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Abstract Thermal expansion of ball screw systems affects
the machining accuracy of machine tools significantly. This
paper intends to provide a comprehensive error compensation
method for the time-varying positioning error of machine
tools. To confirm the thermal deformation mechanism of ball
screw systems, experiments have been designed to study the
thermal behaviors of a ball screw system under varying tem-
perature conditions. An exponential algorithm is proposed to
predict the temperature variation pattern of the ball screw
based on finite element analysis, and the actual thermal
boundary conditions of the ball screw system are exactly
defined according to the proposed algorithm and the experi-
mental results. Then, a comprehensive compensation model is
established based on the decomposition of the initial geomet-
ric error and thermal error components. Finally, a real-time
error compensation system is developed for machine tools
based on the function of external machine original coordinate
shift and fast Ethernet data interaction, and satisfactory results
have been achieved for the compensation experiments on a
machining center.

Keywords Machine tools - Time-varying positioning error -
Thermal error - Error compensation - Finite element analysis

1 Introduction

Ball screw systems are widely used in machine tools to
convert rotational motion into linear motion. However, a ball
screw generates lots of friction heat at the contact areas, such
as the ball nut and the supporting bearings, which would result
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in great thermal deformation along the ball screw shaft. It has
been confirmed that thermal errors severely affect the machine
tool accuracy, as they account for 40-70 % of the total errors
[1, 2]. Therefore, thermal deformation of ball screw systems is
one of the most important issues to consider for high-precision
machine tools.

There are generally two methods to deal with machine tool
errors: error control and error compensation [3]. Thermally
symmetric design of machine structure, air-cooling system
with a hollow ball screw, room temperature-controlled work-
shop, adjustable preload for the supporting bearings, etc. [4, 5]
are the generally used methods to control machine tool errors.
However, the methods mentioned above can only minimize
the thermal errors to some degree with great cost. While error
compensation has been confirmed to be one of the most
efficient and cost-effective methods to improve machine tool
accuracy [6].

An error model with high accuracy and robustness is the
key factor for error compensation. Yang et al. [7] applied a
novel data processing method to optimize the temperature
variables, and then a robust mathematical model was devel-
oped for a turning center. Wu et al. [8] introduced a compre-
hensive multiple regression method to study the relationship
between temperature variation and thermal error for a ball
screw system. Wang et al. [9] proposed a compound error
model for the geometric and thermal errors of a milling center
based on Newton interpolation. Besides, many other methods
were also proposed to map the temperature data to the thermal
errors, such as neural network [10—13], time series model [14,
15], gray model [16, 17], and support vector model [18]. In
general, the majority of the work done above has concentrated
on the study of the relationship between thermal error and key
heat source temperature from different perspectives. While for
a ball screw, there usually exists inconsistency between its
temperature field and the key heat source temperature under
varying thermal states, so it is hard to maintain the accuracy
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and robustness of the compensation model in the actual
application.

To resolve this problem, other researchers have tried to
study thermal errors from the thermal deformation mechanism
of machine tools. Ko et al. [19] investigated the thermal
bending behavior of a spindle simplified as a simple beam.
Kim et al. [20] analyzed the temperature distribution along a
ball screw system using finite element method (FEM) with
bilinear type. Xia et al. [21] conducted a series of tests to
estimate the dynamic characteristics of a ball screw system.
Min et al. [22] proposed to simulate the thermally induced
deformation of a ball screw system based on finite element
model. Though the temperature rising pattern is similar be-
tween the simulation and the experimental results, their abso-
lute values still exist some significant deviation, which is
attributed to the fact that it is difficult to establish the accurate
thermal boundary conditions for the ball screw system just
according to the conventional empirical formula.

This paper intends to provide a comprehensive error com-
pensation method for the time-varying positioning error of
machine tools based on simulation and experimental analysis.
In the next section, experiments have been designed to study
the thermal behaviors of a ball screw system under varying
temperature conditions. Then, the thermal analysis of the ball
screw temperature field and the modeling process for the time-
varying positioning error are presented in Sections 3 and 4,
respectively. Finally, a novel error compensation method is
introduced in Section 5, and compensation experiments were
conducted on a machining center to verify the effectiveness of
the real-time error compensation system.

2 Experimental setup and measurement results
2.1 Experimental setup and procedure

To study the thermal deformation mechanism of ball screw
systems, an experiment was carried out on the X-axis ball
screw of a vertical machining center. The parameters of the
ball screw are shown in Table 1.

In order to measure the temperature of the ball screw, a
portable wireless temperature sensor with high measuring
precision of 0.1 °C and fast response characteristic was spe-
cially developed. It could be attached to the ball screw surface
with its magnetic base and read the temperature data in a short
time, and then quickly removed after collecting the required
data. Six wireless temperature sensors were arranged along the
X-axis stroke range evenly as shown in Fig. 1, and an addi-
tional wireless temperature sensor was used to monitor the
variation of the ambient temperature.

According to the measuring criterion of ISO230-2 [23] and
1SO230-3 [24], a laser interferometer was used to measure the
X-axis positioning error. The machine reference origin was set
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Table 1 Parameters of the ball screw

Parameters Value
Diameter 40 mm
Pitch 16 mm
Stroke range 800 mm
Maximum feed rate 20 m/min
Length between two bearings 900 mm

to be the starting point for this measurement, and the posi-
tioning error was measured every 80 mm in the whole stroke
range of 800 mm. To detect the thermal error, the positioning
error was measured under different temperature conditions.
Firstly, the initial geometric error was measured at normal
temperature when the machine tool was initially switched
on. And then, the machine tool was warmed up by moving
the X-axis slide along its stroke range with a feed rate of 8 m/
min. Meanwhile, the temperature measurement was taken at
an interval of 10 min until the ball screw system reached a
thermal equilibrium state. And the positioning error was mea-
sured synchronously after the machine tool had been warmed
up for 10, 20, 30, 40, 60, 80, 100, and 120 min, respectively.

Thereafter, in order to simulate the actual working process,
the machine tool was stopped to study the thermal behaviors
during the natural cooldown phase. Since the temperature of
the ball screw dropped dramatically in the initial period and
gradually slowed down until a steady state, the temperature
measurement was taken at an interval of 5 min in the first
30 min and then at an interval of 10 min in the next 60 min.
Meanwhile, the positioning error was measured synchronous-
ly after the machine tool had been cooled down for 5, 10, 20,
30, 40, 50, and 70 min, respectively.

2.2 Experimental results and discussion

Figure 2 shows the temperature variation of the six measure-
ment points on the ball screw. It can be seen from Fig. 2 that
the temperature variation in the middle part of the ball screw is
almost the same, Ty, and Ty are a little lower, but the
deviation between the six measurement points is quite small.
This observation could be explained as follows: owing to the
preload and complex kinematics of the recirculating nut, the
largest portion of the friction heat was generated by the
moving nut, and the ball screw was warmed up evenly over
its whole stroke range. So, the average temperature of the ball
screw (as defined in Eq. (1)) can be used to represent the

e amb

Fig. 1 Temperature measurement points
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temperature field of the ball screw system. And the tempera-
ture variation of the ball screw system is shown in Fig. 3.

1

Tbs:g(Tbsl+Tb32+Tb53+Tbs4+Tb55+Tbsé) (1)

Figure 4 shows the X-axis positioning error curves under
different temperature conditions. It can be seen from Fig. 4
that each error curve varies little in shape, but the slope differs
under different temperature conditions. Besides, the thermally
induced error, i.e., the proportion of positioning error after
subtracting the initial geometric error, is approximately pro-
portional to the axial position. So, it indicates that the thermal
expansion of each measurement interval is approximately the
same; it is consistent with the temperature distribution of the
ball screw system as introduced above.

3 Thermal analysis of the ball screw system
3.1 Thermal characterization of the ball screw system

It is well known that if a measurement of the ball screw
temperature field can somehow be obtained, the correspond-
ing thermal deformation can be calculated. However, it is
difficult to measure the ball screw temperature directly owing
to the circulating nut. So, numerical forecasting of the ball
screw temperature field is a promising alternative way for this
study. In this research, as a combined study of the temperature
variation and thermal deformation of the ball screw system,
the ball screw temperature field is analyzed with FEM based
on the following assumptions [22]:

1. The ball screw shaft is a solid cylinder.

2. The friction heat generation rates from the moving nut, the
supporting bearings, and the motor are constant under a
specific condition.

3. The convection heat transfer coefficient remains constant
under a specific condition.

4. The radiation heat is not significant that could be
neglected.

Figure 5 shows the FEM schematic diagram for a
ball screw shaft. There are mainly three internal heat
sources during the warm-up phase, including friction
heat from the moving nut ¢, friction heat from the
front supporting bearing and the motor ¢y, and friction
heat from the rear supporting bearing ¢y,,. In addition, a
part of the generated heat is dissipated to the ambient
air via forced convection ¢, and the heat convection
rate is proportional to the temperature difference be-
tween the ball screw and the ambient air. The
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Fig. 2 Temperature data of the six measurement points on the ball screw

transient-state thermal characteristic of the ball screw
during the warm-up phase is expressed as follows:

6Tbs
ot

Gnut T o1 + G2 wA(Tos—Tamb) = pcV- (2)

ATbs = Tos~Tamb (3)

where A and Vare the flank surface area and volume, respec-
tively; A, is the forced convection heat transfer coefficient; p
is the material density; c is the specific heat; ¢ is the warm-up
time; and ATy, denotes the temperature difference between the
ball screw and the ambient air.

It can be seen from Fig. 3 that the ball screw temperature
shows a stable exponential rise state during the warm-up phase. It
increases sharply in the initial warm-up phase and gradually
slows down until a steady state. The exponential rise is due to
the fact that the heat convection rate is related to the temperature
difference between the ball screw and the ambient air. The larger
the temperature difference is, the higher the heat convection rate
becomes. Therefore, as the ball screw temperature rises constant-
ly with warm-up time, the heat convection rate would accelerate
progressively while the friction heat generation rate remains
constant, so the ball screw temperature variation rate is lowered
gradually to a steady state. Consequently, an exponential growth
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Fig. 3 Temperature variation of the ball screw system
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Fig. 4 X-axis positioning errors under different temperature conditions

model is defined to describe the temperature characteristic of the
ball screw during the warm-up phase.

T = Tam + AT (max)- (1—e*f/fw) (4)

where ATq(max) is the steady value of AT}, under the thermal
equilibrium state and 7, is the exponential time constant
during the warm-up phase.

There exist two thermal boundary states for the ball screw
system during the warm-up phase:

1. Thermal equilibrium state
Under the thermal equilibrium state, the convection
heat is consistent with the friction heat. So, no more

qnut

Fig. 5 Finite element model
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accumulated heat would be added to the ball screw sys-
tem, and the ball screw temperature would remain con-
stant, expressed as follows:

fim 2T bs
t—o Ot

=0 (5)

Substituting Eqgs. (4) and (5) into Eq. (2), the total
friction heat can be derived as follows:

Gin = Gout + Qo1 + Gy = hwAATps(max) (6)

where ¢, is the total friction heat.
2. Thermal initial state
Under the initial state, the internal heat sources are
eliminated for a long time, and the ball screw temperature
field is almost consistent with the ambient temperature,
expressed as follows:

111’% ATbs = Tbs_Tamb =0 (7)
11—

Substituting Egs. (4), (6), and (7) into Eq. (2), the time
constant 7, can be derived as follows:

pcd
Tw — ﬂ (8)

where d is the diameter of the ball screw.

During the natural cooldown phase, the friction heat gener-
ation stops, and the previously accumulated friction heat would
be gradually dissipated to the ambient air via natural convec-
tion. The transient-state thermal characteristic of the ball screw
during the natural cooldown phase is expressed as follows:

aTbs
ot

_hcA<Tbs_Tamb) = pCV (9)

where /.. is the natural convection heat transfer coefficient.

It can be seen from Fig. 3 that the ball screw temperature
also shows a stable exponential decrease during the cooldown
phase. Similarly, an exponential decrease model is defined to
describe the temperature characteristic of the ball screw during
the cooldown phase.

Tis = Tamb + ATps(int)-e /7 (10)

where ATy (int) is the initial value of ATy, when the feed
system is stopped and 7 is the exponential time constant
during the cooldown phase.

Similarly, the time constant 7, can be derived by
substituting Eq. (10) into Eq. (9), considering the
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thermal initial boundary state during the cooldown
phase lim, g ATy = Tps—Tamp = ATps(int)

ped
Te = 4% (11)

3.2 Identification of the thermal boundary conditions

To identify the thermal analysis above, the measured temper-
ature data of Fig. 3 is fitted using the exponential growth
model as defined in Eq. (4), and the result is shown as follows:

ATo, = Tos—Tamp = 7.6(1*5’/2170) (12)

Figure 6 shows the fitting result of the ball screw temper-
ature during the warm-up phase. It can be seen from Fig. 6 that
the fitted curve could match quite well with the measured
value. Comparing Eq. (4) with Eq. (12), ATys(max) and 7,
can be obtained as ATy, (max)=7.6 °C, 7,=2,170 s.

Substituting ATyg(max) and 7, into Egs. (6) and (8), the
forced convection heat transfer coefficient 4,, and the total
friction heat g;, can be calculated as

hy = % = 16.2 w/m?.«C
Gin = Gnut + Go2 + o = hwAATps(max) = 13.9 w

(13)

where material density p is 7.85x 10 kg/m®, specific heat ¢ is
J/Kg.°C.

Similarly, the exponential decrease model defined in
Eq. (10) is used to fit the temperature data during the cool-
down phase, and the result is shown as follows:

ATy = Tos—Tamp = 7.6¢ /*47° (14)

Figure 6 also shows the fitting result of the ball screw
temperature during the natural cooldown phase. It can be seen
from Fig. 6 that the fitted curve could also match quite well
with the measured value during the cooldown phase. So, the
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Fig. 6 Fitting curves of AT}, during the warm-up and cooldown phases

exponential growth and decrease models can be well used to
predict the ball screw temperature variation. Comparing
Eq. (10) with Eq. (14), ATys(int) and 7. can be obtained as
ATps(int)=7.6 °C, 7.=2,470 s.

Substituting 7 into Eq. (11), the natural convection heat
transfer coefficient 4, can be calculated as

_ ped
47,

he = 14.2 wm*.«C (15)

According to the thermal boundary conditions identified
above, a finite element model was built for the X-axis ball
screw as shown in Fig. 7. It was found that when g
accounted for 80 % of the total friction heat, i.e., g, Was
11.12 w while gy, and gy, were 1.68 and 1.1 w, respectively,
the simulation (as shown in Fig. 7) matched quite well with
the experimental result. It can be seen from the simulation that
the ball screw shaft surface has an almost uniform temperature
distribution after a 130-min warm-up, and the maximum
temperature increases by 7.8 °C with respect to the ambient
temperature; it is in good agreement with the experimental
result. So, the thermal boundary conditions identified above is
quite accurate and can be used in the actual application.

3.3 Thermal characteristics of the ball screw under various
feed rates

To identify the influence of feed rate on the ball screw tem-
perature field, additional experiments were conducted to study
the ball screw thermal behaviors under various feed rates.
Figure 8 shows the ball screw temperature variation under
the feed rate of 5, 8, and 10 m/min, respectively.

It can be seen from Fig. 8 that the steady value of
ATy, would increase with the feed rate; while the tem-
perature variation pattern is similar in each case, it
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Fig. 7 Temperature distribution of the X-axis ball screw after a 130-min
warm-up
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Fig. 8 Variation of ATy, under different feed rates

always shows a stable exponential rise state under dif-
ferent feed rates. Besides, it was also found that the
friction heat generated during the warm-up phase in-
creased with feed rate in a linear pattern, and the
exponential time constant 7, remained almost constant
under different ATy¢(int). Therefore, the exponential
models presented above can be well used to predict
the ball screw temperature variation under different ope-
rating conditions, and the steady value needs to be
adjusted according to the feed rate.

4 Modeling for positioning error

As shown in Fig. 4, positioning error is a quasi-static
error; it is not only related to the position coordinate
but also affected by the temperature field of the ball
screw system. There are mainly two types of heat
sources for the ball screw systems: internal heat sources
and external heat sources. The former mainly include
friction heat from the moving nut, the supporting bear-
ings, and the motor, and the latter mainly refer to the
ambient temperature variation. Therefore, according to
its original error sources, positioning error can be divid-
ed into initial geometric error and thermal errors caused
by internal and external heat, respectively.

Additionally, it is found from Fig. 4 that the slope of the
positioning error curves increases constantly with the

temperature in a linear pattern, but the error curve varies little
in shape. So, the comprehensive positioning error model can
be expressed as follows:

Er(x, T') = Erg(x) + Erp(x) = Erg(x) + k7 - x (16)

Where Er(x,7) is the total positioning error, Ery(x) is
the initial geometric error, Erp(x) is the thermally in-
duced error, k7 is the curve slope variation with respect
to the initial geometric error curve, and x is the nominal
position of X-axis.

Each term is defined as follows:

Ery(x) = Z arx' = ag+ aix + ax> + - +ax” (17)

i=0
kT = kbsATbs + kambATamb (18)
AT amp = Tamb_Tamb(int) (19)

where a; is the coefficient for the polynomials; ks and k,y, are
the thermal expansion coefficients for internal and external
heat, respectively; and T,,,(int) is the reference temperature
when the initial geometric error was measured.

The initial geometric error Ery(x) is the basic error curve
measured at the reference temperature. It is only related to the
position coordinate, so it could be modeled with polynomial
regression as above. The thermally induced error is deter-
mined by the temperature and position coordinate, and the
robustness of the thermal error model is a key factor deter-
mining whether the compensation is practical or not. There-
fore, to improve the robustness of the comprehensive error
model and reduce the affection of ambient temperature varia-
tion, the thermal effects caused by internal and external heat
sources are modeled separately here.

The coefficients a;, ks, and k,yy, are derived through the least
squares estimation criteria based on the experimental data sets
shown in Fig. 4 and Tables 2 and 3. The obtained prediction
model for the X-axis positioning error is expressed as follows:

Er(x, T) = Erg(x) + k7 -x = (0.05-0.0089,x — 1.78E ~*x* + 5.14E " 'x’~3.40E ~ '%*) (20)

+ (0.0147AT s + 0.0117 AT ) - x

Figure 9 shows the modeling results for the X-axis
positioning error during the warm-up and natural
cooldown phases. It can be seen from Fig. 9 that
the fitted curves could match quite well with the
actual measured error, and the modeling accuracy
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turns out to be quite satisfactory. So, when the ball
screw temperature field is derived using the numeri-
cal forecasting method in Section 3, the correspond-
ing thermal deformation can also be predicted with
high accuracy.
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Table 2k variation during the warm-up phase

Warm-up time (min)  Curve slope (k7)  Temperature variation (°C)

ATy ATamb

0 0 0 0

10 0.033 1.92 0

20 0.055 3.36 0

30 0.071 4.40 0.10
40 0.083 5.06 0.20
60 0.098 6.22 0.30
80 0.105 6.88 0.40
100 0.111 7.36 0.50
120 0.115 7.44 0.75

5 Compensation implementation and results
5.1 Framework of the compensation system

The real-time compensation system developed in this paper
consists of hardware platform and compensation software,
and the schematic diagram of the compensation system is
illustrated in Fig. 10. The hardware platform is composed of
wireless temperature acquisition unit and a compensation
controller. The compensation controller is realized on an in-
dustrial microcomputer, and it is integrated with a Fanuc 31i
CNC (computer numerical control) system through the em-
bedded Ethernet interface; the mutual data interaction is
achieved based on the Fanuc Ethernet data transmission pro-
tocol. Fast Ethernet data interaction of 100 Mbps is supported
by the Fanuc 311 CNC system as a standard function, and it
has been tested that one compensation cycle could be com-
pleted in 8 ms or less; therefore, it could surely meet the real-
time compensation requirement of the quasi-static thermal
errors in the machining process.

The compensation software is mainly composed of two
modules: ball screw temperature prediction module and real-

Table 3 k7 variation during the cooldown phase

Cooldown time (min)  Curve slope (k7) Temperature variation (°C)

ATy ATymp
0.117 7.52 0.80
0.106 6.56 0.85
10 0.096 5.76 0.95
20 0.080 4.62 1.10
30 0.068 3.60 1.20
40 0.061 2.83 1.30
50 0.054 229 1.40
70 0.046 1.46 1.60
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Fig. 9 Fitting results of error modeling under different temperature
conditions

time compensation module. The temperature prediction mod-
ule is used to predict the temperature variation of the ball
screw according to the FEM-based exponential models, and
the prediction process is as follows:

1. According to the thermal boundary conditions identified
in Section 3, finite element models are preestablished to
simulate the ball screw temperature field under different
feed rates.

2. According to the simulation and experimental results,
exponential growth model (Eq. (4)) is established to fit
the ball screw temperature during the warm-up phase, and
the steady value is updated according to the feed rate.
Similarly, exponential decrease model (Eq. (10)) is
established for the cooldown phase.

3. The exponential growth model (Eq. (4)) is used to predict
the ball screw temperature variation A7} in real time
during the warm-up phase, and the feed rate and warm-
up time are taken as inputs. Similarly, the exponential
decrease model (Eq. (10)) is used for temperature predic-
tion during the cooldown phase.
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Fig. 10 Real-time error compensation system

The compensation module is used to calculate the real-time
positioning error of the machine tool and send the compensa-
tion signals to the CNC system. The compensation process is
as follows:

1. Reading the real-time machine coordinate through the
Ethernet data interaction unit.

2. Obtaining the real-time temperature variation of the ball
screw (ATys) from the temperature prediction module and
reading the ambient temperature from the wireless tem-
perature acquisition unit

3. Calculation of the real-time positioning error according to
the comprehensive error model elaborated in Eq. (20)

4. Transmission of the calculated compensation value to the
CNC system in real time through the Ethernet data inter-
action unit

Then, the compensation function is achieved in the
CNC system based on the function of external machine
original coordinate shift. The CNC system adds these
compensation signals to modify the motion command of
the servo control system by shifting the origin of the
machine coordinate, and the cutting tool is moved with
respect to the workpiece in the opposite direction. This
compensation method is quite convenient in the actual
implementation, as it has no interference with the orig-
inal machining program.
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5.2 Compensation results

To validate the effectiveness of the proposed modeling algo-
rithm and the feasibility of the compensation method, a series
of compensation experiments were conducted on the machin-
ing center under different experimental conditions. The over-
all experimental procedure is listed as follows:

1. Measured the X-axis positioning error under the initial
state with and without compensation, respectively

2. Warmed up the machine tool with a feed rate of 5 m/min
for 30 min and measured the positioning error with and
without compensation, respectively

3. Warmed up the machine tool continuously with a different
feed rate of 8 m/min for another 30 min and measured the
positioning error with and without compensation,
respectively

4. Stopped the machine tool for natural cooldown and mea-
sured the positioning error with and without compensa-
tion, respectively, after 20 min

Figure 11 shows the compensation results for the X-axis
positioning error under different temperature conditions. It can
be seen from Fig. 11 that the maximum initial geometric error
was reduced from —16 to 2.5 um after compensation. Addi-
tionally, the maximum positioning error increased from —16 to
21.4 um after warming up the machine tool for the first 30 min
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Fig. 11 Compensation results under different experimental conditions

and rose to 55.1 wm after another 30-min warm-up with a
higher feed rate. Thereafter, the maximum positioning error
decreased to 33.2 um after a 20-min cooldown. So, it can be
seen that the machine tool positioning error shows a time-
varying characteristic with the temperature, and the thermally
induced positioning error has a significant effect on the posi-
tioning accuracy of machine tools. However, after compensa-
tion, the maximum thermal positioning errors during both the
warm-up and cooldown phases were reduced to less than
5.6 um, and the positioning accuracy of the machine tool
could be improved by at least 75 % under various temperature
conditions. Consequently, the positioning accuracy of the
machine tool could be significantly improved with the imple-
mentation of the real-time compensation system.

6 Conclusions

This paper provides a comprehensive error compensation
method for the time-varying positioning error of machine
tools based on simulation and experimental analysis, and the
experimental results showed that the positioning accuracy of
the machine tool was significantly improved with the
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implementation of the real-time compensation system. The
following conclusions can be drawn:

1. The FEM-based exponential growth and decrease models
proposed in this paper can be used to predict the ball
screw temperature variation with high accuracy. Addition-
ally, combined with the experimental results, they can also
be used to identify the actual thermal boundary conditions
of the ball screw system.

2. Through the direct thermal analysis of the ball screw
temperature field during both the warm-up and cooldown
phases and considering the thermal effects caused by
internal and external heat, respectively, the comprehen-
sive error model established in this paper could achieve a
better compensation performance in terms of accuracy
and robustness.

3.Real-time error compensation is achieved on the Fanuc 31i

CNC system based on the function of external machine orig-

inal coordinate shift and fast Ethernet data interaction. One

compensation cycle is completed in just 8 ms with the fast

Ethernet data interaction through the embedded Ethernet in-

terface. Moreover, this compensation method is quite conve-

nient in the actual implementation, as it has no interference
with the original machining program.
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