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Abstract

Ball screws used for high-speed feed systems generate friction heat, which affects the preload and supporting system stiffness,
and further, the dynamic characteristics of the screw system are modified and negative effects on the positioning accuracy are
produced. Therefore, a thermal dynamic model for investigating dynamic performance variation with temperature is needed.
First, a new dynamic temperature model of a hollow cylinder with varied heat flow was proposed based on the heat transfer
theory. By using the thermocouples to read the real-time surface temperatures of heat sources, this model can be used to obtain the
real-time temperature field of the supporting bearings and nut, and by using the FOCAS function to read the real-time position of
nut, a finite difference heat transfer model with real-time moving heat sources was established. Based on this model, the dynamic
thermally induced preload and stiffness models of the system were obtained. Second, a real-time thermal dynamic model of the
ball screw system was achieved. Finally, an inverse identification method of the heat excitation was proposed. Through mea-
suring dynamic characteristics of the feed system in machine tools, the real-time thermal dynamic models of the screw system
were validated. It provided the theoretical and practical foundation for real-time monitoring and controlling of dynamic charac-
teristics of preloaded ball screw systems.

Keywords Ball screw system - Thermally induced dynamic characteristics - Supporting system stiffness - Preload - Heat transfer

Nomenclature ke Axial equivalent stiffness for the supporting bearings
ke Axial stiffness of the support bearing and the screw
Fo Initial tensile preload of the screw d Diameter of the screw
AF,  Lessened tensile preload of the temperature  Fy Initial compressive preload between the screw and
increasing the nut
A T (x, Temperature increment k Screw-nut stiffness
f) Fao Compressive preload of the moving nut
Sg Section area of the screw ky Axial stiffness for the screw
E Modulus of elasticity K Rate stiffness of the screw-nut
Qg Expansion coefficient of the screw shaft € Constant of the load
L Length of the screw C, Rate equivalent dynamic load of the screw
X Position of the table in the screw Fop Axial load applied on the working table
Obo Elastic axial deformation of the fastened supporting
bearing
< Tiejun Li Fyo Compressive preload of the fastened supporting
litiejun @syuct.edu.cn bearing
dy Diameter of balls of the supporting bearing
! Department of Mechanical Engineering, Shenyang University of Bo Cor.ltaCt angle of the supporting bearlpg .
Chemical Technology, Shenyang 110142, China 0 Axial load of each ball of the supporting bearing
2 Key Laboratory for Precision and Non-traditional Machining [M] System mass mamces,
Technology of Ministry of Education, Dalian University of [C] System damping matrices
Technology, Dalian 116024, China [K] System stiffness matrices
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[F] Excitation force vector

[X] Displacement vector

T(x,t) Temperature distribution of the screw, dependent on
time and distance

k Thermal conductivity of the screw

p Screw density

c Heat capacity

h Convective coefficient

T,i(y  Temperature of the ambient air

T.5,1(f) Key point temperature of the screw connecting with
the bearing 1

T.5(H) Key point temperature of the screw connecting with
the bearing 2

1.0  Key point temperature of the screw connecting with
the moving-nut

P Perimeter of the screw

Ac Cross-sectional area of the screw

S Feed stroke

1 Introduction

With the development of high-speed and high-precision ma-
chine tools, preloaded ball screw feed drive systems are wide-
ly used [1, 2], which can increase the axial rigidity, modify the
nature frequency in order to avoid the vibration, and improve
the manufacturing quality [3, 4]. Hence, the dynamic charac-
teristics of high-speed ball screw systems have attracted the
attention of many researchers [5—18]. Erkorkmaz et al. [8]
proposed a new method of identifying the dynamic parameters
and the friction characteristics of feed drive systems used in
machine tools. Jerzy et al. [9] investigated a resonance fre-
quency of ball screw feed drive systems of CNC machine
tools. Li et al. [10] presented a modal identification method
to investigate the dynamics of machine tool feed drive systems
under different feed rates. Feng et al. [11] proposed a lumped
dynamic model of the screw system to study preload influ-
ences on the dynamic response. Zhou et al. [12] found an
accurate relationship between the preload and no-load drag
torque. Frey et al. [13] studied the behavior of ball screw feed
drives and its dominant influence. Frey et al. [14] found that
the preload is one of main parameters of the working perfor-
mance of ball screws. Vicente et al. [15] proposed a new high-
frequency dynamic model of ball screw systems, using this
model, the frequency variation of each mode of the systems
was investigated under different carriage positions and
masses. Wei et al. [16] proposed the kinematics model of the
preloaded single-nut high-speed screw. Varanasi et al. [17]
proposed a new dynamics model of screw systems that ac-
counts for the screw inertia, compliance, and damping of the
main elements. Kamalzadeh et al. [18] proposed a precision
control method for ball screw systems and axial vibrations
were compensated using the method.
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However, preloaded high-speed screw systems generate
excessive friction heat; the thermal effects were widely inves-
tigated by previous literatures [19-38]. On one hand, with the
increase of feed rates, the positioning precision is affected by
the thermally induced characteristics [19-22]. In the previous
researches, the thermal error accounts for about 40-70% of the
whole error of machine tools [23-27]. The methods of reduc-
ing thermal error in machine tools are usually the error control
and error compensation [22—35]. On the other hand, due to the
thermally induced deformation of the screw, the initial preload
of the system is changed, which modify the dynamic charac-
teristics, such as the axial rigidity and natural frequency. The
preload variation with temperature rise of the double nut
preloaded ball screw was analyzed by experiments [36]. A
finite element model was proposed to determine the remark-
able influence of the preload of a bearing on thermal stabili-
zation of ball screw systems [37]. In literature 38, the remark-
able decrease of the preload in preloaded ball screw systems
was found by experiments. When the temperature rises by 12—
16 K, the preload decreases by 32%.

In summary, many researches focused on the modeling of
the thermo-mechanical behavior of ball screw systems.
However, most of these researches were carried out to predict
and compensate thermal errors [22—-35]. Though some of
these researchers studied the thermal-preload-mechanical dy-
namic characteristics by experiments and FEM [33, 36-38],
the studies did not consider real-time characteristics of preload
ball screw systems with temperature rise.

To better investigate the thermally induced dynamic behav-
ior of the preload ball screw systems and further control the
thermal-dynamic behavior, a real-time dynamic model of the
preload ball screw systems is necessary, which, however, has
been rarely studied by now.

In this paper, the real-time thermal-dynamic model to pre-
dict the variation of the preload, stiffness, and natural frequen-
cy of preloaded ball screw systems due to temperature in-
crease was proposed by using a heat transfer method. The
solution of this model was validated by experiments. It pro-
vided the theoretical and practical foundation for real-time
monitoring and controlling of dynamic characteristics of
preloaded ball screw systems.

2 Thermal dynamic model

The main heat sources in ball screw feed drive systems used
for CNC machine tools include the two supporting bearings
and moving nut, and the heat rates result from the friction
among the components, which are dependent on the feed rate,
assembly conditions, and lubricant conditions. Although the
system working under the same feed rate, assembly condi-
tions, and lubricant conditions, the thermal deformation also
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changes the coherence among the moving nut, the screw, and
the supporting bearings.

The thermally induced axial deformation of the screw af-
fects the supporting system stiffness and the friction torque,
which changes the dynamic performance of the ball screw
system [20].

2.1 Stiffness model of the supporting system

The stiffness of the supporting system of the ball screw feed
drive system is composed of the stiffness of the supporting
bearings and the stiffness of the screw.

2.1.1 Stiffness of the support bearing
When the ball screw feed drive system is fixed by one end, the
stiffness of the support bearing is given by [21]

3Fo
K —
"7 ok

(1)

The axial deformation of the supporting bearing dy,q in Eq.
1 can be expressed as

0.45 (Q\'"
o= (o) )
sinf3, \ dp
where Q is expressed as
Fro
—_ - 3
nsinf3y, ®)

2.1.2 Stiffness of the screw shaft

One end of the ball screw system is fixed, and the other end is
free. According to material mechanics, the elongation of the
screw caused by the temperature arising makes the tensile
preload of the supporting bearing weak. The thermal defor-
mation of the screw changes the coherence of bearings [20],
and the tensile preload variation influences the screw stiffness.
According to material mechanics, the lessened tensile pre-
load AF, due to the temperature increasing is defined as

AFy = S;EAL (4)

where AL denotes the thermal elongation value of the screw
shaft.

In order to obtain the thermal elongation value AL of the
screw shaft, the determination of temperature arising of the
screw shaft is necessary.

Real-time modeling of the temperature arising of the screw
shaft In this paper, a new real-time thermal model of multiple

varying and moving heat sources was proposed and used for
the screw shaft.

Figure 1 shows the ball screw feed drive system is fastened
at the left end, and it is stretched at the other end.

The expression used for calculating heat transfer of the
screw can be described as

&*T(x,1) _pcdT(x,t) Ph
ox? kot kA,

(T (x,)~Ta(2)) = 0x€[0, L]

T(x,0) = T (0)x<[0, L]
T(O, t) = Tep (lj)

T(L,l‘) =T lj)

T(X7 t) =T (xi, tj)XE[O,S]

(5)

The three key point temperatures 7.1 (%), Topo(2), and T,,,(2)
of'the ball screw connecting with the bearing 1, bearing 2, and
nut are important for investigating thermal deformation,
preloads, and thermal characteristics. However, these key
point temperatures of the system are difficult to be measured,
for the temperature sensors could not be put into the pre-
scribed position.

In order to obtain the key point temperatures 7..(Z),
T.1>(%), and T.,(t) of the ball screw connecting with the bear-
ing 1, bearing 2, and nut, the model of the temperature arising
of the bearing and nut is required.

In this paper, the bearing and nut are simplified as hollow
cylinders, and a new real-time temperature model of hollow
cylinders is proposed. This model was used for obtaining the
key point temperatures 7.5(2), T.so(t), and T,,(t;) of the ball
screw contacting with the bearings and moving-nut.

Modeling of real-time temperature field for a hollow cylinder
In order to establish a real-time temperature model of the
supporting bearings and moving-nut, the assumptions were
as follows [5, 7]:

1. The bearings and screw-nut are treated as hollow
cylinders.

2. The friction heat generated by the bearings and screw-nut
is uniform.

In this work, a real-time temperature distribution model of
a hollow cylinder is proposed according to the heat transfer
theory.

Figure 2 shows that the bearings and moving-nut are sim-
plified to be the hollow cylinders with a uniform heat gener-
ation rate.

With regard to the convection heat dissipation of the cylin-
der surfaces, the convection heat loss is treated as a virtual
negative heat source.

The transient heat transfer equation for the hollow cylinder
with a negative heat source can be expressed as
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Fig. 1 Heat transfer of the screw

16 (, oT(re)\ _ oT(re) | .
75(1" or )‘pc o T (6)

where ¢ denotes the heat flow of the negative heat source of
the cylinder surface convection.
The total heat for the surface convectiong,can be written as

¢, = Pedrhy(T-Ty) (7)

where P, is the circumference of the heat transfer section.

Considering the convection heat transfer of the up, down,
and top surfaces, the circumference of the heat transfer section
is written as

P2 (m + VZV) (8)

The negative heat source ¢ can be rewritten as

_ b _ _hPA(TT))

0= Adr A,

where A, is the area of the heat transfer section.

Fig. 2 Heat transfer of the hollow
cylinder

\ r 7dr
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The area of the heat transfer section A.. is expressed as

A, =2mrW (10)

where W denotes the width of the hollow cylinder.
Substituting Eq. 9 into Eq. 6, the temperature model of the
hollow cylinder can be rewritten as

10 or(r,t)\ _ 0T(r,t) Pchy
75(” or >_pc o 4 LT0)

where 71(r, ¢) is the temperature distribution of the hollow cyl-
inder, which is the function of time ¢ and the radius 7, and 4, is
the surface convection coefficient of the hollow cylinder.
According to the variable separation theory, the tempera-
ture distribution of the hollow cylinder 7(r, f) is written as

(11)

T(r,t) =T,(r)T,2) (12)

Temperature of a hollow cylinder always shows a
logarithm decrease with the radius [39]. In this paper, the
function 7,(r) of the position can be written as

1

") = R ) 13)

Tt,hs

(0)
®do Or Dr+dr ? B

-
Rinncr‘

ROU[CI’
Tr,hs
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The temperature of the cylinder always shows an exponen-
tial increase with time [39, 40]. In this work, the function 7(7)
of the time is expressed as

T(t)=A (l—efé) (14)

where A and B are constants.
Therefore, the transient temperature distribution of the hol-
low cylinder 7(r, {) can be rewritten as

1 _t
T(r1) = A TR (1—e s) (15)

The %—? expression can be derived as

T Ae# 1

= 16

ot B rIn(Ryu/Rin) (16)
The ’l [% (kr %:”) expression can be derived as

10 [, or(rt KA(1—e5

10 (1,070 _ ka(1=e) (17)

r or or 3In(Rou/Rin)

Substituting Eqs. 16 and 17 into Eq. 11, Eq. 11 can be
rewritten as

kA(1-€7%) Ae's 1 | Pehs (T-Ty)
—pc .
In(Ryu /Rin) B rIn(R,u/Rin) A,
=0 (18)
The analytical solution of Eq. 18 is
pcAA2e F + ABA ke 5—ABA k
T = Ty 19
BhyPor3In(R s/ Riy) il (19)
Kn
Kb Ks

Equation 19 is adaptive to not only the bearing temperature
field but also a nut temperature field.

The real-time surface temperature 7(R,,; t;) used for the
boundary can be obtained by the thermocouple. The thermo-
couples on the bearing seat surface and the moving-nut flank
surface can be used to collect the real-time temperature and
time information. Two sets of data from the measured point of
the heat source surface are enough to solve Eq. 19, and then A
and B are obtained.

Using the thermocouples to read the surface temperature
T(R,.s» t;) of the heat source, this real-time model can be used
to obtain the real-time temperature 751(t), T.52(t), and T.,(t)
of the screw contact surface at the position with the radius R;,
of the bearings and nut.

The T(R,.» t;) 1s the real-time temperature for the point
measured from the surface of the kinematics pair collected
by thermocouples. The T,,1(%), Topo(2), and T,,(2) are the
contacting surface temperatures between the screw shaft and
the kinematics pairs.

Hence, this modeling of real-time temperature field for a
hollow cylinder can be used to obtain the T;(%), T.5,(t), and
T,(t;)of the contacting surface temperature between the screw
shaft and the bearings and nut.

Numerical solution method of the real-time modeling of the
temperature arising of the screw shaft When the contact sur-
face temperatures are obtained, Eq. 5 can be used to calculate
the temperature distribution of the screw shaft.

Equation 5 can be solved by the finite difference method.
Partition the setting region into mesh by step size of space s
and step size of time ¢. x;=i-s, t;=j - 7. Node (x;, #;) is simpli-
fied to (i, j). i[1, M — 1], j[1, N — 1], M, and N are positive
integers, and T, = T'(i, /).

Cw

Mw —ij—‘E

B E

=

Cs

Fig. 3 Modeling of the ball screw system with a lumped parameter system

Xs
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The following iterative form of solving Eq. 5 is rewritten as

Vi (2 pe DN e 1 e
ST\ o+ )T+ 2T
pcl . Ph _, Ph
==k Y — 20
kt /7 kA. 7 kA, (20)
The forced convective coefficient / is rewritten as [40]
NG L1
h=0.133 (—)‘d;P,s 21
60v (21)

Determining thermal elongation of the screw shaft During
the feed working, the axial thermal elongation of a screw shaft
is always produced, for the temperature of the screw caused by
frictional heat increases.

Hence, based on the result of real-time modeling of the
temperature arising of the screw shaft, the expression of ther-
mal elongation of the screw shaft can be obtained as:

AL = aufg AT (x, t)dx (22)

where AT(x, 7) denotes the temperature rise of the screw shaft,
and o, denotes the thermal expansion coefficient.

The axial deformation caused by the friction heat mainly
affects the preloads and of the stiffness of the systems.

Calculating the rest tensile preload Because of the thermal
elongation of the screw shaft, the rest tensile preload is de-
scribed as,

Fo = Fo—AF, (23)
Table 1 Parameters of the feed drive system

Parameters Given value
Working table mass M,, 450 kg

Ball screw mass, M; Skg

Lead of screw P 10 mm

Nut length 80 mm

Nut type Single nut

Bearing type Contact ball bearing
Lubrication Grease

Thermal conductivity k 43.3Wim° C
Material density of the ball screw p 7800kg/m>
Coefficient of linear thermal expansion « 12x107%/°C
Damping coefficient of the guide way Cy, 10 Ns/m

Damping coefficient of the supporting bearing C; 10 Ns/m

Diameter of the ball screw shaft d, 0.032 m
Displacement of the working table x,, um

Axial displacement of the ball screw xg um

@ Springer

Determining the axial stiffness of the circle bar Considering
that the tensile preload variation influences the screw stiffness,
the axial stiffness of the circle bar is defined as

PS.E

ks = (P—Fg)x

(24)

where P is the external axial load.

2.1.3 Stiffness of the supporting system

The stiffness of the screw supporting system consists of the
stiffness of support bearing and the axial stiffness of the screw
shaft, which are connected in series. Hence, the stiffhess of the
supporting system is written as

ke o kskh

e 2
ko + ks (25)

2.2 Screw-nut stiffness model

The axial contact stiffness between the ball screw shaft and the
nut is given by [41]

Fuo 1/3
k,=10.8 K 26
(sCa) (26)

2.3 Ball screw system governing equation

In order to investigate the dynamic characteristics of the ball
screw system varying with the different increment of temper-
ature, the entire system is modeled, as shown in Fig. 3. The
system is composed of the screw shaft, working table, and
supporting bearings.

To consider the effects of the different increment of tem-
perature, the supporting system stiffness and the screw-nut
stiffness are treated as variables.

The matrix[M] is written as

M= | @)
The matrix[C] is written as
a-5 2 | (28)

The matrix[K] is written as
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Fig. 4 Experimental setup

kn _kn
The vector X is written as
Xw
- 0

-

a

2.4 Solving dynamic model
This model belongs to a SDOF system. The parameters of the
feed drive system were listed in Table 1. Through taking the

Laplace transform of all the equations and summarizing the re-
sults in matrix form, the dynamic characteristics were obtained.

2.4.1 Axial natural frequency of the working table

The axial natural frequency of the working table is obtained as

The vector F is written as __ 1
W = S {V2[MiM2 (kM + kM + Mo
0 VM + 2k M3=2koky MM + M + 22M M + K203)] 2}
[0] G (33)
The matrix [M], [C], and [K] are the system mass, the
system damping, and the system stiffness matrix, respectively.  2.4.2 Axial natural frequency of the screw
[F] is the excitation force vector, and [X] is the displacement
vector. The axial natural frequency of the screw is obtained as
Combining Egs. 27-31, the system governing equation can ]
be presented as the matrix form Y= MM, {\/5 [M 1M (keM 1+ kM + kM=
$ - KEM3 4 2k ke M3—2k e, My My + K2MG + 2K2M My + K2M3) |12
(X} + (O] + KIOX) = (F0) () VHME R 2kekab s+ G 20000+ )
(34)
M+ M13
e Nut® M4 ®
——o = = s s & e e e o e
M2 M3 M4 Ms Me M7 Ms Mg M1o M11 M12

Fig. 5 Measuring location arrangement
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ixed bearing

Stretched bearing

. Screw

Fig. 6 Thermal dynamic identification model of the ball screw feed drive system

3 Experimental verification and dynamics
simulation for ball screw feed drives

3.1 Experimental verification
3.1.1 Experimental setup

In order to investigate the thermal characteristics of the ball
screw feed drive system, experiments were performed on
CNC machine tools; the z-axis feed system was tested under
different feed rates. Figure 4 shows the experimental setup of
testing the screw system.

The experimental setup of the lathe consists of an infrared
thermal imaging instrument, a temperature collecting instru-
ment with four thermocouples, a computer with the Visual
C++ FOCAS application, a computer with LAMS software,
and a CNC lathe.

3.1.2 Sensor locations

In order to investigate the temperature characteristics of the
system, experiments were carried out using the measuring
location arrangement shown in Fig. 5. The 14 testing points
of temperature were shown in Fig. 5. The 1st, 13th, and 14th
testing points were respectively located on the surfaces of
bearing seat 1, the surfaces of bearing seat 2, and the flank
surface of the nut, and the three points were measured by three
thermocouples, respectively. The testing points (2—12) of tem-
perature on the screw shaft (shown in Fig. 5) is evenly taken
every 42 mm from the reference origin point of the machine
tool up to 420 mm. The ball screw system is warmed up by the
repeated movement of the nut along the screw shaft, between
points 2 and 12. To measure the measuring point temperature
in the stroke of the ball screw shaft, an infrared thermal imag-
ing instrument was selected.

@ Springer

3.1.3 Testing procedure

The z-axis feed drive of a lathe was tested using no load. First,
the CNC lathe was initially begun, and the initial characteris-
tics were collected. After this, by moving the worktable re-
peatedly in its stroke range, the ball screw feed system of the
CNC lathe was heated. Meanwhile, the temperature of the
bearings, and moving-nut was collected using the thermocou-
ples at an interval of 0.048 s. Temperature of the screw shaft
was taken using a thermal imaging instrument at an interval of
10 min. After the lathe was warmed up for 10, 20, 30, 40, and
50 min, the natural frequencies of the carriage were measured
using LAMS. To obtain the position of the moving-nut, an
application program based on the FOCAS was used to collect
the real-time position of the carriage in sampling intervals of
0.048 s.

3.2 Inverse identification method of the heat
excitation

In order to study the thermal dynamic performance deeply,
this paper proposed an inverse identification method of the
heat excitation, as shown in Fig. 6. To obtain the heat flow
rates of the fixed bearing 1, the stretched bearing 2, and the
moving-nut, the Monte Carlo method is used. Once the MC
process is completed, the FEM process is preformed to obtain
the temperature field of the ball system. In order to capture the
three heat flow rates, experiments were performed to obtain
the temperature rise of 14 designated points, which are denot-
ed by M1, M2, ---, M14 in Fig. 5. The method to obtain the
heat flow rates of three heat sources is that the temperature
rises of the FEM calculation agrees with the data measured by
experiments. The calculating process can search the heat flow
rates, through minimizing the following expression:
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Fig. 7 Flow diagram of the | Set the feed velocity of the system |

thermal dynamic identification

model of the ball screw feed drive

‘ Geanerate the finite element model of the system ‘

system

v

Assign the initial temperature and convection
coefficients of surfaces

v

Determine the node numbers of the 14 key points
in Fig. 5

v

Input the sequential temperature values of the 14 key points
from the experiments, AMI:,EM (i=12,---,14;j=1,2,---,N)

Initialize the region of the heat flux of each heat
source X, €[xy;, %y, 1,0, =xy, =X, h=12,3.

v

| Input a sampling times K ‘
[

*4

| Initialize the simulation times of MC : p=0 ‘

v

R Generate the friction heat fluxs:
x, = x;; +random(0,6,), h=1,2,3.

Apply the friction heat fluxs and initial

temperatures to the model

v

MC

Execute the simulation of the model and collect
the temperatures of the simulation: AM M

v

‘ Calculate the objective value of the expression (35): F

Update the regions of the
heat fluxs

Output the friction heat fluxs | ‘ Output the result: Fail |

2

v
Extract the temperatures of
elements

v v
Execute thermal-force Execute thermal-modal
simulation simulation

L

Flo, o) = T3 (AMEM-ay€)’ (39)

where AM EM denotes the measured temperature for given
point 7 at the jth sampling time step of z;, i=1, 2, --*, 14, and
j=1,2,, N, AM 2/1(: denotes the simulated temperature for
given point i at the jth sampling time step of ¢, i=1, 2, -, 14,

Extract the tensile preloads of Extract the natural frequencies
the screw of the system

and j=1, 2, ---, N. Figure 7 shows the flow diagram of the
thermal dynamic identification model of the ball screw feed
drive system.

The thermal dynamic identification process of the ball
screw feed drive system is as follows:

1. Generating the thermal dynamic finite element model of

the system according to the geometric dimension of the
ball screw feed drive system.
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Fig. 8 Comparison of key point
temperatures of the thermal

M- Testing_Surf_b1--@®- Model_center_b1
M Testing_Surf_b2 --¥- Model_center_b2

@ Testing_Surf_nut --4-- Model_center_nut
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2. Inputting the initial temperature, convention coefficient,
and the thermal flux regions of the fixed bearing, stretched
bearing, and nut x;, € [x , xunl, 0 =xun —xLw A=1, 2, 3.

3. Using the Monte Carlo method, the friction heat fluxes
x;, =x;+random(0, &), A=1, 2, 3. are generated.

4. Executing the simulation of the model and collect the 14
key temperatures of the simulation.

5. Calculating the objective value of the expression (35): F
and search the minimum objective value of the expression
(35): F*

Time(min)

6. If F*is less than the setting small value €, the friction heat
fluxes are obtained. If F* is bigger than the setting small
value €, the regions of the friction heat fluxes are updated,
and repeated the MC process until F* is less than the
setting small value €.

7. Extracting the temperatures of elements.

8. Executing thermal-force simulation and extract the tensile
preloads of the screw.

9. Executing thermal-modal simulation and extract the nat-
ural frequencies of the system.

—a— FEM_identification model
®— Thermal dynamic model

Fig. 9 Comparison of tensile
preloads of the dynamic model 500 -
and inverse identification
400
Z 3004
°
@©
o
[
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0
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Fig. 10 Axial supporting stiffness 7.50E+008 —
of the screw system sharply -
decreases at the position of 1 —u— Thermal dynamic model
336 mm (obtained by the thermal
dynamic model) 7.00E+008 +
’\E‘ 6.50E+008
=
% _
)
o)
_35 6.00E+008 — ]
)
5.50E+008 .\
] — .
B [ |
5.00E+008 -
0 10 20 30 40 50 60

4 Results and discuss

In order to verify the thermal model, the tests of machine tools
were conducted at Z axis positions, under the different incre-
ment of temperature of the screw using the feed rate 5 m/min.

4.1 Temperature distribution of the screw system

In order to investigate the thermal dynamic performance of
ball screws, the temperature distribution of the screw system is
necessary.

Fig. 11 Comparison of the

natural frequencies of working
table for the dynamic model, 1
inverse identification, and
experiments at the position of 336 I
mm

Nature frequency(Hz)
B
8
1

Time(min)

The comparison of key point temperatures of the thermal
dynamic model, experiments, and inverse identification by
experiments of the ball screw feed drive system was shown
in Fig. 8.

The point line denotes the measured temperature of testing
points of the bearings and nut, the solid line denotes tempera-
ture from the inverse identification of the testing points and the
centers of the bearings and nut, and the dash line denotes the
temperature obtained by the thermal dynamic model of the
centers of the bearings and nut. The results shows that the
temperature rise of the inverse identification by experiments
agrees with the data of the experiments, and the temperature

—--m-- Exp
e FEM_identification
—4A— Thermal dynamic model

401
400 O A
®
1 | E——— 2
399
398 . . : - : : : : : ; . T )
0 10 20 30 40 50 60

Time(min)
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rise of the thermal dynamic model agrees with the data of the
inverse identification by experiments under the feed rate 5
m/min. The effectiveness of the proposed thermal dynamic
model was proved through the above results.

4.2 Preload variation of the screw due to temperature
increase

The thermally induced axial deformation of the screw certain-
ly affects the preload, which changes the dynamic perfor-
mance of the ball screw system.

Figure 9 shows that comparison of tensile preloads of the
dynamic model and inverse identification method. From the
results, it is can be seen that the tensile preload of system
sharply decreases with the increase of temperature. The cal-
culated results of the model could match quite well with the
inverse identification results. During ball screw systems work-
ing, due to the increase of temperature, the thermal deforma-
tion increases, which causes the decrease of the tensile preload
of the screw shaft.

4.3 Variation of the stiffness and natural frequency
due to temperature increase

The thermally induced axial deformation of the screw certain-
ly affects the supporting system stiffness and the natural fre-
quency, which changes the dynamic performance of the ball
screw system.

According to the dynamic model, the axial supporting stift-
ness of the working table at Z axis position of 336 mm is
obtained under the feed rate 5 m/min. Figure 10 shows that
the axial supporting stiffness of the working table nonlinearly
decreases with the increase of temperature. This is because the
decrease of the tensile preload of the screw shaft causes the
system axial stiffness nonlinearly changes.

Using the above solutions Eqs. 33 and 34 of the dynamic
model, the dynamic characteristics varying with the tempera-
ture of the screw system was exposed. And the natural fre-
quencies of the working table at Z axis position of 336 mm
was measured under the feed rate 5 m/min.

Figure 11 shows the comparison of natural frequencies of
the dynamic model, inverse identification, and experiments.
From the results, it can be seen that the natural frequency of
system slowly decreases. The calculated results of the model
could match quite well with the actual measured results and
inverse identification.

This is because in the working stage, the tensile preload of
system sharply decreases, the axial stiffness of system sharply
decreases, and the natural frequency of system slowly decreases.

The experimental results and analytical solution results
showed the effective of the proposed dynamic model. The
proposed dynamic model has been validated in the testing
machine tool.

@ Springer

5 Conclusions

Based on the analysis of the preloads and stiffness of the feed
drive system varying with temperature rise, a new lumped,
thermally induced dynamic model has been successfully pre-
sented for studying the dynamic performance due to the tem-
perature variation of the ball screw feed drive system.

1. A new analytical model of the real-time temperature field
of a hollow cylinder with the varied heat flow was pro-
posed, based on the heat theory. By using the thermocou-
ples to read the surface temperatures of heat sources, this
model can be used to obtain the real-time temperature
field of the bearings and moving-nut.

2. A new finite difference heat transfer model with real-time
moving heat sources was proposed. By using the FOCAS
function to read the real-time position of moving heat
sources, this model can be used to obtain the temperature
distribution of the screw. Based on this model, the real-
time thermally induced preloads and stiffness models of
the ball screw system were obtained. Furthermore, an an-
alytical real-time thermally induced dynamic model of the
ball screw system has been successfully presented, and
the analytical solutions of this model were obtained.

3. An inverse identification method of the heat excitation
was proposed. Using this method and experiments, the
relationships between the preload, axial stiffness, and nat-
ural frequency and the temperature variation of the ball
screw system were investigated. The extension preload
and the axial stiffness markedly decrease with the increase
of temperature. However, the natural frequency slowly
decreases with the increase of temperature. The results
proved that the effectiveness of the presented thermal dy-
namic models. These models provided the theoretical and
practical foundation of the real-time monitoring and con-
trolling of dynamic characteristics of preloaded ball screw
systems. These methods focus on real-time thermal dy-
namic characteristics of preloaded ball screw systems,
which can be used for other machines by suitable
modification.
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