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Abstract Many studies indicate that thermal errors induced
by spindle account for about 50-80 % of the total thermal
errors of a machine tool due to the continuous rotation of the
spindle during machining. The drawbacks of the commonly
used axial thermal growth compensation methods for spindles
were studied. In the present work, a robust axial thermal
growth model for the spindle, based on the temperature vari-
ation, is proposed. Considering the exponential trend of the
axial thermal growth of the spindle, the suggested model is
based on an exponential formula. The results show that the
steady value of axial thermal growth is changing with the
spindle rotating speed. Therefore, the real-time steady value
of axial thermal growth was predicted using the velocity and
acceleration of temperature variation in the key point of the
spindle. Additionally, the identification method for the param-
eters in the suggested model was also presented. The environ-
mental temperature variation error (ETVE) and error induced
by spindle rotation (EIBSR) were investigated using a CNC
turning machine. The results recorded on the two turning ma-
chines indicated that high accuracy and strong robustness can
be achieved with the suggested model, even when the rotating
speed of the spindle changes randomly.
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1 Introduction

The thermal error is a factor that significantly affects the ac-
curacy stability of CNC machine tools. Many studies show
that thermal errors account for 40—-70 % of the total errors that
may occur in machine tools [1, 2]. Thermal errors can mainly
be minimized by two methods: error avoidance and error com-
pensation. The error avoidance method strives to eliminate or
reduce the thermal errors during the design or construction
phase of machine tools [3, 4]. The error compensation method
strives to create an opposite error that will eliminate the orig-
inal thermal error. The error compensation method has many
advantages, such as lower cost and a wide field of applications.
The total thermal errors in a machine tool include the
spindle thermal error and the feed driving axes thermal
errors [5]. The temperature fluctuation of the bearings,
motors, and environment can cause spindle thermal er-
rors, which are significant and cannot be ignored [6, 7].
Numerous experiments on turning machines and vertical
machining centers indicate that spindle thermal errors
account for approximately 50—80 % of the total thermal
errors that can occur in a machine tool. As the spindle
is always rotating during the machining process, but the
movement range of the feed driving axis is narrow and
its action intermittent. Various thermal error compensa-
tion methods have been widely studied, including the
multiple regression method [8—11], neural network
method [12-14], mechanism analysis method [15, 16],
thermal mode method [17, 18], time series method [19,
20], and the support vector machine method [21-24].
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Lei et al. [8] established a thermal error model based on the
multi-variation autoregressive model for motorized spindles.
The order and coefficient of the model are determined
by using the Akaike information criterion and the least
squares method, respectively. The results indicated that
this model has improved accuracy than the temperature-
based multiple linear regression models. Yang et al. [13]
introduced an integrated recurrent neural network
(IRNN) for spindle thermal errors. Xiang et al. [15]
analyzed the spindle temperature field and thermal de-
formation and modified the preliminary theoretical mod-
el on the basis of thermal characteristics. The results
showed that the new method is precise in predicting
the spindle temperature field and thermal deformation
during, both, the heating and cooling processes. Zhu
[18] analyzed the thermal mode to determine the tem-
perature key points and established a spindle thermal
error model. Shu et al. [19] proposed the time series
method for modeling micro-grinder thermal errors.
Real-time excess temperature variables were used for
the time series model, and the validity of the real-time
excess temperature variables in the application of ther-
mal error modeling, on the micro grinder, was proved.
Lin et al. [21] established a thermal error model based
on an adaptive, best-fitting, weighted least squares sup-
port vector machine. The parameters of weighted least
squares support vector machine were optimized using a
method called adaptive best-fitting parameter search al-
gorithm. The samples were trained, and the weighted
coefficients were calculated according to the error
variables.

Although the aforementioned error modeling methods can
be applied for error compensation, there are some drawbacks in
these methods. These drawbacks include the following: (1)
some methods only function under specific conditions, (2)
more than one temperature sensors are required to achieve a
high accuracy, which is relatively costly, and (3) these methods
suffer from poor robustness. When the spindle rotating speed,
during actual machining, is different from the thermal investi-
gation, the predicted result becomes always poor, particularly
for the multiple regression method. Continuing with the draw-
backs, (4) long time is needed for thermal investigation, for
instance, test data under various speeds is necessary in the time
series method, in order to establish a good model, and (5) an
artificial neural network can only be efficient when complete
input and output information is used; mistakes may occur if
inaccurate input and output information is used. Although the
robustness of the mechanism analysis method is strong, the
prediction for the temperature of the spindle, based on the
heat-transfer mechanism, is hard to achieve.

It is clear that none of the aforementioned models is flaw-
less; thus, an axial thermal growth model based on the tem-
perature variation is proposed in the present study.
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2 Spindle axial thermal growth model based
on temperature variation

2.1 Modeling principle and derivation

Assuming that the wavy nature of the spindle axial thermal
growth is exponential, the axial thermal growth error, E, in-
creases exponentially before reaching the steady state thermal
error E,, when the spindle rotates at the speed of n from the
initial steady state condition (Fig. 1) [25].

During the transient process, the thermal growth, £, can be
calculated according to Eq. (1).

E(i) = E(1) + (Ey—E(-1)) x (1-77) m

where, E(7) is the thermal growth at the time of i, E(i—1) is the
thermal growth at the time of i — 11, At is the sampling period for
thermal errors, 7 is the mean time constant of the exponential
curve.

The rotation speed is changeable in the actual machining
process, which leads to the change of £, [25]. When the
thermal growth does not continue following the previous ex-
ponential curve, due to the change in rotation speed, the tem-
perature in the key point of the spindle will change corre-
spondingly. Therefore, a temperature sensor should be set in
the key point of the spindle. The change in rotation speed can
be monitored using the changes in velocity and acceleration of
the temperature. Furthermore, real-time steady value of the
spindle thermal growth (E,) can be predicted using Eq. (2).

((T(i)—T(H ))—(T(f—l)—r(i—z))

Ey(i) = a x (T(i-1)-T(i-2)) + B x v

(2)

where, E (i) is the steady value of thermal growth at time i,
1(i) is the temperature in the key point of spindle at time 7, «,
and [ are the response characteristic coefficients to be
identified.

Figure 2 presents the spindle axial thermal growth model
for different rotation speeds.

A
CR
= E(i-1 /ﬁ/
£ 0.632E,,
)
E
g
Q
= n
I
E x
0 T g
Time (h)

Fig. 1 Illustrative diagram of spindle axial thermal growth
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Fig. 2 Illustrative diagram of model at different rotation speeds

In Fig. 2, the thermal growth does not reach E (1), when
time is (j— 1), during the rotation of the spindle at 500 rpm.
Thereafter, the rotation speed of the spindle changes to
2000 rpm, when time is j, and E(j) can be predicted according
to Eq. (3).

(TG)-TG-D)A(TG-D)-T(~2)

At

Es(j) = a x (T(j-1)-T(j=2)) + B x
E) = EG-1) + (Ea(j)-EG-1) x (1= /)

(3)

However, the thermal growth does not reach Eg(2), when

time is (k— 1), and the rotation speed of the spindle changes to
0 rpm, when time is k. E(k) can be predicted according to

Eq. (4).

(T(R)-T (k1) (T (k-1)-T(k-2))
At

Eq(k) = o x (T(k=1)-T(k=2)) + 3
E(R) = B(k=1) + ((Ey (0)-E (k1)) x (1-¢270))

(4)

Since high frequency interference exists in the collected
temperature data, the predicted value of thermal growth (E),
calculated by the temperature, will contain high-frequency
interference. Thus, filtering is essential to remove high-
frequency interference in the compensation value. The filter-
ing was performed using Eq. (5).

_Ey a
E  s+b

G(s) (5)

where, E is the compensation value after filtering and s is the
Laplace operator.
Equation (5) can be changed to Eq. (6):

(s+b)xEf=axE (6)
Furthermore, Eq. (6) can be changed to Eq. (7):
Es(i) =—b x Ef(i-1) +a x E(i—1) (7)

According to the analysis of the axial thermal growth mod-
el and based on temperature variation, it can be seen that the
thermal growth can be predicted not only under constant

rotation speed but also when changing the rotation speed.
So, the robustness of the proposed model appears to be strong,
regardless the spindle rotation speed.

2.2 Parameter identification
The parameters, such as «, 3, and 7, need to be identified in

Egs. (1) and (2). The optimized values of ', ', and 7’ can be
obtained from Eq. (8).

min [F(al,ﬁ/ﬂ',)] = Z_ (Ef(m)*Et(m))

B (1) < a ' ub (1) ®
b (2) < B 's u b (2

b 3) < 7 '< u b (3

where, E, is the tested thermal growth.

The identification of o, 3, and 7 parameters in the thermal
growth model is an optimization problem, including multiple
variables and constraints. However, a penalty function needs
to be established in the aforementioned optimization methods
and the constraints can be eliminated in the optimization prob-
lem. However, this method has already been substituted by a
new method based on the K-T equation, which is necessary for
the optimization problem that needs constraints. Since qua-
dratic programming problems needs to be solved in each cal-
culation, this kind of method is termed as sequential quadratic
programming method (SQP). The interior-point method was
adopted as the optimization algorithm. It begins at an initial
interior point in the feasible region and iterates sequentially
the calculation of the minimum value.

The function “fmincon,” which is provided in MATLAB
software, employs the SQP method. So, “fmincon” function is
used for the identification of parameters in thermal growth
model. The call mode of “fmincon” is as follows:

[p, fval, exitflag, output]=fmincon (@optil, xx0,

[J.[1.(1[], Ib, ub, [], options);

Options=optimset (‘Display’, ‘iter-detailed’,
‘Algorithm’, ‘interior-point’, ‘OutputFcn’, @bansuifun,
‘MaxFuneVals’, ...)

where optil is the programming module for optimization and
optimset is used for the set of the optimization options.

3 Experimental procedure

3.1 Experimental setup

The thermal growth of a spindle was tested on a CNC

turning machine. The maximum rotational speed
employed was 3000 rpm. Based on the correlation
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analysis of error and temperature data, the temperature
sensor was placed on the outer surface of the front
bearing. The tested spindle and temperature sensor are
presented in Fig. 3.

The thermal growth of the spindle was tested using
the spindle error analyzer, manufactured by Lion
Precision Corporation. It can test the spindle errors in
three directions simultaneously. The sampling period for
error data was set to 10 s, and the temperature data
were collected using a temperature sensor. The sensor
is developed independently, and the sensor chip is the
TsicS06F (IST Corporation, Switzerland), with an accu-
racy of 0.1 °C (545 °C) and a resolution of 0.034 °C.
Also, the shell material of the sensor is composed of
magnets, which attracts ferrous materials. The experi-
mental setup for measuring spindle axis thermal growth
is presented in Fig. 4.

3.2 ETVE of the spindle

The variation of environmental temperature may lead to
thermal errors of the spindle. In order to analyze the in-
fluence of the environmental temperature on the thermal
growth of the spindle, ETVE was tested using the method
described in [26]. The temperature and thermal growth of
the spindle were tested for 24 h, at a speed of 0 rpm. The
results are presented in Fig. 5.

The correlation coefficient of error was found to be
—0.06, which reveals the irregularity of thermal growth
of the spindle at a normal range temperature. This could
be attributed to the joint interfaces of “inspection bar—
spindle-bed—X axis—tool holder—frock—displacement sen-
sor.” The actual thermal expansion rate of each part is
different, and the ETVE will be unequal to 0. However,
the fluctuation range of ETVE was found to be —2 to
0 wm. Thus, it can be claimed that the influence of
environmental temperature to the thermal growth is in-
significant. However, if the tested ETVE was found to
be higher, the thermal growth, induced by the spindle

Temperature sensor

Fig. 3 Temperature sensor installation on the spindle
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Fig. 4 Experimental setup for measuring spindle axis thermal growth

rotation, would need to be separated from the total ther-
mal growth data.

3.3 EIBSR of the spindle

Regarding the experiment mentioned in Section 3.2, the error
induced by spindle rotation (EIBSR) will be studied in this
section. The temperature and thermal growth were tested at a
rotational speed of 500, 1000, 1500, or 2000 rpm. In each test,
the spindle rotates at a preset rotating speed for 4 h and then
remains stationary for 3 h. The results are presented in Figs. 6
and 7. It can be observed that the rise of temperature in the
front bearing of the spindle is approximately 4—7 °C and the
maximum value of the thermal growth 816 um (Figs. 6 and
7). Also, the temperature and thermal growth increase when
the rotating speed increases.
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Fig. 5 Tested results of ETVE
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4 Verification
4.1 Parameter identification

The parameters in the model will be identified based on the
results in Section 3.3. The following equation (Eq. 9) was
substituted into Eq. (1).

efAt/‘r (9)

where, At is constant when the sampling time is deter-
mined. It can be observed that the time constant, 7, is constant
during the warming up and cooling down phases at all speeds
(Fig. 7). Thus, y can be set as the same value for all speeds, in
order to simplify the parameter identification process. Hence,
Eq. (1) gives Eq. (10).

E() = E(i-1) + 7 x (Ex-E(i-1)) (10)

Consequently, the solution for o, 3, and 7is changed to the
solution for v, G, and .

4.2 Simulation verification

Simulation was carried out using the MATLAB R2014a
software. The suggested temperature-based model (M I)
was compared to the model (M II) in reference [25],
which is based on the rotating speed to illustrate the
advantages of the suggested model. The process for
obtaining the parameters in M II was introduced in ref-
erence [25]. In Fig. 8, M I used the parameters identi-
fied at 1000 rpm. Table 1 clearly presents the residual
errors of these two models for all speeds.

It is evident that the prediction accuracy of M Iwas higher
than that of M II. Moreover, test data of the various speeds is
essential for establishing the M II and long testing times are
needed. Finally, even if the rotating speed of the spindle

7 T

—+— 500 rpm
6L —©— 1000 rpm
—+— 1500 rpm

Temperature variations of the front bearing (°C)

!

1 2 3 4 5 6 7
Time (h)

Fig. 6 Temperature variations for various rotating speeds
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Axial thermal growth (um)
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Fig. 7 Spindle axial thermal growth for various rotating speeds

becomes different from that of the proposed model, the pre-
dicted results are still satisfactory.

4.3 Experiment verification
4.3.1 Communication configuration

In this section, the compensation effects will be verified using
the spindle error analyzer. For this, the temperature data need
to be collected and the compensation values need to be input
to Z-axis of the turning machine in real-time. The external
mechanical coordinate offset (EMCO) was used for writing
the compensation values for FANUC 0i-TD CNC. The illus-
trative diagram of the compensation, based on EMCO, is pre-
sented in Fig. 9.

The communication between the thermal compensator and
FANUC 0i-TD was achieved through Ethernet. The IP ad-
dress of the thermal compensator and FANUC 0i-TD should
be set in the same section. FANUC Open CNC API
Specifications 2 (FOCAS2), which is provided by Fanuc
Inc., was called in MATLAB. The main program segment
for communication configuration is as follows:

loadlibrary (‘Fwlib32.d1l’, ‘fwlib32.h’); %Loading
FOCAS?2 library

sIPAddress = get (handles.cncaddress, ‘String’); %Get IP
of CNC

iPort=str2num (get (handles.com, ‘String’)); %Set port
ITime=5; %Set sampling period

[Conection Ret, IP, CNC Handle]=calllib (‘Fwlib32’,
‘cnc_allclibhndl3’, sIPAddress, iPort, 1Time,
CNC_Handle); %Get the handle of FOCAS?2 library

The writing of compensation values can be performed by

using the function “pmc_wrpmcrng” regarding the communi-
cation configuration.
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Fig. 8 Simulation results

Simulation for 500, 1000, 1500 and 2000 rpm (um)

3 4
Time (h)

4.3.2 Experimental results

Experimental verification was carried out based on the
data obtained at 1000 rpm. The rotating speed of the
spindle may change in the actual machining process.
For further verification of the proposed model, the ex-
periments were carried out using various rotating

Table 1  The residual errors of the two models

Rotating speed (rpm) Range of residuals Range of residuals of
of model I (um) model II (um)

500 —2.76-0.77 -1.52-1.62

1000 -123-1.34 -1.26-5.05

1500 0-1.92 -1.23-3.39

2000 -1.86-2.78 —5.59-4.80

@ Springer

Tested value

Residual of M I —+— Residual of M I ‘

speeds. The stepped spindle speed is presented in
Fig. 10.

Since the contrast with and without compensation
cannot be obtained using a single test, two tests were
needed. As a result, one test was performed by using
compensation and another without. The results with and
without compensation are presented in Fig. 11.

External mechanical Thermal Temperature
coordinate offset compensator sensor
+
Commands | + Position Servo Servo
. L. . > —» Load
of Z-axis deviation driver motor

Signal of encoder

Fig. 9 Illustrative diagram of the compensation
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Fig. 10 Stepped spindle speed

It can be observed from Fig. 11 that the thermal
growth error without compensation was fluctuating with
the rotating speed of the spindle. The thermal growth
error reached a maximum value of 13.7 pm at
2000 rpm. On the contrary, the range of residual error
was between —2.2 and +1.5 um, which was reduced to
16.1 % of the thermal growth error without compensa-
tion. It is clear that the predicted accuracy and robust-
ness of the proposed model are good, even if the rotat-
ing speed of spindle changes randomly.

4.3.3 Further verification
The thermal growth of a spindle was tested on another kind of
CNC turning machine at 500 rpm for further verification,

using the same spindle error analyzer and temperature sensor
as in Section 3.1. In these tests, the spindle was rotating at

20

—o— without compensation

—*— with compensation

Comparison of thermal growth (um)

-5 1 1 1
Time (h)

Fig. 11 Thermal growth errors with or without compensation

i
W

Axial thermal growth (um)

(=]
!
(=)

Temperature variation of the front bearing (°C)

0 1 2 3 4 5 6 7
Time (h)

Fig. 12 Testing results at 500 rpm

500 rpm for 4 h and then remains stationary for 3 h. The tested
results are presented in Fig. 12.

The parameters in the model were identified based on the
data collected at 500 rpm of Fig. 12. Experimental verification
was also carried out using various rotating speeds. The results
with and without compensation are presented in Fig. 13.

It can be observed from Fig. 13 that the thermal growth
error without compensation was fluctuating in the range of
—0.96 to +10.91. On the contrary, the thermal growth error
with compensation was fluctuating in the range of 0 to
+2.65, even if the rotating speed of spindle was changing
randomly.

5 Conclusions
A new axial thermal growth model for spindles, based on

temperature variation, was proposed, and the principle of the
model and the identification process of the parameters were

20 . . : T 3000
—O— Without compensation
—*— With compensation
2000 §
£
=] 9
2 3
o
&) £
s
1000 2
-10 ' ! ' 0
0 0.5 1 1.5 2 2.5 3 3.5 4

Time (h)

Fig. 13 Thermal growth errors with or without compensation
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presented. The results collected by two turning machines
show that the predicted accuracy and robustness of the pro-
posed model were good, even when the rotating speed of the
spindle was changing randomly. The proposed model is cost-
effective, as it only needs one temperature sensor to function.
Moreover, the tests for modeling may approximately last for
5-7 h, which makes it suitable for engineering applications.
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