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Abstract The positioning error of ball screw feed drive sys-
tems is mostly caused by thermal deformation of the ball
screw shaft in machine tool feed systems. This paper presents
an adaptive real-time model (ARTM) for predicting the tem-
perature transient distribution and thermal error distribution of
the ball screw shaft. FEM integrated with the Monte Carlo
method is applied to determining the heat generation rates of
two bearings, moving nut and two guides in the ball screw
feed system. Then based on the data of the FEM calculations,
an exponential function of the feed velocity and time is used to
describe variation of the temperature difference between the
measured surface point and the center of the kinematical pair
with time. Finally, a numerical forecasting algorithm is devel-
oped to predict the thermal characteristics of the screw shaft
and its effectiveness is verified by the experiments.

Keywords Ball screw - Machine tool - Heat generation rate -
Finite element method - Monte Carlo method - Thermal error

1 Introduction

Machine tools and their components are sensitive to tempera-
ture change that could exert an influence on mechanical struc-
ture deformation thereby inducing thermal error of motion
drive systems and reducing the geometrical and machining
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accuracy [1]. According to statistics, thermally induced error
can account for about 40—70% the total errors arising from
various error sources [2, 3]. Therefore, the topics of thermal
error in machine tools have been the focus of significant recent
research activities, including measurement of temperatures
and displacements, computations of thermal errors of machine
tools and reduction of thermal errors [4—17].

Of all factors that contribute to the thermal error of a ma-
chine tool, thermal error of ball screw system plays a very
important role [1]. In order to investigate thermal behavior
of the ball screw system, experimental measurement of tem-
perature variation and positioning error along the screw, the-
oretical modeling of the physical process and the heat sources
causing the thermal deformation of the ball screw are fre-
quently preformed. Temperature measurement is important
to get a better understanding of thermal errors of the ball screw
system. The temperatures are measured using thermocouples
while a laser interferometer and a capacitance probe are ap-
plied to measure the thermal error of the ball screw [18].
Usually, three thermocouples respectively located on sur-
roundings, and the rear and front bearings are used for contin-
uously recording the room temperatures and the surface tem-
peratures of two support bearings under moving conditions
[18, 19]. The other temperature distribution along the ball
screw can be measured with infrared radiation thermocouples
or an infrared thermographic camera [19, 20].

The source of thermal error in the ball screw transmission is
the thermal changes in the active length of the screw. In order
to investigate the thermal effect, theoretical modeling and
analysis based on numerical simulation are frequently per-
formed. In the course of these researches, the finite element
method (FEM) [17-19, 21-23] and the finite difference meth-
od (FDM) [4] have often been employed to estimate the ther-
mal behavior of machine tool. Kim et al. evaluated the even-
tual thermal error of a ball screw system using separately
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modeling thermal behaviors of the ball screw and the guide
way, in which the ball screw was modeled by applying the
modified lumped capacitance method (MLCM), while the
thermal deformation of the guide way was evaluated using
FEM with boundary conditions obtained experimentally [19,
24]. However, accurate modeling of the heat source is quite
difficult because the thermal changes depend on the type and
dimension of the screw, the tension of the turning parts, the nut
and the bearings, the external load, the rotational speed, the
work cycle, the load resulting from the torque of
elastohydrodynamic friction in the lubricating film of the turn-
ing parts, and the heat transfer conditions [4].

This paper aims to develop an adaptive real-time model for
predicting the thermal characteristics of the ball screw drive
system on line. In the next section, a FEM integrated with the
Monte Carlo method is described. The ARTM and the exper-
imental setup are presented in Sections 3 and 4, respectively.
The numerical results are discussed in Section 5, and conclu-
sions are provided in Section 6.

2 Finite element model integrated with the Monte
Carlo method

2.1 Heat generation and the finite element model

The main heat source of a ball screw feed system is the friction
caused by the kinematical pairs, such as nut and shaft of the
ball screw, rotating bearings, and rail and slider of guides. In
particular, the heat generation caused by the friction is depen-
dent upon feed velocity, lubricant, and assembly conditions [4,
19], which results in the coherence changes of temperature
distribution and thermal deformation along the ball screw.
However, it is difficult to measure the temperatures directly
owing to the ball screw and the centers of kinematical pairs.
Therefore, numerical simulation is frequently required to de-
termine the temperature distribution or deformation along the
ball screw. In this paper, as the combined analysis of defor-
mation and temperature distribution of the ball screw system,
temperature distribution is calculated using the FEM based on
the following assumptions [19, 21, 22]:

1. The friction heat generated between the moving nut and
the screw is uniform, and a fixed ratio of the heat gener-
ated between the screw shaft and the nut is supposed to be
transferred to the ball screw shaft.

2. The screw shaft is simplified to be a solid cylinder with a

uniform heat generation rate.

The support bearings are hollow cylinders.

4. The friction heat between the guide and the sliders is
uniform. A fixed ratio of the heat generated between the
guide and the sliders is supposed to be transferred to the
guide.

W
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5. The radiation term can be neglected for smaller tempera-
ture increases.

6. Convective heat coefficients are always constant during
motion at the same feed rate.

Figure 1 shows the z-axis worktable of the object CNC
lathe modeled with ANSYS software, on which the x-axis
worktable moves forward and backward. The system
consisted of the following components: a servomotor,
supporting bearings 1 and 2, a screw shaft and a nut, and
guiders 1 and 2. SOLID87 solid elements were chosen to
calculate the temperature field of the ball screw system and
the worktable, while CONTA174 contacting elements were
used to simulate the contact areas. There are totally 42,512
solid elements and 23,448 contact elements.

As illustrated in Fig. 1, there were three fixed heat sources,
the servomotor, and bearings 1 and 2. Here heat generation of
the servomotor was amalgamated into bearing 1 and their heat
generation rate was denoted by Og;. The heat generation rate of
the bearing 2 was denoted by Op,. There were also three mov-
ing heat sources of the nut, guides 1 and 2, the heat generation
rates of which were considered to be only that the parts of their
friction heat were transferred to the considered model and de-
noted by O,,, Oy and Oy, respectively. Due to the symmetry of
the model in Fig. 1, it was assumed that Oy = O = O,

2.2 Heat transfer from the feed drive system
into the ambient air

1. Heat transfer coefficient for convection of the screw shaft.

Heat dissipates from the ball screw shaft into the ambient
air through forced convective heat transfer. The calculation of
the heat transfer coefficient for convection follows a series of
steps. First, the mean velocity of the fluid with respect to the
solid surface is determined. When the parameter is known, the
Reynolds number is determined. For the ball screw shaft ro-
tating at an angular velocity of w, the Reynolds number is
written as

wd?

e P
2vfid

(1)

where vp,iq 1s the kinematic viscosity of the air, and d is the
diameter of the screw shaft.
Second, the Nusselt number is determined by

Ny = 0.133R?3p!/3 (2)

where the Prandtl number P, is a material parameter of the
fluid and calculated as [7].

Pr _ Cﬂuidﬂﬂuid (3)
Afluid
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Fig. 1 Finite element model and
heat source distribution of the ball
screw system

where Cpyiq 1S the specific heat capacitance of the air, pigyiq 1S

the dynamic viscosity of the air, and Aqyiq is the thermal con-

ductivity of the ambient air. For the air, P,=0.707 [20].
Then, the heat transfer coefficient is expressed as

_N u A uid

h
d

(4)

2. Heat transfer coefficient for convection of the bed saddle.

The effect of air flow velocity on the convective heat trans-
fer coefficient can be neglected because the feed speed of the
bed saddle is relatively low. A convective heat transfer coef-
ficient of 12 W/m? K is used for the surfaces of the bed saddle
and the bearing seats and housing [4].

2.3 Implementation of the FEM integrated with the MC
method

The Monte Carlo (MC) method is also called stochastic
simulation method [25]. Herein, the MC method is used
for simulating the real heat generation rates, Og;, Op2, On,

[ cuide2hert |~

Guide 2 heat

| Moving nut heat

Guide 1 heat

Bearing 2 heat

and Q,, which are denoted by xy, x,, x3, and x4, respectively.
In order to determine these four parameters, an experiment
was conducted to measure the temperature variations of 15
given points on the surfaces of the object worktable with
time. The given points are denoted by T1, T2, ---, T15 in
Fig. 2 and the experimental procedure will be described in
Section 4. The idea to determine the heat generation rates is
to “match” the measured temperatures of the given points to
the results of the FEM calculation. The way to match the
two results is through the least squares of the differences
between them. In other word, the computational procedure
is to find the four parameters that minimize the following
functional expression:

2
F(xlax2ax3,X4) = Zz (TEM_TZ/IC> (5)
L

where T}; is the temperature for given point i at the jth sam-
pling time step of ¢;,7=1,2, -+ ,15,andj=1,2, -~ ,N;
the superscripts EM and MC denote the values of experi-
mental measurement and the FEM/ MC simulation,
respectively.

Fig. 2 Locations of temperature
. . Table
measurement points for the ball Slider
screw system T T1o '?11 T12 TF‘: T‘ .
13
1 Guide 14 T15 Ts
¢ Nut® To ¢
@ L L 2 L L 4 L
T2 T3 T4 Ts Te T7
Bearing 1 Bearing 2
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The computational procedure is represented as a flow chart
in Fig. 3. The Monte Carlo simulation can be regarded as a
sampling process and will be repeated for a given sampling
times k. The amount of & should be big enough in order to
enhance the calculation accuracy. Here, the function random
(m, n) in ANSYS APDL is used to generate a random number
between m and n. If the parameter x; is distributed in the

Fig. 3 Flowchart of the FEM/the
MC simulation

interval of [x;, xy,], the heat generation rates of one sampling
time are expressed as

x; = xp; + random(0,6;), 6; = xur—xu,{ = 1,2,3,4. (6)

After each sampling time of the four heat generation
rates, the calculation of the FEM is performed to extract

| Give the velocity of x-worktable |

v

’ Give the geometrical parameter of the worktable ‘

v

‘ Build the finite element model of the worktable ‘

Calculate the heat transfer coefficient and give heat
transfer coefficient for convection and initial temperature

MC

v

Determine the node numbers of the 15 given points
in Fig. 2

v

Give the sequential temperature values of the 15
given points, T,.jEM (i=12,---,15;j=1,2,---,N)

v

Initialize the distribution intervals of the parameters

x, €[x,,xy1,6, = x4, —x,,i =1,2,3,4.

v
| Give a sampling times & |
15
| Initialize the MC simulation times: m=0 ‘

v

Determine the heat generation rates:

x, = x;, +random(0,4,), [/ =1,2,3,4.
v

Apply the heat generation rates and
initial temperatures to the FEM
Conduct the calculation of FEM and extract

the temperatures of the FEM: T,

v

| Calculate the objective function in Eq. (5): F/ ‘

Determine the distribution

intervals of the paramters
A

Output the heat generation rates I

| Output the result: Fail ‘
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the temperatures of the given points. Then, the objective
function in Eq. (5) is determined. The best parameters
are considered to be the four heat generation rates cor-
responding to the minimum objective function value of
k sampling times, that is, F*=min(Fy, Fy, -, Fx—1),
and the heat generation rates corresponding to F* are
denoted by xj, x5, x3, and x,.

Once the Monte Carlo simulation is finished, a judg-
ment statement of the minimum objective function value
is taken with a given accuracy e. If the given accuracy
is satisfied, then the calculation results of the heat gen-
eration rates are output and the computational procedure
is ended. Otherwise, another judgment statement of dis-
tribution intervals for the heat generation rates is taken
as the following

min(51,52,53,54) < o (7)

where §y is a given small constant.

If Eq. (7) is satisfied, the Monte Carlo simulation fails and
the computational procedure is ended. Otherwise, the low and
upper limits of the parameters are re-determined by Eq. (8)
and the MC simulation is repeated.

1
51 = 55]
wp =450 5T >0 G g3y (8)
0, otherwise

.
Xy =X, +0;

2.4 Temperature relationship between the measured point
and the center of kinematic pairs

As aforementioned, it is difficult to measure the center tem-
peratures of the kinematic pairs. But the center temperatures of
the kinematical pairs are necessary to predict the thermal error
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Fig.4 Temperatures of the measured point T1 and the center of bearing 1
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Fig. 5 Temperature differences between the measured surface point and
the center of bearing 1

of the ball screw. This paper develops a model of the temper-
ature relationship between the measured surface point and the
center of the kinematical pairs based on the data of numeric
simulation. Through many FE calculations with the heat gen-
eration rates obtained using the FEM/MC method, tempera-
ture variations of the measured point T1 and the center for
bearing 1 with time were obtained, as shown in Fig. 4. As
illustrated in Fig. 4, the temperatures of the FEM simulation
on the surface point T1 of bearing 1 all match quite well with
the experimental temperature curves for the feed velocities of
5, 10, 15 m/min. The temperature differences between the
measured surface point and the center of bearing 1 are plotted
in solid lines in Fig. 5 and show approximate index variations
with time. Hence, based on the FE calculation data, the tem-
perature difference between the measured surface point and
the center of a kinematic pair used herein can be expressed as
an exponential function of the feed velocity and time

AT(t,v) = av(l—eft/bv) 9)

where v is the feed velocity of the x-worktable, ¢ is the work
time, and a and b are the constants obtained by curve fitting.

The exponential fitting curves for the temperature difference
between the measured surface point and the center of bearing 1

Table 1  Parameters of exponential fitting curves and the maximum
errors for the temperature differences between the measured surface
point and the center of the kinematical pairs

Heat source  Coefficient The maximum errors (°C)
a b Sm/min 10 m/min 15 m/min
Bearing 1 0.028 0.196 0.014 0.034 0.05
Bearing 2 0.027  0.195 0.015 0.032 0.045
Movingnut ~ 0.025  0.201  0.016 0.036 0.048
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Fig. 6 Heat source of the screw
shaft

Table
<— Qn

le 4_0 -

———————————— --—{—-— = Screw shaft - €= 0,

A

are plotted in dash line in Fig. 5. Table 1 lists the parameters of
exponential fitting curves and the maximum errors for the tem-
perature differences between the measured surface points and
the centers of the two bearings, and the moving nut at the feed
velocities of 5, 10, and 15 m/min, respectively. The data in
Table 1 and Fig. 5 demonstrate that Eq. (9) is general and
suitable for the two bearings and the moving nut.

During the working process of x-worktable, the tempera-
ture of a given point on the surface of a kinematic pair can be
continuously measured using a thermocouple in real time, the
center temperature of the kinematic pair can be expressed
as the following

Te = T+ AT(1,v) (10)

where T is the center temperature of the kinematic pair and 7},
is the measured temperature of a given point on its surface.

3 Adaptive real-time model of the thermal error
3.1 Equation of heat conduction

As is well known, heat generation is the root of temperature
rise and thermal deformation of the ball screw system. Heat
affecting the thermal deformation of the screw shaft is mainly
generated by the two bearings and the moving nut, as shown
in Fig. 6. The thermal deformation of the screw shaft in the
axial direction affects the machining accuracy of the machine

Fig. 7 Photograph of the
experimental setup

tools. Hence, the thermal deformation of the screw shaft in the
radial direction can be not taken into account. In this ball
screw system, the down end of the ball screw was fastened,
and the up end of it was free, as shown in Figs. 1 and 6. The
equation of heat conduction of the screw shaft is expressed as

O*T X, t c OT (x, t 4h
o = LT (10 0)
T(x,0) = T,(0)
T(0,1) = Ty (¢), xe[0,220]
T(L,1) = Tia(t))
T()C,t) = T,,(xi,tj
T¢ x,t) = Tf(tj)

where T(x, ) is the temperature of the screw shaft, Which(llslgl
function of time 7 and position x,  is the thermal conductivity,
p is the material density of the ball screw, and c is the specific
heat capacity, /4 is the convection coefficient. 7x#) is the tem-
perature of the ambient air.

The screw shaft is partitioned into mesh by a space step s
and a time step 7, that is, x;=k-s, k=1,2, = M, t;,=j-7,
andj=1,2, - , N. Denoting T(x;, £;) as Tf,, and inserting the
finite difference equations of the first-order derivative and the
second order derivative

k k+1_k
or; T -T;

EREan (12)
2 mk k  _~k k

Prt Th ATt T 1)
o2 s2

. I /1
\ | Laser interferometer ; ; —
] Thermal image instrument

Position collection through
the FOCASI functions

Error collection
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Table2  Specification for the X-axis feed drive system of the CNC lathe
Parameters Value

Mass of working table 50 kg

Model of ball screw 3210

Diameter 32 mm

Lead of screw 10 mm

Stroke 220 mm

Nut length 80 mm

Nut type Single nut

Bearing type Contact ball bearing
Inner diameter 30 mm

Outer diameter 62 mm

Mean diameter 46 mm

Width 16 mm

Lubrication Grease

into Eq. (11) and rearranging it, one can get:

2 2
el Tk As"—Bs“ =21\ 4
Tin=ga Tin + <AS2 T
T & Bs? .
T jﬂ_ATsz(J) (14)

where A = pc/k and B = 4h/(kd).

If (As® — Bs* + 2D/(As?) > 0, i.e., (7/s*) < (A — B)/2, then Eq.
(14) is stable.

According to Eq. (10), the temperature for the center of the
two bearings can be expressed as

chliTmb1+ATbl(t,V), I1=1,2. (15)
and the temperature of the moving nut center can be expressed as
Tcn:Tmn+ATn(t7v) (16)

3.2 Thermal error of the screw shaft

During the machining process, the screw shaft will elon-
gate due to a rise in internal temperature caused by

frictional heat. The thermal elongation value can be
expressed as follows:

AL = L-a AT (17)

where L is the length of the screw shaft.
Hence, the thermal elongation value of the screw shaft at
the position of x can be expressed as follows:

AL(x) = afy AT (x, £)dx (18)

where AL(x) indicates the thermal elongation value at time of
t, AT(x, t) denotes the temperature variation of the screw shaft,
and « is the coefficient of linear thermal expansion.

4 Experimental setup and procedure

To study the thermal characteristics of ball screw systems,
an experiment was carried out on the X-axis ball screw of a
slant bed lathe with Fanuc Series 01 Mate-TD, as shown in
Fig. 7. The parameters of the ball screw are listed in Table 2.

Temperatures were measured in two ways: the surface
points of T1, T8, and T9 were measured using three T-type
thermocouples, the points of T2-T7 and T10-T15 were mea-
sured using an infrared thermographic camera with high
precision (0.1°C), as shown in Figs. 2 and 7. The three ther-
mocouples were attached to the surfaces of the bearing seats 1
and 2 and the nut flank with their magnetic bases, respectively,
and their data were collected by using a portable computer
with sampling cycle of 0.5 s. A PC 104 computer with the
Visual C++ FOCASI application was used to record the po-
sition of the moving nut during the working process of the
worktable.

According to the measuring criterion of ISO230-2 [26] and
ISO230-3 [27], a laser interferometer was used to measure the
X-axis positioning error. The machine reference origin was set
to be the starting point for this measurement, and the position-
ing error was measured every 44 mm in the whole stroke range
of 220 mm, i.e., the worktable located at the points P1-P6
shown in Fig. 8. Firstly, the initial geometric error was mea-
sured at normal temperature when the machine tool was

Fig. 8 Distribution of measured Table
points for the screw thermal error Slider._ — —
|- —J
‘ Guide
b A\ I/
\.\ // Nut; \\ /
\/ 9 —————\/
/\ P4 P2 P3 Pa Ps Ps )
/\ // \
[\ — /7 \
/ / 0\
Bearing 1 Bearing 2
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initially switched on. Then, the machine tool was warmed up by
moving the X-axis worktable along its stroke range with a given
feed velocity. Meanwhile, the temperatures of points T1, T8,
and T9 were recorded with a sampling interval of 0.5 s. In
addition, picture of the screw shaft and the two guides was
taken by the thermographic camera at an interval of 10 min.
And the positioning error was measured synchronously after
the machine tool had been warmed up for 10, 20, 30, 40, and
50 min, respectively. In this study, three idling experiments
were conducted at the feed velocities of 5, 10, and 15 m/min,
respectively. Each experiment was started under the condition
of the environmental temperature and the worktable moved
forward and backward over the whole stroke range.

5 Results and discussions

During the working process of the worktable, the position
sampling cycle of the PC 104 computer was 48 ms, which
depended on the application program speed [28, 29], so the
time step in Section 3 was assumed to be 7= 0.048 s. The
other parameters of the ARTM were: x = 43.3 W/m°C,
p = 7800 kg/m3, s=0.022 m, d =0.032 m, and M = 10.

Figure 9 shows the results of the ARTM, the FEM, and the
experiment for the X screw shaft temperatures during the
working process of the worktable at the feed velocity of
10 m/min. It can be seen from Fig. 9 that both the calculation
curves of the ARTM and the FEM could match quite well with
the measured temperatures.

Figure 10 shows comparison of the positioning errors cal-
culated by the ARTM and the FEM with the measured results.
As illustrated in Fig. 10, the calculated positioning errors of
both the two models could also match quite well with the

I
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Fig.9 Comparison of temperature rise for FEM and ARTM calculations,
and experimental results under the feed velocity of 10 m/min

@ Springer

6 -
s FEM_0 min p— EXP_0 min
e FEM_10min ¢— EXP_lOmin
A FEM 20 min EXP_20 min -
54 v FEM 30min  ~*" EXP 30 min -
4 FEM 40min  —®— EXP 40 min e
<4 FEM S0min  —@— EXP 50 min =
T 44 g e
= z = o
= e =
S i
= - =
O 34 =
© =3 i
£ -~
£ =
2 - S Sk
= 27 i Sl .
T —+— ARTM 0 min
S :: ARTM 10 min
1 __ ARTM 20 min
7 - = ARTM 30 min
—®  ARTM 40 min
= IARTM 50 min
0 _—— — - T T =
0 50 100 150 200
P1 P2 P3 P4 P5 P6
Position(mm)

Fig. 10 Comparison of thermal error for FEM and ARTM calculations,
and experimental results under the feed velocity of 10 m/min

actual measured error, and their accuracies all turn out to be
satisfactory. But the calculation time of the FEM was about
45 min, and that of the ARTM was only about 120 ms, that is,
the calculation time of the FEM was far greater than that of the
ARTM. So, the ARTM proposed in this paper is suitable for
rapidly predicting the positioning error with high accuracy.

6 Conclusions

From the numeric analysis and experimental results in the
above sections, the following remarks can be stressed.

The FEM integrated with the Monte Carlo method pro-
posed in this paper can be used to predict the heat flow
rates, the temperature distribution, and the thermal errors
of ball screw feed drive systems. The temperature differ-
ence between the measured surface point and the center of
the kinematic pair can be expressed as an exponential
function of the feed velocity v and time ¢, of which the
parameters can be determined by fitting the data of the
FEM integrated with the Monte Carlo.

The proposed ARTM can be used to predict the thermal
error of ball screw feed drive system. By monitoring the
surface temperatures of the two bearing seats and the mov-
ing nut flank, the ball screw temperature field is derived
using the numerical forecasting algorithm, and the corre-
sponding positioning error can also be predicted with high
accuracy.
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