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In high-speed and high-precision feed systems, thermal positioning errors are mainly caused by the
non-uniform temperature variations and resulting time-varying thermal deformations under different
operating conditions. The research presented here ultimately aims to develop a generic method capable
of evaluating the thermal characteristics (such as temperature rise of heat sources, thermal positioning
error) of the feed system induced by varying operating conditions (feed speed, cutting load and preload
of ball screw). The thermal contact resistance between the balls and the inner and outer rings of suppor-
ting bearing is calculated using the Hertzian theory and JHM method. Experiments were carried out on a
high-speed feed system experimental bench, and the influences of operating conditions on temperature
rises of supporting bearings and ball screw nut were analyzed. Based on a WNN-NARMAL2 model, the
relationship between temperature rise of supporting bearings and operating conditions was established.
Furthermore, with the temperature of the ball screw nut set to be a moving heat source load, the tem-
perature and thermal deformation distributions of the ball screw were simulated. The work described
lays a solid foundation for thermal error prediction and compensation of a feed system under varying
operating conditions.
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1. Introduction approaches are usually very high. In addition, there are many
physical limitations, which cannot be overcome solely by design
techniques. As a result, error compensation techniques to improve

machine accuracy cost-effectively have received significant atten-

Positioning systems with high speed, high accuracy and long
stroke become more important in precision machining. A high-

speed precision feed system reduces non-cutting operating time
and tool replacement time, making production more economical.
However, due to the friction at the ball screw bearing and nut, a
high-speed feed system generates a lot of heat, causing thermal
expansion which adversely affects machining accuracy. Therefore,
the thermal positioning error of a ball screw is one of the most
important objects to consider for high-speed and high-precision
machine tools.

Researchers have considered many ways of reducing thermal
errors, including the thermally symmetric design of a structure,
separation of the heat sources from the main body of a machine
tool, active cooling [1]. However, the costs associated with these
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tion [1-3]. Some machine tool manufacturers have implemented
software in their open-architecture CNC controller to compen-
sate the thermal error in real time [4]. Position feedback systems
that do not rely on the ball screw, such as scales, represent a
well-established and successful approach to reducing thermal posi-
tioning errors of feed system. However, the thermal errors of a
ball screw system are caused by the non-uniform temperature
variations and time-varying thermal deformations in the machine
structure. Therefore, accurate modeling of thermal errors remains
a key challenge of error compensation.

Most current research is focused on the thermal error compen-
sation of the whole machine tools. Thermally induced error is a
time-dependent nonlinear process caused by nonuniform temper-
ature variation in the machine structure. The interaction between
the heat source location, its intensity, thermal expansion coeffi-
cient and machine system configuration creates complex thermal
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behavior. Researchers have employed various techniques, namely,
finite element methods, coordinate transformation methods, neu-
ral networks, etc, in modeling the thermal characteristics [5-9,3].
Venugopal et al. [10] carried out different types of experiments
under no-load conditions. The thermal error was predicted based
on the temperature of the lead screw nut by using a basic linear
expansion model. Veldhuis et al. [11] conducted five different tests
over a period of 10h. The thermal error generated as a result of
these tests was mapped against the temperatures measured by 17
thermocouples mounted on the machine by using a neural network
model. A finite element approach to simulate the thermal behavior
of the ball screw transmission was presented in [12]. When deter-
mining thermal errors arising in ball screws, it is very important to
accurately identify the temperature distribution along the screw
and on this basis determine its axial thermal elongation. Heisel
et al. [13] used an infrared camera to measure temperatures along
the screw. An experimentally determined temperature distribution
and measured positioning errors for 4000 cycles were obtained.

In a high-speed feed system, bearings are considered to be the
main heat sources, and the thermal properties of the bearings
need to be carefully studied. For a bearing, the thermal resistances
for conduction through the bearing elements themselves and for
radiation can be calculated using the dimensions, the thermal con-
ductivities, the thermal-optical properties, and the temperatures
of the elements. However, it ca be said that the thermal contact
resistances between the balls and the rings, which are most closely
related to the temperature differences across the bearings, are dif-
ficult to predict because few useful calculation method have been
proposed yet. From the above, it can be seen that most of the work
carried out thus far is based on the principle of directly mapping the
thermal error against the temperature of critical machine elements
irrespective of the operating conditions. The different operating
parameters used were just a means to generate varying thermal
states on the machine. But researchers [1,14] discovered the point
that the thermal error of a machine tool was strongly dependent
upon the specific operating parameters and conditions that the
machine was put through. Accordingly, research on changing rule
and dynamics characteristics of heat sources, temperature field,
and structure thermal deformation must be taken into account to
reduce the error of thermal deformation and improve the working
accuracy of a machine tool.

Theresearch presented here ultimately aims at the development
of a comprehensive model that can predict the temperature rises
of heat sources and thermal characteristics in a ball screw CNC feed
system under different operating conditions (feed speed, load and
preload of the ball screw). The thermal contact resistance between
the balls and the inner and outer rings of supporting bearing is cal-
culated in Section 2. The experimental setup is described in Section
3. Based on an orthogonal experimental design, the relationship
between temperature rise of bearings and operating conditions is
established based on a WNN-NARMAL2 neural network in Section
4. Furthermore, with the temperature of the ball screw nut as a
moving heat source load, the temperature and thermal deforma-
tion distributions of the ball screw under bearings and ball screw
nut heat sources were simulated in Section 5.

2. Expressions for thermal contact resistance
2.1. Contact resistance

The contact resistances between the balls and the inner and
outer rings may be treated in the same manner as constriction
resistance since both resistances result from the restriction of the
heat flow due to small contact arrears. In the ellipsoidal coordinate
system the Laplace’s equation is:
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where

f(u) =+/(a? + u)(b? + u)u (2)

And «, b are the semi-major and semi-minor axes of the elliptic
contact area, respectively; while p is the variable along an axis
normal to the contact plane.

The boundary conditions are:

u=0, T=Ty (3)
u—oo, T=0 (4)

With Egs. (1), (3) and (4), the temperature distribution can be
obtained: [6]

(3)
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where Q is all the heat leaving the elliptic contact area. And by the
definition of the thermal contact resistance
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Using the complete elliptic integral of the first kind, Eq. (6) can
be written in the following form as
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Then, the contact thermal resistance between the ball and the
inner or outer ring can be determined by using Eq. (7). For most
bearing, whose ball and both rings are made from the same mate-
rial, we can write the contact thermal resistance per ball as:

1 [w(a/by) W(ao/bo)] (8)

R=
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These expressions permit us to predict the total contact resis-
tance resulting from the contact of an arbitrary number of balls
with both the inner and outer rings by connecting the thermal
resistances in parallel.

2.2. Contact areas in a ball bearing

When two elastic bodies having smooth round surface are press
against each other, the contact area becomes elliptic. Assumed that
the angle between the two planes containing the principal radii
of curvature of the bodies are perpendicular as in the case of balls
contacting the inner or outer ring of a bearing, the following expres-
sions can be derived:
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In which rq, r} are the radius of curvature for inner or outer race
and groove, respectlvely And ry, 1}, are the radii of rolling ball. Con-

sidering the bearing model shown in Fig. 1, for the contact at inner
ring side, the radius of curvature r{ of the inner groove must be
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