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Abstract: This article describes the issue of geometric accuracy of large machine tools. The 
operation and maintenance of large CNC machine tools is usually affected by a number of 
aspects related to large workpieces and spaces at the machine installation site. It is the size of 
the working space and the large dimensions of the production halls that very often have a major 
impact on the operation of these machines. Large workpieces remain clamped on the machine 
for weeks and are therefore affected by the changing environment. The presented study captures 
and presents changes in the ambient conditions of a large CNC machine tool, including its effects 
on the geometric accuracy of the machine. The first part of the article describes the geometric 
errors of the assessed machine. The second part also presents selected ambient conditions of 
the machine with the resulting measured data. The last part of the presented study summarizes 
the conclusions describing the influence of ambient conditions on the geometric accuracy of 
the machine.
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1. Introduction

Machining of large parts is one of the most demanding technological operations, 
especially in the area of production accuracy. Large machine tools are described in 
publication [1]. The manufacturers of large machines, as well as their users, strive to 
increase production accuracy due to the ever-increasing requirements for production 
tolerances [2]. Important geometric errors of large machines are the positioning error 
and the squareness error. These errors not only affect the production accuracy, but also 
the resulting accuracy of the workpiece positioning. 

The positioning error or the error of position accuracy setting according to ISO 230-
2: 2014, which can be as large as 0.1 mm on large workpieces, belongs to the group 
of quasi-static ones. These very slow changes in the ambient conditions during the 
season of the year can cause changes in the geometric accuracy of the machine.

In large CNC machine tools operated in large production halls, the environmental 
changes are visible and essential for the behaviour of the machines in terms of 
geometric accuracy. The presented work describes a case study of the behaviour of 
a large CNC machine tool of the horizontal boring and milling machine (HCW3) type. 
The first part describes the geometric deviations of the HCW3 machine and individual 
types of geometric accuracy measurements. The second part presents a system for 
monitoring the machine tool, including a record from two monitored periods. The last 
part presents the resulting analyses of positioning accuracy and temperature settings 
in a given period.

2. Geometric errors of horizontal boring and milling machines 
The geometric accuracy of machine tools is described here by the standards of 
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the ISO 230 and ISO 10791 series. These standards 
are used mainly as the sum of the handover 
protocol between the machine manufacturer and 
the customer. Within the operation of the machine 
and the part of its life cycle - Use of the machine [1], 
internal test procedures of individual CNC machine 
tools are very often designed. Their use is usually 
realized in production machines where workpieces 
with high added value are machined or it is very 
difficult to replace these machines in the production 
process due to the incompetent production. The 
following section presents a machine tool that 
is constantly monitored and analysed to ensure 
the production competence. Tests of the effect of 
temperature on the volumetric error and on the 
change in lengths identified by the indirect method 
were presented in the publication [3]. It was a small 
CNC machine tool placed in the air-conditioned 
chamber.
2.1. Demonstrator 

The study is carried out on the horizontal boring 
and milling machining centre HCW 3 – Skoda 
Machine Tool (Fig. 1.) The coordinate system of 
demonstrator corresponds to the kinematic chain 
W (Workpiece)-X-Y-Z-W-T (Tool). 

Table 1: HCW 3 machine parameters.

Figure 1: (a) Demonstrator HCW 3 Skoda Machine Tools [cz-
SMT.cz]. (b) Operation of HCW 3 in the production premises of 
Slovacke strojirny [Slovacke strojirny].

Table 1 defines the start of the individual axes 
and the start and end of the measured workspace 
for different measurement of HCW 3 with laser 
interferometer (LI) and LaserTRACER (LTc).

Start Axis Machine / 
LI / LTc
[mm]

End Axis Machine / 
LI / LTc
[mm]

Length Machine/ 
LI / LTc
[mm]

X
0 / 500 / 8000

26000 / 25500 / 
16000

26000 / 25000 
/ 8000

Y 0 / 50 / 9000 / 6050 / 9000 / 6000 / 

Z 0 / -50 / -1550 / -1550 / 1550 / 1500 / 

W 0 / -50 / --- -1350 / -1350 / --- 1350 / 1300 / ---

2.2. Geometric errors of machine tools
A CNC machine tool with three-axis kinematics 

can be described by 21 geometric deviations [4], [5]. 
Standard geometric accuracy control procedures 
include laser interferometer, ballbar, gauge, etc. [5].

For horizontal milling and boring CNC machine 
tools, it is possible to describe 23 geometric 
errors using the mathematical model FRB+elastic 
(ETALON). These are the standard errors described 
in ISO 841: 2001 and two other errors describing 
the deviation of TCP with respect to the travel of 
the spindle and headstock on the stand. Figure 2 
shows a diagram of a cantilever machine including 
21 geometric deviations. 

Figure 2: Geometric errors of horizontal boring and milling 
machines – cantilever type.

Figure 3: Geometric errors of horizontal boring and milling 
machines – model FRB+elastic.

Figure 3 shows the other two error parameters 
corresponding to the calculation model FRB+Elastic 
(Full rigid body) typical for horizontal boring and 
drilling machines.
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Thanks to such a description and a suitably 
designed measurement strategy, it is possible to 
monitor the behaviour of the machine for a long 
time. These results are then used in combination 
with the thermal behaviour of the machine and its 
ambient conditions to predict the behaviour of the 
machine or to assess the suitability of the machine 
deployment for a given type of workpiece.
2.3. Design of measurement strategy

Based on the knowledge of the geometric 
accuracy of the machine, its operation and the 
range of workpieces, it is possible to compile an 
appropriate measurement strategy to increase 
the production accuracy, as well as for long-term 
assessment of production accuracy with respect to 
its production competence.
2.3.1. Diagnostic of machine tools with Ballbar QC20-w

One of the basic devices for rapid diagnostics 
of CNC machine tools is the Ballbar device. It works 
on the principle of circular interpolation and is used 
not only for testing purposes according to ISO 
230-4: 2005, but is often used for testing purposes 
designed for a specific kinematic structure of the 
machine.

As part of operations to increase the production 
accuracy, this device was used as a verification 
measuring device. Figure 4 shows an example of a 
circular interpolation measurement on a 220 ° radius 
on the HCW3 machine (Fig. 4 a) at point P1 (Fig. 4 b). 
The results are archived for a long time and assessed 
with measured ambient conditions.

2.3.2. Positioning error measurement with laser interferometer
Another group of tests are measurements 

according to ISO 230-2: 2014. The measurement 
takes place in selected travels of axes according 
to Tab. 1. The measurement is again used not 
only to increase the accuracy and repeatability of 
positioning, but also to assess the environmental 
effects on the change in length. These effects 
are more significant here due to significant 
changes in ambient temperatures than is the 
case with medium and small CNC machine tools. 
Measurements according to ISO 230-2: 2014 are 
part of each planned inspection cycle and are 
shown schematically to determine the accuracy and 
repeatability of the X-axis positioning (Fig. 5).

Figure 4: (a) Ballbar measurement of HCW 3. (b) Ballbar 
positions.

Figure 5: (a) Positioning measurement of X Axis of HCW 3. (b) 
Laser interferometer positions.

2.3.2. Volumetric error measurement with LaserTRACER
The measurement of the volumetric deviation 

on the machine is realized by means of the 
measuring device laserTRACER in the travel of 
the axes according to Tab. 1. The measurement is 
based on the principle of sequential multilateration 
and communication using the trigger interface. 
An example of the HCW3 machine measurement 
is shown in Fig. 6a, including the measurement 
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strategy of Fig. 6b. The principle of measurement of 
machine tools using training interferometers by the 
multilateration method is described in more detail 
in publications [6] [7].

4.1. Geometric error of HCW3 
When assessing the change in positioning 

accuracy of individual axes, the ratio θ was monitored 
between the theoretically achieved value of axis 
elongation at the temperature gradient obtained 
from monitoring between individual periods and 

Figure 6. (a): Volumetric error measurement of HCW 3. (b): 
LaserTracer positions.

3. Environmental monitoring
To analyse the measured data of the 

geometric accuracy of the machine in relation 
to the surrounding environment, the machine 
was equipped with temperature sensors type of 
Pt1000 located on the frame of the machine and its 
surroundings. The following sections of this chapter 
present the arrangement of the individual sensors 
chosen according to the long-term experience of 
the machine operator.
3.1. Design of Environmental monitoring

Figure 7 schematically shows the arrangement 
of the sensors with an example of the online display 
of temperatures on the HCW3 machine for the X 
and Y axes. On the X axis, there are a total of nine 
sensors under the machine covers and five sensors 
on the outside of the bed. Sensors located on the 
Y-axis are both under the Y-axis cover and on the 
outside of the stand.
3.2. Temperature profile

Figures 8 and 9 show the profile of the measured 
temperatures of one day in July (Fig. 8) and 
November (Fig. 9). During both days the machine 

Figure 7: Actual temperature values on HCW 3.

Figure 8: Temperature profile of 7th month.

 

Figure 9: Temperature profile of 11th month.

 

was in machining mode. From the obtained courses 
of specific days, it can be seen how the temperature 
fluctuates during the day in selected places, but 
also the changes over 4 months. These then have 
a significant effect on the results of geometric 
accuracy. 

4. Results and Discussion
As part of long-term monitoring of geometric 

accuracy in connection with ambient conditions, 
selected machine parameters were monitored. 
These were mutually assessed and evaluated. The 
following chapter presents the partial results.
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the actual difference of elongation according to the 
relation:

and θ
W

 = -1.265 for the W axis (Fig. 11b).

T

R

E
E

θ = ( )1

where E
T
 is the theoretical error on the axis 

calculated according to the relation (2) and E
R
 is the 

difference of errors given by the relation (3).

TE L Tα= ⋅ ⋅∆ ( )2

( )3

L is the assessed axis length with the temperature 
coefficient of expansion α and the temperature 
change ΔT.

11 7RE E E= −

The position setting error E11 then corresponds 
to the error measured in the 11th month according 
to Fig. 10a and the position setting error E7 
corresponds to the error measured at the 7th month 
according to Fig. 10b.

For the X and Y axes, this observed ratio is θX = 
-3.016 for the X axis (Fig. 10a) and θY = -2.930 for the 
Y axis (Fig. 10b).

Figure 10: (a) X axis accuracy, (b) Y axis accuracy.

The results obtained for the Z and W axes 
are calculated only as indicative from the same 
temperature gradients as for the X and Y axes. It 
should be noted that temperatures on the Z and W 
axes, which have significantly different temperatures 
than X and Y, are not monitored. Despite these 
circumstances, a ratio calculation was performed 
that is equal to θ

Z
 = -1.598 for the Z axis (Fig. 11a) 

Figure 11: (a) Z axis accuracy, (b) W axis accuracy.

4.2. Compensation of large machine tools 
Compensations in the CEC tables [8] for the 

Siemens sinumerik 840Dsl control system were 
applied as part of changes in the geometric accuracy 
of the machine related mainly to changes in ambient 
conditions. Fig. 12 shows an example of the results 
of the accuracy and repeatability of positioning of 
the X and Z axes before the compensation and after 
the activation of the compensation tables. As can be 
seen, with the controlled length and the ambient 
conditions change, the error increases linearly.

Figure 12: (a) X axis accuracy, (b) Z axis accuracy.



Acta Mechanica Slovaca
Journal published by Faculty of Mechanical Engineering - Technical University of Košice

61

4.3. Discussion
From the results presented above, it is evident 

that the change in temperature of individual 
groups of the machine plays an important role in its 
operation. As part of the long-term evaluation, there 
is still insufficient data to implement a system to 
increase the production accuracy. There are several 
reasons for this. The first part is still a "small" sample 
of data that could be used to predict behaviour. The 
second part is a "small" sample of suitably controlled 
workpieces. Both factors are gradually assessed 
and tested over time in cooperation with the 
manufacturing company. For example, monitoring 
of at least one annual cycle will be needed to assess 
the impact of the season of the year and to design 
an appropriate measurement cycle and individual 
strategies. For the X-axis, the curve oscillates in the 
7th month, where the resulting linearity corresponds 
to the temperature behaviour of the axis, but the 
obtained waveform could bring considerable 
inaccuracy into the results. Furthermore, it is 
necessary to assume a linear course of the error, 
such as for the Y, Z and W axes. This course will be 
monitored and evaluated as part of further research. 

The question remains whether it will be possible 
to generalize the knowledge gained in this way, at 
least in terms of kinematics and machine size. For 
further research, it would be appropriate to obtain 
more temperature profiles from similar production 
halls and to include this knowledge in the potential 
generalization of the operation of large CNC 
machine tools.

For machine users, the results can be used to 
quickly correct a positioning error without the need 
for service. The use of such a correction depends on 
the version of the machine control system.

5. Conclusions 
The submitted study presented the results of 

a long-term assessment of the accuracy of a large 
machining centre of the horizontal milling and 
drilling machine tool type. Based on the selected 
calculation model, a measurement strategy was 
compiled consisting of quick machine diagnostics, 
assessment of the accuracy and repeatability 
of position setting and volumetric accuracy of 
the machine. In conjunction with continuous 
environmental monitoring, a data set was created 
for long-term maintenance planning of the machine 
in order to maintain or increase its production 

accuracy. It is clear from the results that the stability of 
the geometric accuracy of the machine in changing 
ambient conditions can be achieved through the 
implementation of progressive technologies in such 
a demanding production process as machining 
of large workpieces. For example, on the X and Y 
machine axes, an agreement can be observed in the 
behaviour of the positioning accuracy in relation to 
the changing temperature. For the Z and W axes, it 
is possible to observe the same agreement, but with 
a significantly different ratio for comparison, due 
to the absence of temperature sensors directly on 
these machine axes.

From the point of view of today's technologies 
and the possibilities of monitoring selected 
quantities, their deployment into the machining 
of large workpieces can be expected in order to 
further increase their production accuracy.
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