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Abstract In order to investigate the thermal behavior of a
dual ball screw feed drive system of a precision boring ma-
chine tool, experimental study on and theoretical modeling of
thermally induced error along with heat generation character-
istics are conducted in this paper. Experiments are carried out
on the machine tool to measure and collect the thermodynam-
ic information with its feed drive system operating under dif-
ferent working conditions. Based on the real-time data of the
thermal expansion of ball screw in the axial direction, rela-
tionships between the thermal error and axial elongation are
established to predict the thermal error distribution. The re-
sults show that the thermal error varies with different working
position through the ball screw length linearly and with work-
ing time nonlinearly. In addition, another simplified way to
model thermal error is presented to overcome the difficulties
existing in the ball screw feed drive system of which the axial
elongation is hard to collect. Fuzzy clustering and linear re-
gression methods are employed to carry out the theoretical
modeling of thermal error and optimization to sift out the
critical heat sources. With the temperature data of these critical
heat generation points, the thermally induced error of the ball
screw feed drive system can be predicted easily alternatively.
Experiments under a different condition are preformed to ver-
ify both prediction and modeling methods. It turns out that the
proposed prediction methods are effective and practical to be
used in the machining process as well.
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1 Introduction

Heat generation in machine tools has a considerable influence
on both mechanical structure deformation, and thermally in-
duced error consequently reduces the geometrical and ma-
chining accuracy. It is proven in the previous research that
thermal errors account for up to 75 % of the total errors of
machined work pieces when it comes to precision machining
[1]. Therefore, special attentions are paid on his topic in the
recent research activities.

Many factors contribute to the thermal error of a ma-
chine tool, such as thermal deformation of spindle speci-
fied in many studies [2]. The thermal error that arises in
ball screw system to be discussed in this paper plays a great
important role. In the past decades, great efforts have been
taken to minimize the thermal effects on the machining
accuracy especially for precision CNC machine tools, in-
cluding error measurement, modeling, prediction, and heat
generation reduction. In addition, to separate the total er-
rors of machine tool, methods for uncertainty budget cal-
culation and the classification of errors in machine tools
were properly proposed [3, 4].

In order to investigate the thermal effect, theoretical
modeling, predicting, and optimization analysis based on
numerical simulation are frequently performed [5-7]. Kim
et al. estimated the two-dimensional temperature distribu-
tions of a ball screw system at various moving speeds by
finite element method [8]. Ming et al. developed an inte-
grated thermal model using the finite element method to
analyze the temperature distribution of a ball screw feed
drive system, considering the thermal contact resistance
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between the bearing and its housing [9]. Ahn et al. formu-
lated the heat transfer problems of the ball screw system
and designed an observer to estimate the whole tempera-
ture field [10]. Otakar carried out a closed loop finite ele-
ment analysis and developed numerical models to confirm
the influence of bearing preload on thermal stability of the
ball screw drive system [11]. Temperature rise of the ball
screw system directly leads to deformation of the metallic
components, and thermal expansion caused by heat gener-
ation adversely reduces the machining accuracy. Wu et al.
analyzed the relationship between temperature increase
and thermal deformation of a ball screw feed drive system
and estimated the strength of the heat source with the mea-
sured temperature profile by inverse analysis [12]. Huang
selected front bearing and nut and back bearing as inde-
pendent variables and used multiple regression method to
analyze the thermal deformation of a ball screw feed drive
system [13] and failed to consider the ambient temperature.
Yun et al. used finite element method to estimate the ther-
mal behavior of the ball screw and guide way with exper-
imental verification [14].

Error compensation is the final objective of thermal-related
research, and various compensation methods are proposed by
researchers. Wu et al. developed a new technique to reduce the
error by detecting the thermal expansion and sending a feed-
back to the microprocessor after calculation with the mathe-
matical models built in advance [15]. Wang et al. presented a
new approach for real-time compensation of geometric and
thermal errors based on Newton interpolation method [16].
Hsiceh et al. proposed a control scheme for a mechanically
coupled dual ball screw system to decrease the positioning
error that appears under the actual working conditions [17].

On the other hand, researchers have been taking great ef-
forts on balancing the heat generated in the feed drive systems.
Mayr et al. proposed different cooling concepts for ball screw
systems and made comparisons by simulation study [18]. Xu
et al. designed an air cooling ball screw system to avoid ther-
mal errors. In this way, the feed drive system can achieve
thermal equilibrium faster and reduce the peak temperature
rise effectively [19, 20]. Yang et al. applied the computational
approach to estimate the influence of different cooling condi-
tions on thermal deformation and indicated that the position-
ing accuracy can be improved through some effective cooling
measures [21]. Liu et al. developed a cooling device and em-
bedded it in the ball screw drive system to cool the high-speed
units [22].

It can be seen that numerical computation-based simulation
accompanied by measurement is a very effective way to ad-
dress the thermal issues concerned in feed drive systems.
However, it is difficult to build an accurate mathematical mod-
el considering the uncertainties in heat transfer. Cooling is of
great significance to counterbalance the heat generated by
components, but it is complicated to some extent and costly
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to incorporate an additional cooling system. Therefore, error
prediction helps definitely to perform compensation and im-
prove the positing accuracy of feed drive systems.

In this paper, simple but practical modeling methods for
thermal errors are proposed with approximation of error var-
iation with time and position as well as optimization of heat
source. They are easy to implement and turn out to have a
relatively predicting accuracy, really suitable for applications
as online monitoring and compensation. Different from the
previous research, we take a complete precision boring ma-
chine tool in the workshop into account, providing a more
convicting working condition with real operation. This paper
firstly measures and models the thermal characteristics. Then,
the simplified thermal error predicting models of the ball
screw feed drive system are presented based on mathematical
and experimental analysis, in the presence of real-time detect-
ing certain critical variables. Finally, models and the
predicting method are verified by experiments under different
working conditions.

2 Experimental setup

Figure 1 shows a box-in-box structurized precision boring
machine tool located in a constant-temperature workshop. It
has three moving axes with dual ball screw drive on each axis.
The maximum feed speed along each axis of the machine tool
is 40 m/min, and the corresponding stroke of the worktable is
1200 mm. The worktable reciprocates in the section with a
length of 1100 mm. Heat of the ball screw system is mainly
generated by friction between moving nut and ball screw, as
well as the rotating bearings at both ends. To investigate the
thermal characteristics of the ball screw system in the x-axis,
both temperature rise and thermal expansion are measured in
this study. Besides, screw shafts to be tested are preloaded by
an amount of 47 um.

To obtain the thermal behavior of the ball screw sys-
tem, nine heating points are measured corresponding to
one ball screw system, as shown in Fig. 2. For each ball
screw, three thermocouples are located on the surface of
electric motor and front and rear bearing supports, respec-
tively. One thermocouple is fixed on the surface of each
moving nut. The last one is used to measure the room
temperature. Besides, temperature of the ball screw sur-
face is measured by infrared imaging because the thermo-
couples cannot be attached on the ball screw surface in
contact with the moving nut.

Thermal errors are measured in two ways. An eddy current
displacement sensor is mounted against the rear side of the
ball screw in the direction perpendicular to the side surface as
shown in Fig. 3, also shown as S1 in Fig. 2. It is assumed that
the ball screw is fixed at one end; this probe can record the
overall thermal expansion of the ball screw continuously
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Fig. 1 CNC precision boring machine tool

during rotation. Meanwhile, a laser interferometer is used to
measure the thermal error distribution at some specified time.
When the ball screw is operating, the system keeps generating
heat. After a certain time interval, the feed drive system stops
to carry out measurement. The table moved step by step (the
increment of each step is 100 mm) and the positioning errors
are obtained at each step. Having finished data acquisition, the
feed drive system starts to run again and goes on generating
heat for measurement in the next cycle. There is a grating ruler
located in parallel with screw shaft to detect the worktable
position and assist to implement the closed loop motion
control.

In this study, different feed rates (6, 12, 18 m/min)
along the x-axis are considered. The worktable recipro-
cates along the x-axis with a stroke of 1000 mm. The
thermal errors are measured every 40 min until the tem-
perature reaches a steady state. Based on the mathematical
analysis of the experimental results, we proposed a re-
duced error predicting method, and verifications under
different conditions are performed.

Fig. 2 Temperature points measured in the experiment

3 Thermal effect measurement and analysis

In order to analyze the thermal behavior of the precision
boring machine tool, experiments are carried out with the
machine tool running at two different feed speeds of 6 and
12 m/min. Results are compared as shown in Fig. 4. It can
be seen that the temperature curves keep waving through
except for ambient temperature, since the measurement of
positioning error is performed at a lower speed of 2 m/
min. Because the synchronization of ball screws is con-
trolled in the master/salve way, the motor, bearing, and
nut affiliated to the upper ball screw generate more heat
than the lower one. Of all heat-generating components,
the electric motor gives the largest temperature rise, and
the nut comes second. During the experiment, the thermal
equilibrium can be reached after running for over
500 min. After that, the temperature at every heat-
generating point remains approximately constant. Higher
feed speed contributes to a higher steady-state tempera-
ture. For instance, the upper motor temperature finally
rises to about 30.5 °C at the speed of 6 m/min, but
38.1 °C at the speed of 12 m/min. Owing to the air con-
ditioning devices enormously distributed on the lab wall
as shown in Fig. 1, the ambient temperature maintains
within 20+0.2 °C, minimizing its influence on heat gen-
eration and transfer process.

Generally, the effect of temperature change on a piece
of metallic material is a small change in size and hence
strain. As for the slender ball screw, study is usually fo-
cused on the thermal expansion in axial direction. As
shown in Fig. 5, the axial length change is measured by
sensor S1 located in Fig. 2. Because the thermal expan-
sion is proportional to its temperature change approxi-
mately, the measurement results go up and down corre-
sponding to temperature rise and fall. However, it appears
that changes in ball screw length lag behind the pace at
which temperature changes.

Temperature change of ball screw is the key factor leading
to the thermal deformation. It is difficult to measure the sur-
face temperature of the ball screw, so an infrared thermal cam-
era is used to record the thermal image all the way. We select
three typical points in axial direction with the coordinates of
150, 650, and 1050 mm. Figure 6 shows the surface temper-
ature at these points that varies with position and time. Before
heated, temperature difference between front and rear ends
hardly exists. With continuous feeding, the temperature at
one end becomes higher than the other. The temperature dis-
tributes linearly along the axis after achieving the steady state.
From Fig. 6b, it can be seen that it takes less time for ball
screw itself to reach thermal equilibrium compared with the
other parts.

Thermal effect of ball screw feed drive system reflects
from the thermally induced positioning error ultimately, as
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Fig.3 Schematic of thermal error
measurement in side view. No

Rear bearing
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Worktable Ball screw
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Eddy current
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shown in Fig. 7. Measured using a laser interferometer,
the error increases with time in response to temperature
change presented above. It proves that higher temperature
rise results in larger thermal deformation thereby more
positioning error. When the ball screw reaches thermal
equilibrium, positioning errors at all measuring points al-
so stop changing.

In addition, we can give the positioning error of the ball
screw at a certain time, as shown in Fig. 8. It is quite similar to
the temperature distribution along ball screw shaft increasing
with the coordinate of measuring point. However, positioning
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Fig. 4 Temperature rise at different measuring points. a Feed speed is
6 m/min and b feed speed is 12 m/min
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error does not change much with the measuring point position
at the starting time, because every point on the ball screw
surface has the same temperature about equal to room
temperature.

4 Modeling and prediction of thermal error

In order to reduce the thermally induced error, error com-
pensation should be conducted while the machine tool is
working. In fact, it is impractical to measure the position-
ing error when a cutting tool is machining a work piece at
high rotating speed. So, it is the best choice to build an
error prediction model to predict the time-dependent po-
sitioning error and compensate it through programing in
computerized numerical controller.

4.1 Thermal expansion-based error prediction

(a) Temperature distribution of ball screw

Thermally induced positioning error and axial ex-
pansion of screw shaft occur in feed drive system
simultaneously. Temperature rise directly causes
elongation of the ball screw, consequently exerts an
influence on positioning accuracy. Hence, in order to
estimate the thermally induced positioning error ef-
fectively, temperature distribution of the ball screw
should be investigated first.

——12m/min

macrens 6m/min

20 4

Expansion(um )

0 100 200 300 100 500 600
Time(min)

Fig. 5 Thermal expansion of ball screw at different speeds
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Fig. 6 Temperature at different points of ball screw surface. a
Temperature vs position and b temperature vs time

In order to obtain the analytical solution of tem-
perature distribution of ball screw, a one-dimensional
model is dealt with equivalently to address the issue.
Heat transfer equation is formulized as

OT(x,t)  pcdT(x,1)

4h
AT 1
o2 N o (1)

Ady

where x is the coordinate on the ball screw axis, \ is
the thermal conductivity, p is the density, ¢ is the heat
capacity, 4 is the convective heat transfer coefficient,
dy is the nominal diameter, and AT is the temperature
change. When achieving equilibrium state, the items
on the right of the above equality are assumed to be
zero. Since thermal equilibrium state is the main con-
cern of this research, it can be deduced that temper-
ature change is approximately linear with the x posi-
tion on the ball screw in accordance with the results
in Fig. 6a.
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Fig. 7 Thermally induced positioning error at different points. a Feed
speed is 12 m/min and b feed speed is 6 m/min

As for the temperature of a certain point on ball
screw at any time, it can be expressed as

T()Co7 t) =krxo + br (2)

where x, denotes the position of a certain point and
kr and by are coefficients can be easily obtained by
linear interpolation.

On the other hand, the temperature change of a
certain point at any time can be measured in the
experiment, as shown in Fig. 9. Choosing three mea-
suring points and fitting the data with exponential
function, it yields a satisfactory result with the good-
ness of fitting R* larger than 0.98. So, we also have

T(xo,t) = To+cre™ (3)

where T, is the reference temperature, cr is the coef-
ficient, and 7 is a time constant. Combining the
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above equations, the temperature expression can be
changed into

- kTX+bT

T(x,t) = ——
) =T,

(To+cre™) (4)
In order to get the result of Eq. 4, we must select a
point as a reference position. Another parameter to be
determined is Ty; it can be taken as the initial tem-
perature of the ball screw with a small error tolerance
according to experimental verification.
Thermal expansion
If there is a bar element and its temperature distribu-
tion is described as Eq. 4, then the total thermal expan-
sion of the bar is

L L
AL = J AT (x,t)dx = f a(T(x,t)~-To)dx (5)
0 0

where AL is the thermal expansion, L is the original
length of the bar, AT is the temperature rise, and « is
the thermal expansion coefficient. It is indicated in
Fig. 10 that the thermal expansion in length is propor-
tional to the enclosed area under the temperature distri-
bution curve.

In the experiment, the thermal expansion of ball screw
can be measured online with an eddy current displace-
ment sensor. The measured data reflects the thermal ex-
pansion accumulation at the free end because the ball
screw is usually simply supported. For a solid ball screw
without cooling fluid inside, it is easy to perform in situ
measurement.

Relationship between thermal error and expansion

Unlike the thermal expansion of the ball screw which
can be obtained regardless of whether it operates or not,
thermally induced error measuring and normal ball screw
feeding have to clash. So, it is necessary to predict the
thermal error of the ball screw real timely with the help of
thermal expansion online measurement, and the relation-
ship between them needs to be investigated.

According to experimental results, the thermally
induced positioning error of the ball screw varies

ArT

o

< L

™~ vk

\ 4

Fig. 10 Thermal expansion of a bar
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with different worktable position. It is quite similar to
the temperature distribution along the ball screw be-
cause the error is caused by a temperature rise in
essence. Take the experimental results obtained at
the speed of 12 m/min into consideration, data also
can be fitted with linear interpolation, as shown in
Fig. 1la. We choose the results at three different
times including start time, and they are all in agree-
ment with the fitting line. So, the thermal error of the
ball screw system at some time can be written as

E(x,t0) = kgx + b (6)

where ky and by are coefficients can be obtained by
linear interpolation.

In response to the temperature change, the thermal
error of the ball screw system varies with time
nonlinearly. Fitted with a polynomial of degree 3,
we can find the approximate expressions to reveal

the relationship between thermal error and time at a
given position, as shown in Fig. 11b. This nonlinear
relationship can be written as

E(X(),l‘) = AEt3 —‘rBElz + Cgt + Dg (7)

where Ay, Br, Cr, and Dy are coefficients to be de-
termined.

In consideration of time-variant temperature, the ther-
mal error can be estimated by the following equation:

E(.Xa7 la) = (kExa + bE) (AEla3 + BElaz + Cgt, +DE) (8)

where x, and 7, are any position and any time corre-
sponding to the temperature set. It should be noticed that
all coefficients in the above equality is not constant. For
instance, kz and by are varying with time while the rest
with position. Likewise, we derive this equation on the
basis of linear distribution of thermal error along ball
screw shaft. Therefore, the reference point should be
properly chosen for predicting calculation.
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Time(min) cooling systems are sometimes installed on the machine tool
to pursue a strict regulation of temperature rise. In those cases,
cooling pipes are fixed on the end surface of the ball screw. As

shown in Fig. 12, it is very difficult to measure the axial

(b) Error vs time

Fig. 11 Data fitting results of thermal error at 12 m/min. a Error vs
position and b error vs time
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Fig. 12 A ball screw drive with circulation oil cooling

expansion of the ball screw in the same way as illustrated in
the above section. Under this circumstance, we need to ex-
plore an alternative by establishing the relationship between
the temperatures of the selected critical points and the thermal
error of the ball screw.

(@)

Temperature measurement optimization

Although we can place as many thermocouples as
possible at different locations of the machine tool to ob-
tain lots of temperature data, error modeling with enor-
mous temperatures acting as the variables of the thermal
error function is too complicated to put into application.
It is preferred that we should extract the temperature data
contributing to the thermal error most. According to sta-
tistics and the related knowledge of data analysis, fuzzy
clustering is a very effective way to divide data elements
into classes or clusters so that items in the same class are
as similar as possible, and items in different classes are as
dissimilar as possible [23]. It has found many applica-
tions in variety of fields, showing good characteristics in
data classification as clustering the temperature data for
thermal issues. Generally, clustering of given sample data
follows the steps sketched in Fig. 13.

The sample data obtained in the experiment are com-
posed of a temperature matrix 7;;, 7=1...9, corresponding
to the nine temperature sensors deployed on the ball
screw system; j=1...N is the number of the data collected
from one sensor. Detailed clustering procedures and rules
are not concerned as it can be conducted with running the
functions in MATLAB. However, we should choose
proper algorithm for each data processing step [24].

After dividing the sample data into classes, we gather
the variables with a similar attribute together. Now, we
have to select the critical variables from each group and
decide the temperature to which the thermal error is

Fig. 13 Flow chart of fuzzy

clustering method

sensitive most. So, a correlation coefficient pr is de-
fined as follows to determine the temperature that has
closest relations with the thermal error.

2”: (T i./'_Ti) (E./_E/)

i=1
PrE = 2 (10)

n n

(rT) |32 (57B)

J=1 J=1

where Tj; is the component of T3,
T; is the mean value of the temperature, and £; is the
mean value of the thermal error.

Referring to the correlation coefficients of different
temperature combinations, the critical temperature vari-
ables can be determined. Because the feed drive is a dual
ball screw system, we actually take the lower one into
account for simplicity. The temperature variable whose
coefficient is higher in each cluster is selected as a critical
variable. Finally, we choose 73, Tg, and Ty as the critical
temperature variables. It is noticed that the temperature of
nut and servo motor is not selected. This can be ex-
plained by the heat transfer process illustrated in
Fig. 14. It describes the general heat exchange between
the ball screw, heat sources, and surroundings. Thermal
radiation is not considered in this process because the
component temperature cannot reach that high level usu-
ally. The heat transfer of ball screw system mainly con-
sists of heat conduction from nut Qy, from bearings QOs,
and electric motor Oy, as well as heat loss Qg to the
surrounding air by natural convection. It is shown in
the results that Oy will counterbalance Og approximately
and Qy also can be neglected by incorporating its con-
tribution into an equivalent Og. Consequently, heat trans-
fer for ball screw will be changed into a one-dimensional
issue. The heat generated at double ends of the ball screw
conducts in the axial direction and contributions add up
at the corresponding position. The results coincide with
the results presented in the previous sections.

With those optimized temperature variables, the ther-
mally induced error can be modeled and predicted easily.
Generally, we can express the problem as solving the
following matrix equation

E; is the thermal error,

T,,'R=E, (11)

where E=[E]...E, 'w]” is the thermal error matrix made up
of measured data and R is the matrix with the same

bad

Distance

pample —DIStandardizationl—>|CIassification|—-> ; —>|Evaluation|-go—0d>| 0utput|
data computation
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Fig. 14 Schematic of heat
transfer of ball screw drive system

(b)
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dimensions as E; and required to be determined. It is no-
ticed that R should include at least one nonzero element.
Thermal error modeling

Now that there exist critical temperature points having
the closest relations with thermally induced error, models
to describe this relations mathematically should be cre-
ated. In light of multiple temperature variables, multiple
linear regression method widely employed in statistical
analysis of situations that cannot be explained by a de-
terministic model explicitly will be a best solution. Also,
it has already been applied in analyzing the thermal error
of machine tools by other researchers previously [25].
Modeling is based on the assumption that the dependent
and independent variables are linearly associated with
each other; hence, the relationship can be written as [26]

y=by+bix;+byxy+ - +bux,+e (12)
where y is the dependent variable of thermal error, x; (i=
1...m) are independent variables of temperature, by...b,,
are coefficients to be determined, and ¢ is a residual.
Here, m is the number of critical temperature, and m=
3. With measured temperature data, we can compute the
unknown parameters in the model through least squares
estimation method. This work can be done in MATLAB
with regress functions.

Figures 15 and 16 show the predicted results with
multiple linear regression models at the speed of 6 and
12 m/min, respectively. Comparisons between measured
and predicted data are presented. We consider the ther-
mal error changes with time at two different coordinates
of 50 and 1150 mm in the x-axis. The regression equa-
tions are obtained as follows

6 m/min, at 50 mm :
¥ =56.092 + 0.267x1—6.594x, + 3.198x3
6 m/min, at 1150 mm :
y = 61.832-0.786x,-3.981x> + 1.581x3
12 m/min, at 50 mm :
y =—139.215 + 0.138x; + 8.866x,—1.762x3

12 m/min, at 1150 mm :

y = —41.021-0.841x,~1.698x, + 4.654x;

From Figs. 15a and 16a, we can see that the regression
models can predict the thermal error with a relatively

high goodness of fitting throughout the entire heat-
generating process, except for some data in the first hour.
Comparing the results under two different speeds, it can
be seen that the measured and predicted data get closer
with time and higher predicting accuracy can be reached
when the worktable is moving to the far end of the ball
screw. Moreover, it seems as if the prediction models
have less stability to predict the errors of small displace-
ment points..

measured@50mm
predicted@50mm
measured@1150mm
predicted@1150mm

4 > e n

Error(um)
«
ue

«p

T T T 1
300 400 500 600

Time(min)

] T I
0 100 200
(a) Error prediction results

1.0+

0.8 4

0.6

—m— residual@50mm
—e— residual@1150mm

0.4 4

Residual error(um)

T T
300 400

Time(min)

T
200

(b) Residual error

Fig. 15 Thermal error prediction result of 6 m/min feed speed. a Error
prediction results and b residual error
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In order to explain the predicted results more clearly,
residual errors produced in modeling and predicting pro-
cesses are also plotted as shown in Figs. 15b and 16b.
Residuals in prediction with 6 m/min feed speed is much
smaller than those with 12 m/min, having a maximum
approximately limited within £0.5 um. This also has
relations with the fact that lower speed working condi-
tions generate less heat thereby smaller thermally in-
duced errors than high-speed case. After all, a great ma-
jority of data turn out to be falling into the expected
residual section.

It is assumed that the thermal error distributes linearly
in the axial direction at a certain time. So, the coefficients
in Eq. 12 should not be constant but incorporating a
linear polynomial with the variable x. For example,
b, =kx+by,,, where k,, and b,,, are position variants.
Their values can be calculated by means of least squares
estimate on the basis of the regression equations of dif-
ferent positions.

5 Experimental validations

In order to verify the proposed thermal error predicting
methods, experiments are carried out on the precision machine
tool presented in Section 2. The error prediction procedure is
sketched in Fig. 17, including data acquisition, model estab-
lishment, and verification. For each working condition to be
considered, a great number of data from experimental mea-
surement are required for modeling and predicting, so a suite
of software and hardware should be developed at the ready for
measurement. Error modeling of different conditions is done
in the same way as before. It is really difficult to collect and
process so much data because more than 10 h may be taken to
get a group of desired data. Moreover, two points should be
noted as follows.

1. Reference points have to be raised when modeling the
relationship between thermal error and position on the ball
screw. With the reference point, linear distribution of ther-
mally induced error along screw shaft can be expressed
mathematically no matter duration and speed varies.

2. According to Eq. 5, thermal expansion in length is a
quadratic function for the independent variable x. This
is deduced on assumption that heat transfer through
ball screw is taken as a one-dimensional heat conduc-
tion problem in the axial direction approximately. As
determined by linear fitting results, the thermal error
calculation model expressed in Eq. 8 is a linear func-
tion of displacement x. So, the relationship between
E(x) and AL is built with a linear polynomial in x
demonstrating that elongation effect is accumulated
linearly in the axial direction.

@ Springer
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Fig. 16 Thermal error prediction result of 12 m/min feed speed. a Error
prediction results and b residual error

Before investigating into the thermally induced error dis-
tribution and variation, we measure the axial elongation of the
dual ball screw system under continuous heating conditions as
shown in Fig. 18. In contrast with the previous results, the
temperature in this measurement keeps rising all the time until
achieving steady state. So, it takes a relatively shorter period
of time. The results also indicate that synchronization is a very
important issue in such dual drive system. Two ball screws
make a difference of more than 10 um in thermal expansion,

x,tl

Time [AL |Ti |Ei |... ot
—_— I —_—
u Mode! > Residual
tz verification
— |/ (tx, AL)|—>

Reference points

Fig. 17 Schematic diagram of thermal error prediction procedure
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Fig. 18 Thermal expansion of ball screws by continuous running. Dots

represent the measured data while /ines are trend lines drawn according to
the calculation results based on Eq. 5

exerting an influence on motion synchronization. In practice,
this difference is also coordinated by the moving mechanical
parts and behaves as an equivalent error eventually. In Fig. 18,
dots represent the measured data while lines are trend lines
drawn according to the calculation results based on Eq. 5.

Fig. 19 Thermal prediction
results by method 1. a Thermal
error (measured data marked with
dots) and b residual distribution

Thermal error (um)

Thermal error (um)

Experimental verifications are conducted with the feed
drive system operating at the speed of 18 m/min. Figure 19
shows the results obtained by method I of thermal expansion-
based prediction. In order to use the statistic modeling results
under two working conditions of 6 and 12 m/min, a weight is
introduced into the mathematical expressions. Coefficients in
Eq. 8 are weighted and accumulated, respectively, correspond-
ing to two kinds of speed given beforehand. In addition, this
work is also completed partly in the presence of the theoretical
models of the working condition to be predicted. Firstly, ex-
pressions as Egs. 6, 7, and 8§ for each working condition are
obtained. Then, coefficients ahead of the corresponding items
are picked out to establish the weighted relations. Finally,
modifications of coefficients in the predicted models are made
on the basis of previously fitted results. It can be seen in
Fig. 19a that the predicted results and the measured data
marked with dots are in good agreement with each other.
The residual error shown in Fig. 19b distributes normally with
the highest value falling in the range of £2 pm. Moreover, it
turns out to be even smaller at the positions far away from the
origin.

Figure 20 shows the results obtained by method II of
critical temperature-based perdition. It involves

(b) Residual distribution
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Fig. 20 Thermal prediction
results by method II. a Thermal
error (measured data marked with
dots) and b residual distribution
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establishing the relationships between thermal error and
critical temperatures by multiple linear regression analysis
as well as exploring the thermal error variation with dif-
ferent measuring position by least squares estimation. In
contrast to method I, temperature data are dealt with here.
Coefficients in the regression model are firstly obtained as
a constant and then formulated into a position-dependent
expression, because time is included when considering
temperature change. The curved surface of the thermal
error shown in Fig. 20a is quite similar to that in
Fig. 19a. The residual error shown in Fig. 20b is smaller than
that in Fig. 19a with the maximum about 1.5 pm. The colored
map reveals the relationship between thermal error and time
and position, consecutively, in contrast with the scattered
points obtained by measurement. The different colors in
Fig. 20 are demonstrating the contour map of errors and re-
siduals at the different levels. It is shown in the results that the
predicting accuracy is high enough to replace the measure-
ment and reflect the thermal characteristics of feed drive sys-
tem in terms of induced error. It should be noticed that the
prediction accuracy appears relatively higher in the latter pe-
riod during operation, coinciding with the assumption that
one-dimensional heat transfer in the axial direction remains
after the feed drive system achieves thermal equilibrium.

@ Springer

(b) Residual distribution

6 Conclusions

This paper explores the relationships between the thermal er-
ror of feed drive system and the axial thermal expansion as
well as temperature of ball screw. It works out the method for
thermal error modeling and calculation easy to perform in
actual application with the least number of the most critical
measured variables. Based on the research work, some con-
clusions can be drawn as follows.

(1) Thermal error is a key influential factor of machining
accuracy, varying with feed speed, working time, and
travel distance of feed drive system. As for a dual ball
screw feed drive system, the thermally induced non-
synchronization is inevitable as a result of the different
thermal behavior of ball screws.

(2) Thermal expansion of ball screw in the axial direction
causes thermal drift and has direct relation with ther-
mally induced error. The thermal error change along
the axis is approximately linear while the variation
with working time is nonlinear. By real timely detect-
ing the thermal expansion of the ball screw, we can
model and predict the thermal error distribution in
both time and position domain.
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(3) It proves that there exist critical heating points with
which we can obtain the heat conduction result equiva-
lently. And the thermal issue of the ball screw can be
taken as a one-dimensional heat transfer model when
the feed drive system reaches a thermal equilibrium state.
By collecting the temperature data at the critical points,
thermal error can be made with mathematical modeling

properly.
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