The thermal contact resistances be-
tween different machine parts can be obtained by experimen-
tal [8, 9] or theoretical [10, 11] methods. CHTCs reflect the
heat transfer capability between surfaces of the spindle system
and fluids. However, these cannot be measured directly be-
cause each is related not only to fluid properties, fluid velocity,
and shape of the heat transfer surface, but also to the temper-
ature difference between the heat transfer surface and fluid.
Although no precise rule applies for calculating CHTCs, the
associated boundary conditions are the most important in the
FE model [12]. The convective heat transfer of a spindle system
can be classified as forced and natural. Yang [13] proposed a
method to calculate the forced CHTC of a rotating spindle and
the natural CHTC when the spindle stops rotating. Jiang [14]
calculated the forced CHTC of a spindle system by assuming
the air flowing through the spindle system is forced turbulent
air, and the natural CHTC was determined based on empirical
values. Chen [15] calculated the CHTCs on every surface of a
hydrostatic spindle from equations deduced from the literature.

The existing thermal simulation models mainly considered
the natural convection around stationary surfaces and the
forced convection heat transfer between rotating surfaces
and the air, but rarely considered the forced convection heat
transfer between cooling fluid and cooling troughs. Besides,
empirically determined equations are usually imposed in cal-
culating CHTCs. All of the above drawbacks resulted in poor
simulation accuracy of the spindle system. Much research
work has focused on improving the calculation accuracy of
CHTCs. Wu [16] presented a method of calculation for spin-
dle systems based on experimental data and significance tests.
Fan [17] presented an inverse method based on thermographic
temperature measurements, and the distribution of CHTCs for
a flat plate surface was estimated by iteratively calculating
temperature distribution equations. Rebay [18] developed a
pulsed photothermal method for measuring the CHTC be-
tween an air flow and a heated slab surface. However, in
general, the abovementioned approaches have limitations
such as high computational burden, low accuracy, and com-
plicated experimental systems.

To calculate the CHTCs accurately and quickly to improve
the simulation accuracy of the spindle system, we first
constructed an experimental test and a FE simulation for
thermal characteristics of a spindle system. Furthermore, the
relationship between the simulated temperature values and the
CHTCs were established by a RBF neural network. We then
used the experimental temperature values as input to the
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neural network to calculate the CHTCs. Finally, the effective-
ness of the proposed method was proved by steady-state and
transient-state analyses of the spindle system.

2 Thermal test of a spindle system

As depicted in Fig. 1, a machining center consists of a table,
saddle, bed, column, headstock, baffle, spindle motor, and
spindle assembly. To accurately measure the deformations of
the spindle system, a test bar was assembled in the machining
center. As shown in Fig. 2, two laser displacement sensors
were fixed on the table to measure deformations of the test bar
in the X- and Y-directions. An eddy current displacement
sensor was placed at the bottom of the test bar to measure
deformations of the test bar in the Z-direction. To get a precise
temperature distribution of the spindle system, seven platinum
resistance temperature sensors (T1-T7) were fixed on
thermal-critical points of the surfaces. The machine tool was
placed in a workshop with a constant temperature of 24 °C.

The spindle was rotated at a constant speed of 4,000 rpm
with the cooling system turned on. The experiment took 5 h to
reach a steady state. The temperature field and thermal defor-
mation curves were measured in real-time. The test platform is
shown in Fig. 3.

3 Development of the FE simulation model

The most important part of machine tool thermal analysis is
the determination of the boundary conditions of the FE model.
These conditions include the following: (1) establishment of
the solid model, (2) determination of the material properties,
(3) analysis of the thermal sources, (4) analysis of the thermal
contact resistances, and (5) analysis of the CHTCs. We eclab-
orate these key issues as follows.

Spindle motor Column

Headstock

Fig. 1 Solid model of the machine tool
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Fig. 2 Arrangement of the sensors

3.1 Establishment of the solid model

The structure of the spindle assembly is shown in Fig. 4, and
only the key parts of the spindle assembly were considered.
The structure of the headstock is shown in Fig. 5. The cooling
troughs were arranged on both sides and at the front of the
headstock. To actually consider thermal characteristics of the
spindle system, the whole machine solid model (Fig. 1) was
used for the FE simulation. The baffles were installed on both
sides of the headstock, as shown in Fig. 1.

3.2 Determination of the material properties

The machine tool under research has five major materials, and
these material properties were assigned to their respective
structures in the FE analysis software. HT300 was applied to
the bed, saddle, table, column, and headstock; 40Cr was
applied to the spindle and guide ways; GCrl5 was applied
to the bearings; T10A was applied to the test bar; and steel was
applied to the spindle sleeve, bearing sleeve, and spindle
motor. The material properties are presented in Table 1. Small
details such as holes, fillets, and chamfers were neglected. An
automatic partitioning method for meshing was adopted, and
meshing generated a total of 201,032 elements and 382,163
nodes (see Fig. 6).

Laser
displacement
Sensors

Eddy current
displacement
sensor

Platinum ‘f .'

resistance
temperature
Sensors

Fig. 3 Thermal characteristics test platform

Spindle bearings

Spindle

Test bar End cover Spacer sleeve Spindle sleeve

Fig. 4 Structure of the spindle assembly
3.3 Thermal sources analysis

For the spindle system, the power loss of the spindle motor
and the friction heat from the spindle bearing are the most
important heat sources.

3.3.1 Heat generation in the motor

For this study, rated power of the spindle motor was 7.5 kW
and a cooling fan was set on top of the spindle motor. Based
on past experience, the power transferred from the motor to
the headstock was approximately 30 W.

3.3.2 Computation of the spindle bearing friction heat

While the spindle bearings are in motion, friction heat was
generated by the relative movements between the various
parts of the bearing. The heat can be computed by the follow-

ing Eq. (7):

Hy = 1.047 x 107*nM (1)

Where H is the heat generated power (in watts), n is the
rotating speed of the spindle (in revolutions per minute), and
M is the total frictional torque of the bearing (in Newton per
millimeter).

The total frictional torque M consists of two components
and can be calculated using:

M:M]+M1) (2)

Fig. 5 Structure of the headstock
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Table 1 Properties of the
materials

Material HT300 40Cr GCrl5 T10A Steel Air
Modulus of elasticity (GPa) 130 200 200 196 206 -
Poisson’s ratio 0.24 0.3 0.28 0.3 0.28 -
Linear expansion coefficient (10~ K™ 1.10 1.13 1.20 1.21 1.20 -
Thermal conductivity (W m™' K™") 45 50.66 48 48 60.5 0.02454
Specific heat capacity (J kg ' K™ 510 477 729 480 434 1.005
Density (kg m ™) 7250 7850 7800 7800 7850 1.293

Where M is the mechanical friction torque (in Newton per
millimeter) and M, is the viscous friction torque (in Newton
per millimeter).

1. Computation of the mechanical friction torque
The mechanical friction torque M, depends on the
structural parameters of the bearing and the applied load.
M can be computed as follows:

M, = f1pidn (3)

Where £ is a coefficient related to the bearing type and
load, p, is the bearing load (N), and d,, is the mean
diameter of the bearing (in millimeters).

2. Computation of the viscous friction torque

The viscous friction torque M., depends on the struc-
tural parameters of the bearing and viscosity of lubricant.
M, can be computed as follows:

M= 10777, (on)?d® it vn>2000 (4)

M, =160 x 107" f,d> if un < 2000 (5)

Where f is a coefficient related to the bearing type and
lubrication method, and v is the kinematic viscosity of the
lubricant under working temperature (in square millimeters
per second).

favargys
i

- Wi

Fig. 6 FE model of the machine tool
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In this study, v2>2,000 at the speed of 4,000 rpm, and
Eq. (4) should be used. By combining parameters of the
machine tool and Egs. (2)—(4), friction heat of a single spindle
bearing is 27.16 W.

3.4 Analysis of the thermal contact resistances

There are many joints existing in the spindle system, and these
joints result in a temperature difference between the two
contact surfaces. Such a temperature jump plays a significant
role in the thermal simulation of the spindle system. In reality,
the thermal contact resistance at the solid joints is mainly
determined by contact pressure, contact medium, roughness
of the surfaces, and material properties on both sides of the
joint. In this study, thermal contact resistances at the main
joints affecting thermal transfer in the spindle system were
considered, i.e., the joint between the bearing inner ring and
the spindle, the bearing outer ring and spindle sleeve, the
spindle sleeve and headstock, the spindle taper hole and the
test bar, and guideways between headstock and column.
Values for these thermal contact resistances were obtained
by experimental methods [9] (see Table 2).

3.5 Computation of the CHTCs

Convective heat transfer of the spindle system include forced
convection heat transfer between rotating surfaces and the air,
forced convection heat transfer between cooling fluid and the
cooling troughs, and natural convection between stationary
surfaces and the ambient air. These CHTCs are calculated
initially by empirical equations.

Table 2 Thermal contact resistances of key joints (m* K W ")

Joint surface Thermal contact resistance

Bearing inner ring—Spindle 1.37x107*
Bearing outer ring—Spindle sleeve 6.06x10~*
Spindle sleeve—Headstock 1.13x1073
Spindle taper hole-Test bar 2.00x107?
Guideways between headstock and column  1.67x 107
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Table 3 CHTCs of the Table 4 Comparison of the temperature values
FE model (Wm 2K ") CHTCs A hy he hy
No. of the Simulated values Experimental Simulation
Value 1212 962 5743 9.7 points (°C) values (°C) errors (%)
T1 29.11 28.7 141
T2 27.92 30.3 -8.52
3.5.1 Forced convection heat transfer between rotating T3 25.86 29.6 -14.46
surfaces and the air T4 25.66 30.5 -18.86
TS 25.83 31.1 —20.40
The rotating bodies exposed to the air, such as the spindleand ¢ 26.08 297 ~13.88
test bar, produced relative movement between the outer sur- 7 26.21 206 ~12.93
faces and the nearby air. The forced CHTC can be calculated
using the following equation [19]:
N uair>\air
L [Tarzar Vaird,
Rair d, (6) Reyr = _ares (8)
Vair
Where Nu,;, is the Nusselt number, A, is the thermal Coop
conductivity of the air (watts per meter Kelvin), and d; is  Pry = % 9)
air

the equivalent diameter of the rotating surface (in millimeters).
The Nusselt number Nu ;. can be calculated as follows:

Nugy = 0.133Re2* Prl/3 (7)

air

Where Re,;, is the Reynolds number obtained from Eq. (8)
and Pr;, is the Prandtl number obtained from Eq. (9) as follows:

a

A: Transient Thermal (ANSYS)

Ternperature

Type: Temperature
31455 Max

T4

23,798 T3 —

28897

8141
27313
26485
25657
288

24 Min T2
T1

T5 T6

Units *C
Tirme: 18000

Cc

E: Static Structural (ANSYS)
Directional Deformation 2
Type: Directional Deformation (¥ Axis )
Unitz ram .
Global Coordinate System
Time: 1

00067007 Max
0.0026213
-0.0014582
-0.0055376
~0.009617
-0.013696
0017776
-0.021855
-0.05935
-0.030014 Min

Fig. 7 Simulation results of the spindle system

Where v,;, is the velocity, v,;; is the kinematic viscosity,
C.ir is the specific heat capacitance, and k;, is the dynamic
viscosity of the air.

By Egs. (6)-(9), the forced CHTCs of the spindle surface
and the test bar surface are 4#,=121.2 W m > K ! and h,=
96.2 Wm 2K, respectively.

b

B: Static Structural (ANSYS)
Directional Deformation

Type: Directional Deformation (X fods )
Unitz men

Global Coordinate System
Tirme: 1

0.0097399 Max
0.0075638
0.0053877
0.0032116
0.0010355
-0.0011406
-0.0033167
-0.0054928
-0.0076683
-0,009845 Min

d

8 Static Structural (ANSYS)
Directional Defarmation 3

Type: Directional Deformation | Z &as )
Unit: mm

Global Coordinate System
Time: 1

0029129 Max
0.025282
0021434
0.017587
0.013739
0.005891%
0.0060443
0.0071968
-0.0016507
-0.0054982 Min
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Table 5 Comparison of the thermal deformations

Table 6 The target matrix (W m > K ")

Deformation Simulated Experimental Simulation
direction values (p1m) values (pm) errors (%)
X 0.20 5.05 —96.04

Y 28.52 31.68 -9.98

z 5.36 28.76 —81.36

3.5.2 Forced convection heat transfer between cooling fluid
and the cooling troughs

The flow states of the cooling fluid inside the cooling troughs
are categorized as laminar flow state, turbulent state, and
transition state. The flow states for the fluid can be judged
based on the fluid Reynolds’ number, Re, , as shown in
Eq. (10) [20]:

_ VmidDr

R€ﬂuid = ( 10)

Ufluid
Where vg,iq is the velocity of the cooling fluid, D, is the
equivalent diameter of the cooling troughs, and vgq is the
kinematic viscosity of the fluid. In this study, Re g.,q=1,086.0,
and the Nusselt number of the fluid can be calculated as follows:

DH)I/E (11)

Nu‘, =1.86 (REﬂuidPVﬂuidT
Where L is length of the troughs and Prg,;q is the Prandtl

number obtained as follows:

CiuidViuid

12
kfiia (12)

Pragia =

Where Cq,q and kg4 are the specific heat capacitance and
dynamic viscosity of the cooling fluid.

Hidden
layer

Output
w?  layer
f—)%

4

Fig. 8 The RBF neural network structure
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Serial no. 1 2 3 4 5 6
Ratio 1.2 1 0.8 0.6 0.4 0.2
hy 14544 1212 96.96 72.72 48.48 24.24
h, 115.44 96.2 76.96 57.72 38.48 19.24
he 689.16 5743 45944 34458 229.72 114.86
hy 11.64 9.7 7.76 5.82 3.88 1.94

The forced CHTC between cooling fluid and the cooling
troughs can be calculated as follows:

_ Nusyig Muid

he
Dy

(13)
Where Aqyiq is the thermal conductivity of the fluid (watts
per meter Kelvin).
From Egs. (10)—(13), the forced CHTC between cooling
fluid and the cooling troughs is #,=5743 W m > K ..

3.5.3 Natural convection around stationary surfaces

For natural convection around stationary surfaces exposed to
air, such as stationary surfaces of the spindle system and other
machine tool parts, #,=9.7 W m > K" was used [19].

The CHTCs of the FE model are shown in Table 3.

4 Thermal simulation of the spindle system

All simulations were performed as transient thermal simula-
tions. The initial temperature for the whole machine was set to
24 °C and the step end time was set to 18,000 s. Boundary
conditions obtained from Sect. 3 were applied to the FE model
to obtain the temperature field of the whole machine. Based on
the temperature field, as well as fixing the bottom of the bed by
a displacement constraint, thermal deformations of the whole
machine in each of the three independent directions were
obtained. To highlight thermal characteristics of the spindle
system, other parts of the machine tool were hidden.

Table 7 The input matrix (°C)

Serial no. 1 2 3 4 5 6

T1 28.09 29.85 30.22 30.35 31.17 31.82
T2 29.03 29.77 30.29 30.12 31.16 31.80
T3 2421 25.87 27.25 29.47 31.97 33.52
T4 23.99 24.66 26.35 28.96 31.76 33.85
T5 24.05 25.84 27.28 29.58 32.05 34.68
T6 24.68 26.47 27.93 29.08 30.67 31.43
T7 25.52 26.22 27.99 29.07 30.57 31.35
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Table 8 Calculation process of the CHTCs (W m 2 K™)

Calculation times hy h, he hy

1 96.67 81.77 378.85 4.66
2 172.09 115.81 582.94 11.64
3 50.08 63.49 383.37 2.89
4 157.14 101.99 588.05 1391
5 54.81 57.56 318.36 2.98
6 126.16 90.75 421.09 14.56
7 72.88 72.26 343.35 7.08
8 123.26 94.19 474.90 8.10
9 92.88 62.25 352.15 5.08
10 118.28 91.03 453.53 9.80
11 107.46 75.25 393.24 9.10
12 102.01 87.28 438.37 9.03
13 106.78 70.66 409.15 9.57
14 108.48 74.53 424.63 9.01

Figure 7a shows the simulated temperature values at the mea-
suring positions. Figure 7b—d shows the simulated deforma-
tions at the measuring positions in the X-, Y-, and Z-directions.

a

A: Transient Thermal (ANSYS)
Temperature
Type: Temperature
Unit: *C

T5 T6

Cc

B: Static Structural (ANSYS)
Directional Deformation 2

Type: Directional Deformation (Y fsds )
Unit: mm

Global Coordinate System
Time: 1

00099398 Max
0.0051696
0.00039345
-0.0043707
-0.0091409
-0.013911
-0.018681
-0.023451
-0.028232
-0.032992 Min

-3.1947e-002 3

Fig. 9 Modified simulation results of the spindle system

Table 4 shows the comparison of simulated and measured
temperature values at the defined positions. Table 5 shows the
comparison of simulated and measured deformations in the
X-, Y-, and Z-directions. It can be seen that the simulation
results are significantly different from the experimental re-
sults. Therefore, boundary conditions of the FE model should
be modified. By modifying the CHTC:s listed in Table 3, this
paper presents a method that can be used to improve the
simulation accuracy of the spindle system.

5 Calculation of the CHTCs based on RBF neural network

There exists a multi-input, multi-output nonlinear relationship
between the simulated thermal characteristics of the spindle
system and the CHTCs. It is well known that a nonlinear
system can be well approximated by the RBF neural network
[21, 22]. Based on the simulation results, this paper
established a RBF neural network reflecting the relationship
between the simulated temperature values and the CHTCs.
Using the experimental temperature values as input to the
neural network, the corresponding CHTCs can be obtained.

b

B: Static Structural (ANSYS)
Directional Defarmation

Type: Directional Deformation ( X fxs )
Unit: mm

Global Coordinate System
Time: 1

0016882 Max
0.013123
0.0093648
0.0056063
0.0018473
-0.0019105
-0.0056689
-0.0094274
-0.013186
-0.016344 Min

d

B: Static Structural (ANSYS)
Directional Deformation 3

Type: Directional Deformation ( Z Axis )
Unitz e

Global Coordinate System
Time: 1

0.063153 Max
0.055029
0.046905
0.0368781
0.030657
0.022532
0.014408
0.0062842
-0.0016399
-0.009964 Min
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Table 9 Comparison of the temperature values

No. of Simulated Experimental Simulation
the points values (°C) values (°C) errors (%)
Tl 27.68 28.7 -3.55
T2 31.00 30.3 2.31
T3 29.47 29.6 —0.44
T4 29.90 30.5 -1.97
T5 31.11 311 0.03
T6 30.09 29.7 1.31
T7 30.10 29.6 1.69

5.1 Structure of the RBF neural network

As shown in Fig. 8, the RBF neural network consists of an input
layer, a hidden layer, and an output layer. Here, 77=[T1,T%," ",
79]" is the g th input vector of the network, w is the connecting
weight between the hidden layer and the input layer, ®; is the
activation function, usually Gaussian, of the radial units [23,
24], w, is the connecting weight between the hidden layer and
the output layer, and 27=[h{ ,h;’,h‘g,h_;l]T is the output vector of
the network, namely the predicted CHTCs.

5.2 Establishment of the RBF neural network

The target matrix, input matrix, and spread of the RBF are
needed for the establishment of a RBF neural network.

1. The target matrix
As shown in Tables 4 and 5, the simulation value of T1
is in good agreement with the experimental result. Howev-
er, the simulation values of T2-T7 and deformations of the
spindle system are much less than the experimental results.
To increase the simulation values, the CHTCs listed in
Table 3 should be decreased to reduce heat transfer between
the spindle system and the fluids. The designed target
matrix is shown in Table 6, where group 2 is the theoretical
values, i.e., the CHTCs listed in Table 3. Group 1 is 1.2
times those in group 2; group 3, 4, 5, and 6 are 80, 60, 40,
and 20 % of the theoretical values, respectively. The target
matrix can be written as 7 = [/ l,hz,"',h6].
2. The input matrix
Boundary conditions of the heat sources, thermal con-
tact resistances, and CHTCs listed in Table 6 were applied

Table 10 Comparison of the thermal deformations

Deformation Simulated Experimental Simulation
direction values (pm) values (1m) errors (%)
X 4.76 5.05 =5.74
Y 31.95 31.68 0.85
VA 28.11 28.76 -2.06

@ Springer

—=&— Experimental values of X-direction
—o— Simulated values of X-direction
—&— Experimental values of Y-direction
[ —v— Simulated values of Y-direction
| —<— Experimental values of Z-direction
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Fig. 10 Comparison of the temperature values

to the FE model. As shown in Table 7, the simulated
temperature values of T1-T7 compose the input matrix
of the neural network. The input matrix can be written as
T=[T"71%"T%.
3. Spread of the RBF
While establishing the RBF neural network imple-
mented on Matlab, spread=1 is used [25, 26].
According to the above description, the established
RBF neural network is as follows:

spread = 1;net = newrbe(T, h, 1) (14)

Where newrbe, the create function of the RBF neural
network, is used to train the RBF neural network with
input matrix 7 and target matrix /.

5.3 Calculation steps of the CHTCs

According to the established RBF neural network and the
temperature test results, calculation steps of the CHTCs are
as follows:

—&— Experimental values of T1
—&— Simulated values of T1

32 —a Experimental values of T3
3L~ Simulated values of T3

—&— Experimental values of T5

3(0 L —»— Simulated values of T5

Temperature ('C)
[\
o0

00 05

1.0 1.5 20 25 3.0 35 40 45 50
Time (h)

Fig. 11 Comparison of the thermal deformations
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The temperature test result 7'=[T ", T ,',*-,T 7’]T is
used as the input vector of the RBF neural network,
and the CHTCs can be predicted as follows:

Step 1

~n

h =sim (net,T") (15)
Where sim is the calculation function of the neural
—~mn T

7| s the CHTCs
calculated by the neural network.

Substituting the heat sources, thermal contact resis-

NN N NN

network, and 7= [h h. h

RERA S RAAVeL]
Step 2
—~mn N Nn ~Nn
tances and & = {h h,h
step 1 into the FE model to determine the simulated
temperature value of 7" =[T7,T%, -, T%7]"
3 Let  e"=[ef.e5,ef T,

o =1 G2 7 1 <0.05, then
J

turn to step 5; otherwise, turn to step 4.
Add T to T = [T",T?,--,T°] which extends to 7"

L1772, 75,7 Add " toh = [h'h2% k]
(A, n%, - h° "] . By
~m+1

™ and ™" aswell as Eq. (14), anew RBF neural
network can be trained. Repeat steps 1-3.
The calculation process ends and the final values of
the CHTC:s are obtained.

According to the above method, the CHTCs are
obtained through a calculation taking 14 iterations.

The outcomes of the calculation at each step are
shown in Table 8.

s c?

T
hf} calculated by

Step where

Step 4

. ~m+1
which extends to & =

Step 5

6 Validation of the CHTCs
6.1 Validation of the steady-state analysis results

The initial temperature for the whole machine was set to 24 °C
and the step end time was set to 18,000 s. Boundary condi-
tions of the heat sources, thermal contact resistances, and

ZM = [108.48, 74.53,424.63, 9.01]T were applied to the
FE model. Figure 9a shows the simulated temperature values
at the measuring positions. Figure 9b—d shows the simulated
deformations at the measuring positions in the X-, Y-, and Z-
directions.

Table 9 shows the comparison of the modified simulation
and measured temperature values at the defined positions.
Table 10 shows the comparison of the modified simulation
and measured deformations in the X-, Y-, and Z-directions.
The modified simulation results are clearly in close agreement
with the experimental results.

6.2 Validation of the transient-state analysis results

To further verify accuracy of the CHTCs, thermal character-
istics variation process of the spindle system were simulated.
The initial temperature for the whole machine was set to 24 °C
and the step end time was set to 1,800, 3,600, 5,400, 7,200, 9,
000, 10,800, 12,600, 14,400, 16,200, and 18,000 s, respec-
tively. Boundary conditions of the heat sources, thermal con-

tact resistances, and #4 were applied to the FE model. Taking
temperature values at T1, T3, and TS as an example, compar-
ison of the simulated and measured temperature values are
shown in Fig. 10. Comparison of the simulated and measured
deformations at the measuring positions in the X-, Y-, and Z-
directions are shown in Fig. 11. Overall, the simulation results
obtained using the modified CHTCs were in good agreement
with the experimental results.

7 Conclusions

This paper proposed a method for modifying the CHTCs of a
spindle system to improve the simulation accuracy of the
thermal characteristics. A RBF neural network was established
based on simulated temperature values and CHTCs. Using the
experimental temperature values as input vector of the RBF
neural network, CHTCs of the spindle system were obtained
through an iterative calculation taking 14 cycles. The effective-
ness of the proposed method was proved by steady-state and
transient-state analyses of the spindle system. This method has
the following advantages: (1) it is simple because the CHTCs
can be predicted by a RBF neural network instead of modifying
theoretical equations, (2) it only took 14 iterations of the calcu-
lation to get exact values of the CHTCs, and (3) the modified
simulation results were consistent with the experimental results
compared with empirical methods.

Nevertheless, this paper dealt only with the spindle system.
To improve the thermal characteristics simulation accuracy of
the whole machine tool, there is a need to address other
machine parts all together, such as the ball screw feeding
system. Future work will focus on the method to improve
simulation accuracy of the whole machine tool.
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