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Abstract This paper deals with the modeling of comprehen-
sive thermal growth of spindle and servo axis. Thermal errors
of a vertical drilling center TC500 were measured using a
spindle error analyzer and a laser interferometer, thermal error
of servo axis was decomposed, and each term analyzed.
Spindle thermal growth model based on temperature variation
including an identification method for the parameters of the
suggested model was presented. Similarly, the servo axis
models for thermal expansion error (TEE) in the stroke range
and the thermal drift error (TDE) of origin were derived based
on heat-transfer mechanism, and the parameter identification

Highlights « The model based on temperature variation for thermal
growth of spindles was designed.

» The change in velocity and acceleration of temperature was used for
calculating the real-time steady value of the spindle thermal growth.

* The comprehensive thermal errors of a servo axis were divided into
thermal expansion error (TEE) in the stroke range and the thermal drift
error (TDE) of origin. The servo axis models for TEE and TDE were
derived based on heat-transfer mechanism, and the parameter identifica-
tion method was presented.

* A specific machining process of the upper surface of a rectangular
workpiece was designed to check the effects of error compensation to
the unaided eye.

* The experimental and machining results indicated that by applying the
proposed model, high accuracy stability could be achieved, even when
the moving state was changed randomly.
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method was presented. The experimental results indicate that
by applying the proposed model, high accuracy stability can
be achieved, even when the moving state changes randomly.
A specific machining process of the upper surface of a rectan-
gular workpiece was designed to verify the effects of error
compensation to the unaided eye. The machining results indi-
cate that the proposed model has high accuracy and strong
robustness in compensating the comprehensive thermal error.

Keywords Vertical drilling center - Spindle - Servo axis -
Comprehensive thermal growth - Compensation

1 Introduction

Thermal error accounts for approximately 40-70 % of the
total errors of a machine tool [1—4], and it is the most relevant
factor influencing the machine tool accuracy. The commonly
used methods to minimize thermal errors are error avoidance
and error compensation [5]. Error avoidance is to eliminate or
reduce thermal errors by optimizing the mechanical design
and construction phases of the machine tools, such as control-
ling the rate of temperature rise of heat source or the equilib-
rium temperature field, the symmetric design of the machine,
and the adoption of a cooling system. Although this method
increases the machine tool accuracy, production costs will
dramatically increase. Therefore, the error avoidance tech-
nique may be an effective but not a cost-efficient method to
enhance machine accuracy. On the other hand, the error com-
pensation method is a “soft technique” that generates an op-
posite error that will eliminate the original thermal error. The
error compensation method has many advantages, such as a
wide field of applications at a lower cost than other does.
Thermal error of a machine tool mainly includes spindle
thermal error and servo axes thermal errors. Among sources of
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spindle thermal error, bearing rotation, motor heating, and the
effect of environmental temperature are known to be key con-
tributors. Similarly contribute to servo axis thermal errors the
friction between the nut and screw, the rotation of the bearings
and changes in environmental temperature. The spindle ther-
mal error and the servo axes thermal errors are both significant
and cannot be ignored. Because of small thermal deformations
of the column, skate, and bed, the thermal error of the machine
tool can be approximately treated as the superposition of these
two kinds of errors. Various thermal error compensation
methods have been widely studied in the past decades.
Modeling methods for spindle thermal error include the mul-
tiple regression method [6, 7], Grey model [8, 9], time series
method [10, 11], and neural network method [12]. Modeling
methods for servo axes thermal errors include the multiple
regression method [13, 14], neural network method [15, 16],
and support vector machine method [17].

However, the aforementioned error modeling methods
present following drawbacks: (1) Limitations. For example,
a neural network model can only be efficient by using com-
plete input and output data and that condition is hard to meet.
Moreover, mistakes may occur by improperly choosing input
and output training data. Grey model requires strictly smooth
error data for modeling, while the time series method requires
testing data under various speeds to establish a good model
and a long time is needed. (2) Poor robustness. When the
moving speed and range during actual machining differ from
the thermal investigation, the predicted result becomes always
poor, especially for multiple regression method. (3) Practical
challenges. Some methods require many sensors to achieve
high accuracy, thus being relatively expensive. Moreover,
methods that require nut temperature measurements have sig-
nificant risk of sensor failure. (4) Most studies focused on the
spindle thermal error or on the servo axes thermal expansion
error (TEE), and the thermal drift error (TDE) of origin and the
comprehensive errors of spindle and servo axis have been
rarely studied.

None of the aforementioned models is flawless; thus, the
comprehensive axial thermal growth of spindle and Z-axis is
studied on a vertical drilling center. The models for compre-
hensive thermal growth are proposed and validated through
both experimental and machining tests.

2 Thermal error tests

The thermal growths of the spindle and of the servo axis were
tested on a vertical drilling center TC500 featured with
FANUC 0i-MD control. The maximum rotational speed of
spindle was 24,000 rpm; the maximum speed of Z-axis was
48 m/min. Besides, Z-axis was half-closed-loop control type
without cooling, with the ball screw fixed at one end and free
at the other end.
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Three temperature sensors (accuracy of +0.1 °C) were
placed on the outer surface of the front bearing of spindle,
on the column, and on the Z-axis bearing block, respectively.
The sensor was developed independently; the sensor chip was
the TSictm-506F (IST Corporation, Switzerland). The cover
of the sensor was magnetic. Due to its sensitivity to thermal
growth of spindle, the temperature 7}, on the outer surface of
the front bearing of spindle was chosen as the temperature
reference index of spindle. The temperature 7}, represents the
temperature variation mainly caused by environment, and it
mainly indicates TEE of servo axis caused by environment
temperature variation and the environment temperature ex-
changing with screw. The temperature 7}, represents the bear-
ing block temperature variation mainly caused by screw rota-
tion, and it mainly indicates TDE of servo axis. Figure 1
shows the positions of the three sensors on the machine.

2.1 Spindle test

Spindle thermal growth E; was tested using a spindle error
analyzer manufactured by Lion Precision Corporation, whose
maximum testing speed was 60,000 rpm. Following Fig. 2
shows the experimental setup.

Thermal investigation was carried out at 10,000 rpm speed.
The spindle rotated at 10,000 rpm for 4 h and then stopped
over the next 3 h. The sampling periods for error and temper-
ature data were both set to 10 s. Figure 3 plots the measure-
ment results.

When the spindle rotates temperature and error both in-
crease; then, stopping the spindle causes the temperature and
error decrease. Trends approximately follow the exponential

Fig. 1 Positions of temperature sensors on the machine tool
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Fig. 2 Experimental setup for measuring spindle thermal growth

law; the correlation between temperature and error seems
good, and the calculated correlation coefficient is 0.83.

2.2 Z-axis test

The total servo axis thermal error was divided into the TEE in
the stroke range and the TDE of origin. The aforementioned
literature reports that most of the studies focused on TEE,
while the thermal drift error (TDE) of origin has been rarely
studied. Assuming that the nut moves on the screw within the
range 0—P,, the relative distance between the spindle to work-
table will change due to thermal errors in Z-direction. On the
one hand, the frictional heat of the screw and changes in am-
bient temperature induce TEE E,,,. On the other hand, the
distance between the origin of servo axis to spindle changes.
Because of heat conduction from screw in the stroke range, the
heat of bearing block, and ambient temperature variation, £,
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Fig. 3 Spindle thermal growth and temperature

appears between the origin of servo axis and spindle. E,,,
depends on position and temperature, £, only relates to
temperature.

Z-axis thermal errors were investigated using a XL80 dual-
frequency laser interferometer, and the experimental setup is
shown in Fig. 4. To get the real values of positioning errors,
the so-called expansion compensation coefficient was set as
20 °C. The experimental setup for measuring Z-axis thermal
error is shown in Fig. 4.

The thermal test of Z-axis followed these steps: (1) Test the
initial positioning error of the Z-axis in the range from —10 to
—290 mm and record the values of 7}, and T,. Clearance at the
test starting point should be made in the first test. (2) Move the
Z-axis in the range from —10 to =290 mm at a speed of
8000 mm/min for a period. (3) Stop moving Z-axis. Test the
positioning error and record the values of 7;, and 7, (4)
Repeat steps (2) and (3) for several times; the achievement
of heat balance condition is not necessary. (5) Stop Z-axis at
—10 mm position and cool down the machine. Test the posi-
tioning error at intervals and record 7}, and 7}, values. Table 1
lists warming-up and cooling-down parameters.

Figure 5 shows the results of Z-axis test.

The figure highlights that the positioning errors in the test-
ing range and the position of test starting point change with the
increase of temperature. The tested comprehensive thermal
errors of Z-axis were decomposed as follows: the thermal
error data of all the tests were processed to make the errors
at the first test points as zero, and the E,,, was obtained; the
errors at the first test points of all the tests were extracted to
compose E;. Following Eq. (1) describes the error decompo-
sition.

Eep = Eemd(Ua V)_Eemd(U7 1) (1)
Ed - Eemd(Ua 1)

where E,,, is thermal expansion error of servo axis; £ is
thermal drift error of origin of servo axis; E,,,,(U, V) is tested

Fig. 4 Investigation of Z-axis thermal error, experimental setup
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Table 1  Parameters of thermal error tests a 0
—+—state 1
Number Speed (mm/min) Range (mm) Time (min) —o— state 2
—+—state 3
State 1 o _ 0 -50 - l +— state 4
'g state 5
State 2 8000 —-10 to —290 10 g N state 6
State 3 8000 -10 to =290 10 & -100 " 1 state 7
= _ state 8
State 4 8000 —10 to —290 10 N state 9
State 5 8000 —10 to —290 10 150 N state 10
i state 11
State 6 0 -10 10 state 12
State 7 0 —10 8 50 100 150 200 250
State 8 0 -10 10 b s Position of Z-axis (mm)
State 9 0 -10 10
State 10 0 -10 10 0
State 11 0 -10 12 g
State 12 0 -10 10 A
E s 1
thermal error of Z-axis shown in Fig. 5; U is test times; Vis test 0 20 20 50 20 100 120

points of the servo axis.

Figure 6 shows the decomposition of the comprehensive Z-
axis thermal error.

The TDE curve shows that TDE increases during warm-up
due to the temperature rise of the bearing block and screw; in
the cooling-down phase, temperature drop of the bearing
block and of the screws cause TDE decreasing. Besides,
TDE will also change with the variation of ambient tempera-
ture according to theoretical analysis. TDE will decrease when
the ambient temperature rises due to the whole machine be-
comes big; on the contrary, TDE will increase when the am-
bient temperature falls due to the whole machine becomes
small. However, as the time for investigation of thermal errors
of servo axis is short and ambient temperature variation is

a
—+—state 1
e 1| —e— state 2
\:/‘ —+—state 3
5 ——state 4
N 4| ——state 5
3 state 6
g state 7
[5 - state 8
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| —=—state 12
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b Position of Z-axis (mm)
20
o 18
< ——T
o b
=
g 16 ——T,
o
g 14} 1
= b e —————+
12 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000
Time (s)

Fig. 5 a Thermal errors of Z-axis. b Temperatures of Z-axis
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Fig. 6 Decomposition of the comprehensive Z-axis thermal error. a TEE.
b TDE

small, it is challenging to observe the influence of ambient
temperature on TDE.

3 Modeling and parameter optimization
3.1 Combination of spindle and servo axis errors

The comprehensive thermal growth of spindle and servo axis
is shown in Fig. 7. Thermal growth of the nut is influenced by
both TDE and TEE terms. At the end of spindle, TDE and
TEE will superpose and aggravate the axial thermal errors of
machine tools; thus, these three types of thermal errors should
be summed in actual error compensation.

The thermal tilt error may occur after running the spindle.
However, the thermal tilt angle is very small, and the axial
thermal growth is almost the same to its projection to Z-direc-
tion. Therefore, the expression of comprehensive thermal
growth of spindle and servo axis can be expressed as follows:

Ecom(staTbaTbrva) :Es +Eem +Ed (2)

where P, is the position of servo axis; £ is the thermal growth
of spindle.

The comprehensive thermal growth is relative to Ty,
Ty, Ty, and P,. Therefore, by acquiring in real time the
temperatures of the three sensors and the position of Z-axis,
the real-time compensation value can be calculated. Following
sections 3.2 and 3.3 introduce the modeling of spindle and
servo axis, respectively.
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Fig. 7 Comprehensive thermal growth of spindle and servo axis

3.2 Modeling of spindle

Considering the thermal growth curve shown in Fig. 3, it is
assumed that the axial thermal growth during rising and fall-
ing phase increases and decreases according to the exponential
law [5]. In Fig. 8, when the spindle rotates at the speed of n
from initial steady state condition, £, increases exponentially
before reaching steady state thermal error ;. So, thermal
growth E(t) at any time can be calculated according to
Eq. (3) during transient process [5].

E(t)—Es(t-1) = (Esa(t-1)—E4(t-1)) x <1—e_A’/T> (3)

Esd

Ef(t-1) +=

0.632E,, n=0

Thermal growth of spindle (um)

Time (s)
Fig. 8 Spindle thermal growth diagram

where, E(?) is the thermal growth at the time of z, 7is the mean
time constant of the exponential curve, Az is the sampling
period for thermal errors of spindle, E,(#-1) is the steady state
thermal error at the time of #-1. Because the spindle rotation
speed may change with time, E,, is time dependent.

The change of spindle rotating speed and starting of
cooling system may lead to the change of E, [4]. When the
thermal growth does not continue to follow the previous ex-
ponential curve because of the change of rotating speed and
starting of cooling system, the temperature of spindle will
change correspondingly. Therefore, the temperature 7;; on
the outer surface of the front bearing of spindle is chosen as
the temperature reference index. The change in velocity and
acceleration of Ty, is used for calculating the real-time steady
value of the spindle thermal growth E,, in following Eq. (4).

82st(t)
ot

oTp (t)
ot

Ey(t) =nx + ¢ x 4)
where, E,(f) is the steady value of thermal growth at time ¢,
T,(2) is the temperature on the outer surface of the front bear-
ing of spindle at time ¢, 7, and ¢ are response characteristic
coefficients to be identified.

Because high frequency interference exists in the tempera-
ture data collected by temperature sensor, the calculated value
of thermal growth £ will contain high frequency interference.
Therefore, filtering is essential for the compensation value and
it is performed by Eq. (5).

Ey 1

Gls) = E, s+b

(5)

where, Eis calculated spindle thermal growth after filtering, s
is Laplace operator, b is the parameter to be identified.

It can be observed that the model based on temperature
variation can predict the thermal growth of spindle not only
under constant rotation speed but also during the change of
rotating speed and starting of cooling system. Therefore, the
robustness of the proposed model is strong. This is much
better than models based on rotating speed, which is ineffec-
tive for randomly starting of cooling system.

The parameters 7, 1, ¢, and b need to be identified in
Egs. 3)(5). The optimized values can be obtained from Eq. (6).

—~
<

min[F(7,n,¢,b)] =Y (Esp(k)=Ey(k))

=
Il

i

eq(1)<7<e,(1) (6)
ez
' ea(3)<¢<e,(3)
e (4)<b<e,(4)

where, E; is the tested thermal growth, e(i) is the lower limita-
tion of the i-th parameter, ¢,,() is the upper limitation of the i-th
parameter.
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3.3 Modeling of servo axis
3.3.1 TEE model

Because only the axial thermal deformation of screw
affects the machining accuracy of machine tools, the
screw is simplified to a one-dimensional bar [18] and
discretized into M segments, each one length L. The
thermal field of a screw is a function not only of posi-
tion but also of temperature [19]. Moreover, TEE is
affected not only by ambient temperature variation but
also by the friction heat of nut and screw. According to
the temperature superposition principle, they can be su-
perposed [20], that is, the temperature response of mul-
tiple sources is equal to the sum of the temperature
responses of all the single sources. So, TEE caused by
ambient temperature variation and the friction heat of
nut and screw are calculated separately [21]:

(1) TEE caused by ambient temperature variation
The error E, at time ¢ caused by ambient temperature
variation in the stroke range is as follows:

Eolt) = o x (To(t)Tpo) x P. (7)

where, « is the thermal expansion coefficient of screw,
pum/(m % °C); T,(?) is the real-time temperature at time ¢,
°C; Ty 1s the initial temperature during the test, °C.
(2) TEE caused by the friction heat of nut and screw
For a certain segment L; of screw, the thermal equilib-
rium equation can be expressed as follows:

ex (pxXLix8)x (T ()T (t—At))
= 0p1,()701, ()01, (1) (8)

where, ¢ is screw heat capacity, J/(Kg x °C); p is screw
density, Kg/m3; S is equivalent sectional area, m% T 1,(1)
is temperature of L; at time ¢, °C; Q,_; (¢) is friction heat
production of L; during (+-At, #), J; Q,; (t) is heat con-
vection of L; with surrounding air during (--At, 1), J; 0,
(¢) is axial heat conduction of Z; to both sides during
(t-At, 1), J.

(1) Frictional heat production
Assuming that Q is the heat production of L; after

one friction, the total frictional heat production
Oy, (). during (+-At, #) can be expressed as fol-
lows:

Op () =0 xN 9)

where N is the number of friction times of ; during
(-At, 1.

@ Springer

(2) Heat convection
The heat convection Q,; (¢) during (+-At, #) can
be expressed as follows:

Oy (1) =h xS x (T, (1)-Ts(r)) x At (10)

where / is heat exchange coefficient, W/(m? x °C);
S’ is heat exchange area of L; with the surrounding
air, m2; T;(#) is ambient temperature and almost the
same as T, °C.

According to Nusselt criterion, / can be expressed

as follows:
N, X A\,
h=—r_74 11
. (1)

where N,, is Nusselt number; L is feature size, m; A\, is
heat conduction coefficient of air, W/(m x °C).The
Nusselt number N, under natural convection condi-
tion is:

(12)

L3BAT\"
N, =C x P, x <M>

V2

where C and m are coefficients determined by the heat
source and airflow form [22]; P, is Prandtl number; g is
gravitational acceleration, m/sz; (3 is expansion coeffi-
cient of air, °C71; v is kinematic viscosity of air, mz/s;
AT1is temperature difference between air and screw, °C.
(3) Axial heat conduction

The heat passing through the screw cross-section
per unit of time is proportional to the temperature
variation rate and the screw cross-sectional area:

T
Q,_Li(t):)\xSXZ—x:qu’ (13)

where S is screw cross-sectional area, m>; q' is heat
flow density, J/m?>,

Discretizing Eq. (13), the axial heat conduction
O,-1,(t) during (+-At, #) can be expressed as follows:

Op,(1) =AXS
TL (T, (0) + (Tn (-7, (1)
L
x At
(14)
. 1 M
In particular, for L' and L™ :
_ TLl (t)_TLh(t)
O, (1) =Ax 8 x 05 x (L + 1) X At 4+ A
X S w x At (15)
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Fig. 9 Illustrative diagram of
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x At (16)
where L' is first segment of screw on the side of
bearing block; LM is last segment of screw on the
other side; Lb is length of screw between the bearing
block and the origin.

Taking Eqgs. (9), (10), (14), (15), and (16) into
Eq. (8), the real-time temperature variation 7', (¢)
of L' can be obtained.

The thermal expansion errors E" of a screw
caused by the friction heat of nut and screw at time
t can be expressed as follows:

En(f) = Z a x (T, (1)-Ty(1)) x L; (17)

(3) Combination of TEE
The whole TEE of a servo axis caused by ambient
temperature variation and the friction heat of nut and
screw can be obtained from Egs. (7) to (17).

Eem(t) :Ee(t) +Em(t) (18)

Since TEE model records the dynamic process of the
thermal field of a screw, even if the moving speed and
range of a servo axis change, excellent compensation
effect can still be obtained. In fact, the temperature field
of a screw at any time can be accurately predicted.

(4) Parameter optimization

In TEE modeling, some parameters are difficult
to determine. Taking the heat exchange coefficient
h as an example, its calculation is very complex.
Thus, a parameter identification method is required
to determine the parameters including 4, A, O, L,
S, and S'.

ISIGHT software, which can organize the pa-
rameter identification process into a uniform
frame, was used for parameter optimization [23].
The program for optimization was written in
MATLAB, using following optimization objective
function:

min[F(h,\, 0, Ly, S,S")]

1%

= Z Z (Eem (1, V)=E e (u,v)) (19)
u=1 v=I1
where E,,,,(u, v) is servo axis tested thermal error of the v-th
test point during the u-th test; E,,,,(u, v) is calculated servo axis
thermal error of the v-th test point during the u-th test.

3.3.2 TDE model

The TDE of the servo axis tested in section 2.2 actually reflects
the change in distance between the worktable and spindle at the
test starting point. The deviation is not only induced by the
thermal expansion of screw between the motor-side bearing
block and the origin point, which is influenced by AT}, and A
T'1, but also induced by the change in ambient temperature A7),
Assuming that £, 1s linearly relatedto ATy, ATy, and AT,
the model for £, can be expressed as follows:

E; = a1 ATy, + azATLI + a3 ATy + ay (20)

where ay, a», az, and ay are coefficients to be identified.
ai, az, az, and a4 can be solved by the least square method.
The rise of bearing block and screw will lead to positive TDE,

Fig. 10 Experimental compensation verification test
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Table 2 Parameters in

compensation tests State Servo axis Rotating speed (rpm) Time (min)
Speed (m/min) Range (mm)
State 1 10 —10 to =290 8000 10
State 2 8 —10 to —290 8000 10
State 3 10 —50 to —290 9000 10
State 4 8 —50 to —290 9000 10
State 5 10 =30 to =270 10,000 10
State 6 12 —30 to =270 10,000 10
State 7 10 —10 to —290 11,000 10
State 8 0 -10 0 10

while the rise of ambient temperature will turn TDE to become
negative. So, the objective function and constraint condition
can be expressed by Eq. (21).

min[F(ay,az,as,as)] = (Eq(Tor, Tn)=Ea(Tor, Th))
a; >0
a; >0
az; < 0

s.t. (21)

4 Experiments
4.1 Tests

External mechanical coordinate offset was used for writ-
ing compensation values for FANUC 0i-MD numerical

controller [3]. Thermal compensator and FANUC 0i-MD
communicated through Ethernet. The compensation prin-
ciple is shown in Fig. 9.

The compensation for comprehensive thermal growth of
spindle and Z-axis was verified using a laser interferometer
XL80, as shown in Fig. 10. The experiment followed these
steps:

(1) Test the initial positioning error of Z-axis in the range
from —10 to —290 mm with and without compensation,
respectively. Clearance at the test starting point should be
made in the first test.

(2) Let the spindle and Z-axis run according to the informa-
tion of following Table 2.

(3) Stop and test the positioning error with and without com-
pensation, respectively. Clearance at the test starting
point should not be made.

a b
= 50
g 2

H A = ]
£ 0] 1 £

=2 5

g =% ,

-50 ,

s :

8 % 4
k= g

£ -100 1 2 ,
4] s

: ; |
= -150 1 E
= [
= 200 t : : t : -4 t t : t :

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Position of Z-axis (mm) Position of Z-axis (mm)
| — state 1 state 2 state 3 state 4 state 5 state 6 state 7 state 8‘

Fig. 11 Thermal growth errors. a Without compensation. b With compensation
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Fig. 12 a Milling flat. b Drilling
holes

(4) Repeat steps (2) and (3) for eight times.

Figure 11 shows the results obtained with and without
compensation: the sum of Z-axis positioning error and com-
prehensive thermal errors of spindle and Z-axis varies from
—177.8 to 21.2 um within the whole stroke range of Z-axis
without compensation. After compensation, the total error
varies from —3.7 to 3.5 um, thus proving the high accuracy
of the suggested model. In particular, even changing the mo-
tion information according to parameters listed in Table 2, the
residual errors after the compensation were always small and
the strong robustness of the suggested model was assessed.

4.2 Machining test

Machining tests with and without compensation were per-
formed for further verification of the proposed method, and
this section presents main results. Temperature sensors were
installed on the machine as in Fig. 1. The upper surface of a
rectangular workpiece was drilled to observe the differences
with and without compensation to the unaided eye.

The machining process was as follows:

(1) The upper surface was milled using a 140-disc milling
cutter to ensure surface finished and flat, as shown in
Fig. 12a.

(2) Two holes 5 um depth were drilled without compensa-
tion on the left side of the piece by a 20-disc 4-edge
milling cutter. Compensation started and two holes
—65 um depth were drilled by the same cutter to the right.
Since the Z-axis positioning error was very big, the com-
pensator compensated it. Therefore, a depth of —65 pm is
used to avoid the holes with compensation to be too
deep.

(3) The worktable moved to the left side and the spindle and
Z-axis warmed up (according to Table 1).

(4) Warm up stopped and the worktable moved 18 mm along
Y direction. Two holes 5 um depth were drilled on the

left side of the piece without compensation. Then, com-
pensation started and two new holes —65 um depth were
drilled on the right side.

(5) Steps (3) and (4) repeated until five groups of holes were
all machined, as shown in Fig. 12b.

Figure 13 shows the workpiece after machining.

Figure 13 shows that the micron-scale error of Z-axis
of the vertical drilling center is visible to the unaided
eye. Moreover, even if the machine moved according to
the parameters listed in Table 3, the accuracy stability
with compensation was much better than that without
compensation, proving the effectiveness of the proposed
model for comprehensive thermal growth compensation.

Fig. 13 The machined workpiece
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Table 3 Parameters in

machining No. Z-axis speed (m/min) Z-axis range (mm) Spindle rotating speed (rpm) Time (min)
1 8000 =50 to —290 8000 10
2 9000 —30to —270 10,000 13
3 10,000 —10 to —250 10,000 13
4 12,000 —=10 to =290 11,000 15
5 Conclusions 9. LiYQ, Yang JG, Zhang HT, Tong HC (2006) Application of grey

The modeling method for comprehensive thermal
growth of spindle and servo axis was introduced. The
experimental and machining test results showed that the
accuracy stability with compensation is much higher
than that without compensation. Besides, the main ad-
vantage of the proposed model is the strong robustness.
Therefore, this method can be widely used on machine
tools in a non-controlled temperature workshop.
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