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Abstract At present, the thermal deformation law of the hor-
izontal CNC lathe spindle has not been observed, whereas no
effective model for the radial thermal drift error for the CNC
lathe spindle exists. In order to solve these problems, the ther-
mal deformation of the spindle was investigated on a CNC
lathe, and the temperatures along with the radial thermal drift
errors of various rotation speeds were obtained. Based on the
test result analysis, the radial thermal drift error mechanism
and the complete thermal deformation during the warmup and
cooldown phases were expounded. The “Liu-loop” of the
spindle was drawn, and the corresponding two basic charac-
teristics were described. Ten types of spindle thermal defor-
mations are listed, and the relationship between the radial
thermal drift error and the temperatures of the key points
was established by a physically based modeling method.
The criteria for the spindle thermal determination and the
compensation value expression for the workpieces with vari-
ous lengths were given. Finally, the effectiveness of the pro-
posed model was proved by simulations and experiments.
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1 Introduction

The heat sources in a machine tool, such as the bearing rota-
tion, the motor, the cooling system, and the ambient tempera-
ture, cause thermal deformation in the structure and lead to the
machine thermal error [1]. The thermally induced error is a
time-dependent nonlinear process. The interaction among the
heat source location, the corresponding intensity, the thermal
expansion coefficient, and the machine configuration creates
complex thermal behaviors in the machine tools [2]. A high
number of studies demonstrated that the thermal error ac-
counts for 40-70% of the total errors of a machine tool; sub-
sequently, it constitutes the key affecting factor on the machin-
ing accuracy [3].

Regarding the CNC lathe, it has two characteristics: (1) the
spindle rotates continuously during machining; (2) the stroke
of the servo axis is usually short. These two characteristics
lead in the thermal error of the spindle accounting for a higher
proportion of the total error, compared to the servo axis ther-
mal error. The thermal error of the spindle consists of the axial
thermal growth and the radial thermal drift error [4-6]. Many
scholars have researched the modeling and compensation for
the axial thermal growth of the spindle by directly mapping
the thermal error against the temperature of the critical ma-
chine elements, consequently achieving good results [7-9].
Regarding the radial thermal drift error of the CNC lathe spin-
dle, few studies can be found, due to the corresponding com-
plex formation and thermal deformation. Babu et al. [10] ad-
dressed the issues of the thermal displacements in the head-
stock assembly of a slant bed CNC lathe. Both experimental
and numerical investigations were executed, to gain insights
into the extent of contribution made by the elements of the
headstock assembly on the transient temperature increase and
the resulting thermal deformation characteristics. Mori et al.
[11] investigated an approach to reduce and compensate the
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thermal displacement for high-accuracy NC lathes. Guo et al.
[12] utilized the gray comprehensive correlation analysis
method to identify the temperature-sensitive measurement
points and constructed a thermal error prediction model based
on the re-sampling step particle swam optimization to evaluate
the compensation effect for the spindle system of a CNC lathe.
Yang et al. [13] proposed three models of spindle thermal
errors for the thermal yaw, pitch angles, and elongation and
performed error compensation based on the thermal tilt angles
and cutting tool length. Ma et al. [14] used genetic algorithm
(GA) and particle swarm optimization (PSO) to optimize the
parameters of ANNs with back propagation (BP) algorithm,
and compensated the thermal yaw, pitch angles, and elonga-
tion of the spindle.

It could be observed from the present study that the thermal
deformation law of the CNC lathe spindle was not presented,
and the model of the radial thermal drift error was not
established for the spindle of CNC horizontal lathe. In con-
trast, the radial error of the lathe spindle is quite important,
because we are more concerned about the accuracy of the X
direction of the lathe. Therefore, this study was focused on the
radial thermal drift error research of the horizontal CNC lathe
spindle. Based on the thermal behavior test, the spindle entire
thermal deformation of the horizontal CNC lathe was present-
ed, and the radial thermal drift error model of the spindle was
established and compensated.

2 Spindle thermal behavior investigation
2.1 Horizontal lathe and instrument

In order to investigate the thermal behavior of the spindle in a
horizontal CNC lathe, the spindle thermal deformation was
measured. The lathe acquired the structure of the flat bed
and the 60° slant saddle. The mechanical spindle was mounted
on the bed and driven through the belt, and the maximum
rotation speed was 5000 rpm. The X-axis was mounted on
the slant saddle.

The spindle thermal deformation was measured by a spin-
dle error analyzer (Lion Precision Corporation, USA). The test
bar had two precision balls, and the capacitive displacement
sensors were fixed on the row-type tool holder through the
fixture, aimed at the balls (Fig. 1). The distance between these
two displacement sensors was determined by the fixture at
76.2 mm. The maximum testing speed of the spindle error
analyzer was 60,000 rpm, and the sampling period for error
was set at 10 s. According to the setting of the instrument, the
error value appeared to be negative when the distance between
the test bar and the displacement sensor became higher.
Temperature sensors were utilized to measure the spindle
key point temperatures. The temperature sensor chip was the
Tsic506F of the IST Corporation in Switzerland; the sensors
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Fig. 1 On-site test

were calibrated by Liaoning Institute of Measurement in
China prior to utilization, and the expanded uncertainty was
U = 0.1 °C (0-60 °C). The temperature sensor was produced
from the magnetic material NdFeB, which could easily be
attached to any ferrous material. A high number of sensors
were arranged in various positions prior to the formal test, to
find the sensitive points of the spindle thermal deformation.
Finally, two temperature sensors, 77 and 75, were utilized in
the positions presented in Fig. 2. The 7 was utilized to rep-
resent the left side temperature of the headstock, whereas the
T, was utilized to represent the right side temperature of the
headstock. The sampling period for the temperature measure-
ments was also set at 10 s.

2.2 Test results and analysis

The radial thermal drift errors and temperatures were assessed
at the rotation speeds of 2000, 3000, and 4000 rpm, respec-
tively. In each test, the spindle rotated at a preset rotation speed
for 4 h to warm up and subsequently remained stopped for 3 h
to cool down. The obtained results are presented in Fig. 3,
where e; , was the test result of the right displacement sensor
and e, , was the test result of the left displacement sensor.

It could be observed from Fig. 3 that the higher the rotation
speed was, the higher the temperature increase of key points
was and the higher the thermal drift errors were. In contrast, it
could be observed from the error diagram that when the tem-
perature increased, the error became to positive first, which
was interpreted that the test bar moved downwards. But the
spindle should not move down after rotation, so the thermal
deformation of spindle may not be a simple upward transla-
tion. Similarly, the error became negative in an accelerated
manner, when the spindle started to cool down, which was
also interpreted that the spindle thermal deformation might
not display a simple downward transition. The 7' and 7, tem-
peratures were different, especially in the beginning of the
warmup and cooldown phases, as it could be observed in
Fig. 3. In addition, it could be observed through the error
diagram that the difference between e, , and e, was higher
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Fig. 2 Temperature sensor locations

in the beginning of the warmup and cooldown phases at the
same speed. These phenomena indicated that the thermal tilt
deformation occurred in the spindle.

2.3 “Liu-loop” and thermal deformation of spindle

Since the lathe adopted the structure of the 60° slant saddle,
the thermal expansion of the spindle along the vertical direc-
tion ¢; (i = 1, 2) had a X-directional thermal error component
e;., as presented in Fig. 4. Therefore, the X-directional thermal
error components e, and e, are:

e = sin(7/3) x e; (1)

ey = sin(r/3) x e; (2)

The relationship between the temperature difference
(T — T,) and the thermal tilt angle ¢ is presented in Fig. 5.
The thermal tilt angle ¢y is calculated by Eq. (3):

//’A ei(t)

X-direction

i=1,2

Fig. 4 Radial thermal error component

It can be surmised from Fig. 5 that the correlation between
the temperature difference (77 — 75) and the thermal tilt angle
, was significantly strong, further demonstrating that the
spindle indeed thermally tilted by the temperature difference
between the left and right sides of the spindle. Furthermore,
the relationships between the error e, and the temperature
difference at various speeds are presented in Fig. 6.

As can be observed from Fig. 6, the relationship between
the radial thermal drift error and the temperature difference
formed an approximate ring, which was called a “Liu-loop.”
All types of machine tool spindles, including the mechanical
spindle and the electric spindle, display a “Liu-loop” during
warmup and cooldown. The “Liu-loop” has two basic
characteristics:

(1) When the spindle cooldown duration is sufficiently high,
the “Liu-loop” will be closed.

(2) The higher the spindle rotation speed is, the higher the
“Liu-loop” is.

6. = arctan Clx €y (3) The thermal deformation of the CNC lathe spindle was
s sin(7/3) x 1000 x 76.2 expounded with the combination of the “Liu-loop,” further:
Fig.3 Errors and temperatures of 20 45
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Fig. 5 Temperature difference and thermal angle relationship

(1) The spindle started to rotate, and the left side of the
headstock warmed up rapidly, due to the heat from the
rear bearing and the belt. In contrast, the temperature of
the headstock right side had not yet increased. The tem-
perature difference between the left and right sides rap-
idly increased; the spindle tilted and the tilt angle became
rapidly higher. The test bar tilted downwards and almost
reached the displacement sensors; therefore, both e;
and e, , gradually acquired a positive value, with
€l x> €.

(2) Subsequently to a period of rotation, the temperature
gradients of the headstock both sides were gradually sta-
ble; therefore, the temperature difference in Fig. 6 was
quite low. In contrast, the temperatures of both sides
were still increasing (Fig. 3). As a result, the headstock
expanded upwards along with the spindle; the test bar
moves further away from the displacement sensors, and
both e, , and e, gradually acquired negative values.
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Error (um)
A
=

-80r
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Fig. 6 “Liu-loop” of spindle
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Fig. 7 Spindle thermal deformation

(3) The spindle stopped the rotation. The headstock began to
cool down, and the temperature of the left side decreased
more rapidly than the right side temperature. Therefore,
the temperature difference between both sides was rap-
idly reduced. The tilt angle of the spindle also decreased
rapidly; therefore, the test bar still moved further away
from the displacement sensors.

(4) After rotation had stopped for a period of time, the tem-
perature gradient of the headstock became gradually sta-
ble; subsequently, the temperature difference in Fig. 6
was quite low. In contrast, the temperatures of both sides
were still decreasing (Fig. 3). As a result, the headstock
thermally shrunk downwards along with the spindle, and
the test bar moved closer to the displacement sensors.
Due to insufficient cooling duration, the spindle did not
return to the thermal equilibrium state; subsequently,
both e, and e, did not return to 0 at the last testing
time frame, and the “Liu-loop” did not close.

The entire thermal deformation of the spindle and the head-
stock during warmup and cooldown is presented in Fig. 7: The
(1) represents the initial thermal stability. The (2) represents
the state following warmup for a short duration. The (3) rep-
resents the state following warmup for a longer period of time.
The (4) represents the state following cooldown for a short
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Fig. 8 Thermal postures of s
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period of time. The (5) represents the state following cool- 3 Thermal deformation model of spindle
down for a longer period of time.
In Section 2.3, the mechanism and cause of the thermal be-
havior of the horizontal CNC lathe spindle were analyzed, and
the entire thermal deformation of the spindle was expounded.
In this section, the modeling for radial thermal drift error was
Table 1 Determination criteria for thermal postures studied based on the analysis in Section 2.3. The physically
based modeling method in the thermal error compensation

Postures 0 and 0, Lo . PR :
became a major research direction in accuracy control. This
1 5>6>0 Lo < Ly occurred because the data-driven modeling method required
2 5 <0<6 sufficient data to represent the input-output relationships as-
3 5 <6 <0 sociated with the process, and the corresponding major disad-
4 5 <6,<0 Ly + Loy < Lo vantage was the poor robustness. In contrast, the physically
5 §>6,20 Lo<Ly<Ly+L,,  based modeling method advantage was that the model was
6 5<8.<0 Lo<L,<Ls+L,  designedbasedon the constitutive model; therefore, the model
7 §>6.20 Lo+ Loy < Ly robustness was strong, and the prediction accuracy of the
8 5.>6,>0 model was high. According to the aforementioned analysis,
9 5<0<6, the relationship between the radial thermal drift error and the
10 5,<8.<0 Ly <L temperatures of the key points was established by the physi-

cally based modeling method.
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Table 2 Identified

parameters Parameters Values
[e5] 5.256
G 2
oy 4.368
Br 2

The horizontal CNC lathe spindle and the instrument at the
thermal equilibrium state are presented in Fig. 7 (1). Although
Fig. 7 presents the spindle thermal deformation during
warmup and cooldown, however, during the practical machin-
ing process, the thermal deformation might not follow these
postures. As an example, if the ambient temperature de-
creases, or the setting temperature of the cooling system is
lower than the ambient temperature, it might cause the head-
stock to shrink. Therefore, it was necessary to analyze all
possible thermal deformation postures. The thermal deforma-
tion postures of the spindle could be divided into three cate-
gories and ten low-sized actions, as presented in Fig. 8.

In Fig. 8, the 9, was the thermal error of the headstock left
side, and the 4, was the thermal error of the headstock right
side. Both 4, and d, were positive at thermal expansion and
negative at thermal shrinkage. The z; was the distance be-
tween the right side of the headstock and the crossover point,
which was crossed by the deformed spindle and the original
spindle. The L, was the horizontal distance between the left
and right sides of the headstock. The Ly was the horizontal
distance between the headstock right side and the left displace-
ment sensor. The Ly, was the horizontal distance between
these two displacement sensors.

With the thermal deformation (1) of Fig. 8 consideration as
an example, the relationship between the radial thermal drift
error and the temperature was established. Although the tem-
peratures of the left and right sides of the headstock were
different, the temperature field was continuous and approxi-
mately linear. Therefore, the linear relationship between the
thermal expansion and the temperature was established for
both sides of the headstock, and the temperature was utilized

Time (h)

1 2 3 4 5 6 7 8 9 10

Deformations

Fig. 9 Deformation change graph at 4000 rpm
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to represent the dynamic change of the headstock thermal
expansion. The model could be expressed by Egs. (4) and (5):

61(t) = an x (T1()=T1(0)) + 6y (4)

Or(1) = ar X (T2(1)=T2(0)) + 5; (5)

where, oy, oy, 51, and [, are the coefficients to be identified.
Equation (6) could be obtained from the triangular propor-
tional relationship:

2 Lspl
5 66, (6)

Through the Eq. (6) conversion and the z;(¢) at time ¢, it
could be expressed as:

a0~ 35 7

Furthermore, the thermal expansion of the spindle along
the vertical directions e,(z) and e,(¢) at time ¢ could be
expressed as:

(61(Z)75r(t)) (Lspl + Lss)fLspl(Sl(t)
Lspl

(8)

ez(l) =

(61(1)_5f(1)) (Lspl + Lss + Lsm)_Lspl5l(t)

erlr) = I ©)

The e, and e, can be obtained by Eqgs. (1) and (2). The
derivation of the models for Fig. 8 (2)—(10) were referred to
Fig. 8 (1).

The spindle might start and stop irregularly during machin-
ing, possibly changing dynamically among these ten types of
thermal deformation. Since the displacement sensors could
not be utilized to monitor the thermal deformation of the spin-
dle during machining, all dy, d,, and L, were utilized in the real-
time thermal deformation determination. The L, was the dis-
tance between the headstock right side and the crossover
point, which was crossed by the deformed spindle and the
original spindle. For all types of thermal deformation, the L,
calculation could be expressed as follows:

o, AT, (t) + ﬁr
AT ()= AT (t) + 5—0;

Lg = Lspl X (10)

Table 1 presents the determination criteria for the thermal
postures during machining.

Because the thermal tilt deformation exists in the spindle
system, the thermal deformation value varies according to the
workpiece length. The L, was set as the distance between the
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end of the spindle and the cutting position on the workpiece.
The L, was set as the distance between the end of the spindle
and the left displacement sensor. For all types of thermal de-
formation, presented in Fig. 8, such as for Ly, > Ls + 76.2,

the cutting position on the workpiece could be expressed as
follows:

(61 ,x_32,x) (Ls_pr>

. ewp = €2~ 11
Ly< Lyp<Ls+76.2,and Ly, < L, the compensation value for WP -~ 1000 x 76.2 (11)
Fig. 11 Temperatures and 40 20
prediction results for 4000 rpm
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Fig. 12 Temperatures and 50 20
prediction results for 3500 rpm
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4 Validation
4.1 Parameter identification and simulations

The parameters, oy, oy, 5, and (3, were required to be identi-
fied. The §; and the J, could be obtained by a backward de-
duction through the tested values of e ., and e, .. Therefore,
regarding Egs. (4) and (5), the corresponding independent
variables 7 and T, and the dependent variables 9, and ¢, were
all acquired. The parameters were identified by the least
square method, and the results are presented in Table 2.

The prediction effect of the proposed model was simulated
in Matlab with the parameters in Table 1. Figure 9 presents the
thermal deformation posture change graph of the spindle at
4000 rpm, and this was obtained based on the determination
criteria for the thermal postures. It could be observed that the
spindle changed among postures (1), (5), (7), and (8) during
the warmup for 4 h and the cooldown for 3 h at 4000 rpm. This
was different from the thermal deformation analyzed in sec-
tion 2, whereas the difference was slight.

Figure 10 presents the simulation results for various rota-
tion speeds, where, e, ., is the tested value of e ,, ey . is the
calculated value of ey ,, e . is the simulation residual error of
€1 €2.x,1s the tested value of e, ., e, . is the calculated value
of e, ., and e, ., is the simulation residual error of e, ,.. It could
be observed from the results that the error with compensation
was significantly lower than that the error without
compensation.

4.2 Experiments

The horizontal CNC lathe was tested once again at 4000 and
3500 rpm, respectively. Also, the temperature and the thermal
error of the spindle were measured by a temperature sensor
and a spindle error analyzer, respectively. The prediction re-
sults of the model are presented in Figs. 11 and 12.

@ Springer

It could be observed from Figs. 11 and 12 that when the
spindle rotation speed was similar to the modeling test speed,
the model prediction effect was quite good. Even when the
spindle rotation speed differed from the modeling test speed,
the prediction effect of the model was good whereas not as
good at the same rotation speed. This occurred due to the
slight difference in the thermal behaviors of the spindle at
various speeds.

5 Conclusions

Both the thermal deformation mechanism and the process of
the horizontal CNC lathe spindle were presented, and the pre-
diction model for the radial thermal drift error was established.
The simulation effect was validated by both simulations and
experiments, where the compensation problem for the radial
thermal drift error was solved. The advantages of this com-
pensation method were as follows: (1) only two temperature
sensors were utilized; (2) the test efficiency was high, and only
one test at a certain speed was required for the model; and (3)
the model was robust to various rotation speeds. Moreover,
the displayed thermal deformation mechanism and the process
could provide an important reference for the spindle thermal-
structure optimization design.
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