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SUMMARY 

The progress achieved in the BCR-project 'Development of Methods for Numerical 
Error Correction of Machine Tools' is described in this report. 

First, two remaining items have to be clarified with respect to the geometric error 
model including finite stiffness. 
In the first Milestone report a discrepancy is described in the X-axis between the 
geometric error model and the verification measurements. This discrepancy will be 
discussed in this report. 
Within the same Milestone report, an error model is presented, capable of modeling 
the finite stiffness errors due to a workpiece load. The results of the validation of this 
model will also be presented in this report. 

A quick overview is given of the other activities of the partners concerning the 
project according to the BCR-workplan. Also a summary is given of activities during 
the next period, which will end in May 1992. 
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INTRODUCTION 

During the last period of the project, June until November 1991, all partners in the 
BCR-project continued their activities. 
TUE is investigating a statistical approach to predict the drift of the machine, based 
on the measured temperatures. Based on this research, a first version of a software 
error correction for thermal behaviour is developed. In cooperation with TUE, Philips 
has developed this error correction that supports the manufacturing of workpieces for 
verification purposes. Also a first version of a software error correction for geometric 
errors is developed and implemented by Philips. Both error corrections will be 
verified within the next period. Based on the results of these experiments, the final 
version will be developed. 
PTB designed the final version of a test workpiece. They continued the evaluation of 
geometry data from these manufactured workpieces. They also developed the first 
version of a thermomechanical model for a milling machine and a program, which 
simulates the thermomechanical behaviour of this machine tool. 

· To get a proper comparison, both methods will be applied to the Maho milling 
machine at TUE. Therefore, PTB specified the experiments to determine the machine 
tool error components on this machine. All NC-programs have been changed by 
Philips, to a format suitable for the Maho milling machine at TUE. 
During the past period, Maho gave technical support and information about the 
hardware of the milling machine. They investigated the possibility to rotate the 
swiveling head 90o, instead of 60o, which was necessary for the milling of 
workpieces. As this could only be achieved by another swiveling head, it has been 
decided to alter the design of the workpieces. Therefore, PTB has developed a 
variant of the test workpiece. The NC-programs for these workpieces will be written 
by Philips in the next period. 

TUE delivered a milestone report to BCR, on behalf of all project partners. After a 
discussion with BCR, this milestone report has been approved. However, two items 
had to be investigated within the last period. First, the discrepancy at the end of the 
X-axis between the actual holeplate measurements and the simulations should be 
evaluated. Secondly, the simulations with respect to the finite stiffness errors should 
be verified. Within this interim report, both items will be discussed. 

On June, 4th 1991, the 5th meeting of the BCR-project partners took place at Paris. 
During this meeting, PTB has been invited to apply the workpiece method on the 
Maho milling machine at TUE. On October, 4th 1991, the 6th meeting took place at 
Eindhoven University, mainly to discuss the milling of workpieces. The next project 
meeting will take place on January, 30th 1992 at Philips, Eindhoven. 

OVERVIEW OF ACTIVITIES ACCORDING TO THE BCR-WORKPLAN 

In the next part the activities of the project partners during the last project period are 
described. As defined in the workplan, the first four tasks have been finished. These 
workpackages have been discussed extensively in the first milestone report. 
Therefore, we will only describe the state of the workpackages, not finished yet. An 
exception is made for the two items mentioned above, concerning the geometric 
error model. 
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A. Geometric Error Models Including Finite Stiffness 

Participants: TUE, PTB, Philips, Maho 

In the first milestone report, the geometric error model has been discussed 
extensively. However, two items have still to be clarified. 

Discrepancy in the X-axis 
During the verification of the geometric error model in both the XY- and the 
XZ-plane, a discrepancy appeared in the X-axis between the actual holeplate 
measurement and its simulation (see Milestone report, paragraph 5.3). As the 
holeplate measurement and the simulation coincide very well in the other directions 
and in the other plane, this difference is mainly described to the X-scale, which can 
not expand freely. Therefore, some additional experiments have been carried out 
with different temperatures. In figure 1 the linearity error xtx is depicted, with a 
temperature of 19oC and 24oC. In both situations the measurement data is corrected 
for the expansion of the X-scale, using an expansion coefficient of 9.75 µm/m°C 
(determined by PTB). This correction is based upon the assumption that the X-scale 
can expand freely• XIX measunrnenl •t ditfereru r.mper•tur .. 
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Linearity error xtx, versus the position of the X-carriage with different 
room temperatures 

Figure 1 clearly shows a difference between both experiments, although carried out 
on the same position. As the expansion coefficient is correct for the other axes, we 
assume that the scale can not expand freely. 

Fig. 2 

100 

200 300 400 500 600 700 

Position X - axis ( mm ) 

Results of the holeplate measurement, together with the residual between 
measured result and simulation 
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We have carried out a holeplate measurement with similar environmental conditions 
as during the determination of the error components. In figure 2 the results are 
depicted together with the residual between the measurements and the holeplate 
simulations. 
The results of the comparison show that the model describes the errors correctly. 
Thus, it can be concluded that the developed error model is correct. Maho will pay 
attention to the attachment of the X-scale. 

Verification of the error model with respect to finite stiffness e"ors 
TUE has developed a general error model which can be applied to multi-axes 
machines of arbitrary configuration. This error model can cope with geometric errors 
as well as finite stiffness errors. With respect to the geometric errors, simulations are 
carried out and verified using the holeplate. The same simulations are carried out to 
analyze the finite stiffness errors due to a workpiece load. In order to verify the error 
model, simulations of the holeplate measurements are compared with actual 
measurements with different workpiece loads. In figure 3, the results of the 
comparison between the actual holeplate measurement and its simulation is presented 
for two different loads. The presented comparison is carried out in the XY-plane, 
where the largest influence of the investigated error is found. Three different states 
are depicted. The solid line represents the actual measured deviation. The dashed line 
represents the residue when the measured deviation is compensated for the geometric 
errors. The dash-dotted line shows the residue when the measured error is 
compensated for both the geometric errors and the finite stiffness errors due to a 
workpiece load. The finite stiffness compensation is determined by interpolation 
between the measured errors with and without a workpiece load. 

Table load 119 .3 kg Table load 266.65 kg 
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Fig. 3 Validation of the e"or model for geometric and finite stiffness e"ors 

Taking into account the upper limit estimation for the uncertainty of the residuals 
(2S = 6.8 µrn), it can be concluded that there is no significant difference between the 
model and the actual error structure of the milling machine under different loads. 
Thus, it can be concluded that the developed error model is correct. 

Both the geometric errors and the finite stiffness error due to a load of a workpiece 
have a significant influence. Therefore, a software error correction will be developed 
for these errors. The results of this error correction will be presented in the final 
project report. 
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B. Thennomechanical behaviour 

Participants: TUE, PTB, Philips, Maho 

TUE has measured the thermal behaviour of the milling machine by using six 
inductive displacement sensors and a 37-point temperature measuring system. The 
behaviour of the milling machine is measured during warming-up and cooling-down 
periods. As the drift will depend on the position of the axes of the milling machine, 
several drift measurements are carried out in the production volume of the milling 
machine. 
The goal of this part of the study is to determine a relationship between the relevant 
temperature sensors and the measured displacement of the tool holder, based on 
empirical obtained measurement results. The temperature sensors must be chosen 
such that the predictive value of the model is optimal. 

Several approaches are carried out in order to obtain the relation between relevant 
temperature sensors and the displacement. First, preliminary calculations using least 
squares fitting procedures are performed. With an intuitive selection of the 
temperature sensors this method displayed fairly good results. However, as the 
theoretical importance of a particular temperature sensor is unknown, a methodology 
for relevance detection is desired. A possible approach is the use of statistical criteria 
for elimination and calculation of the optimal model. Therefore the datasets are 
examined with the use of a software package for statistical analysis of data (SAS). 
This software package offers a wide range of utilities for regression analysis. 
Taking a dataset and a direction of the displacement, the task of the regression 
procedure is to determine: 

• the temperature sensors relevant for the description of the displacement; 
• an estimate of the coefficients of the predictors (temperature sensors); 
• a statement on the confidence interval for future predictions on new data. 

Careful analysis of undesired effects inherent to this regression problem, like 
multi-collinearity in the predictor space, different measurement samples have been 
evaluated within the volume of the machine tool. In the next two figures the results 
are presented of an actual measurement and the residuals after the measurement 
results have been corrected. A strong improvement can be observed in the behaviour 
of the machine tool. 

- Olapl.IC:C'll'n:mt at the tool hoklft' Wore uxl after oorrect.ion Dilpl..,.....,t al the tool hold..- before uw:I tlu!r <»rn>cUon 
20 10 

10 
0 

I .5 

I -10 
i1 
>- ·IS .s 

l -20 

·20 
-25 

i5 
.30 

·30 Loodo 4000 rpm 6 h.,....., 0 rpm 8 hol.ro 

Z~pc:*tion: S66 .35 Loodo 4000 rpm 6 houn. 0 rpm 8 hotn 

Z-p:>1iti011.: S66 

-40 -40 
0 100 200 300 400 500 6IJO 700 800 900 0 100 200 300 400 500 600 700 

Time[min] Time[min] 

Fig. 4 Results of the thermal behaviour compensation in X-and ¥-direction 
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Fig. 5 Results of the thermal behaviour compensation in Z-direction 

Based upon this developed regression model, the first version of a software error 
correction is developed. 

PTB has continued its activities to investigate an analytical model, based on data 
gathered with test workpieces. 
The geometry data of workpieces machined on a "Deckel FP3NC" have been 
evaluated. It was possible to extract all component errors including those of the 
rotary table. However, a slight difference between the error model and the real 
behaviour of the Y-axis of the machine tool could be found. The evaluation of the 
changes in the orientations of the workpiece tracks lead to the conclusion that high 
non-reproducibilities of the rotational errors components yaw, pitch and roll due to 
the clearances between slides and slideways of the guides may cause systematical 
errors that cannot be described by the used error model. The discovery of these 
errors have encouraged PTB to continue developing the test workpiece method. 

A thermomechanical error model based upon an analytical approach was developed 
in a first version. This approach considers the temperature distributions in the 
machine tool's structure and in the scales. It is done by a simplified 3-dimensional 
FEM - model of the machine structure. The following errors are described as 
functions of the machine tool temperatures: 

• 6 zero point drift components (3 translational, 3 rotational); 
• 3 linear scale factors; 
• 1 squareness error; 
• 1 rotational error of the X-axis; 
• 2 rotational errors of the Y-axis; 
• 2 rotational errors of the Z-axis. 

A simulation program has been developed to calculate the error components as 
functions of the temperature changes and the temperature gradients, measured during 
machine tool operation. The program to simulate the thermomechanical behaviour is 
a modular part of the program, which includes as well the evaluation for test 
workpiece data (see previous reports). The results of the simulation can be compared 
directly to the results of the geometrical evaluation. For universal usage of the 
program it can be adapted for different machine tools and different temperature 
measurement systems. 
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C. Correction 

Participants: TUE, PTB, Philips, Maho 

Geometric error correction 
Caused by the limitations of the available machine tool controller, only three 
linearity errors and three straightness errors can be compensated real-time. Therefore, 
simulations have been carried out to determine all straightness errors in the middle of 
the production volume. From these errors, the largest are chosen: xty, ytx, zty. 
A holeplate is measured on the machine tool with and without the error correction 
active. The measured results, compensated for alignment errors and thermal 
expansion, yield the conclusion that the geometric performance of the machine tool 
is improved significantly. However, based on the simulations, as presented in the 
milestone report, a more accurate machine can be achieved with the error model. 
Therefore, the possibilities to implement a more sophisticate geometric error 
correction will be investigated by Philips and TUE. 

Therma,/ error correction 
TUE investigates the relationship between the thermal distribution and the 
deformation of the machine tool, using a statistical approach. In order to verify this 
method, an experimental setup is developed for a software error correction that 
supports the manufacturing of workpieces. An external computer is used to read the 
temperature sensors and to calculate the compensation values, based on the statistical 
model. This computer transfers every 60 seconds a compensation table to the 
controller of the milling machine. The controller will calculate the actual 
compensation values, dependent on the position of the axes every 15 ms. Philips has 
implemented this error correction and verifications have been carried out at TUE. 
The results of this verification show an improvement of the thermal drift of the 
machine tool. In some directions a reduction of the displacement of the tool holder 
up to a factor 3 can be achieved. 

In the near future the possibilities will be investigated to implement a more 
sophisticate error correction for both error sources. This error correction will have 
more flexibility so it is also possible to apply the PTB model as a tool for software 
error correction. In this way, a proper comparison of both methods can be carried 
out. 

ACTIVITIES PLANNED FOR THE NEXT PERIOD 

During the next period, which will end in May 1992, most attention will be paid to 
complete both thermomechanical models. A lot of work will be carried out to 
achieve a proper comparison of both methods on the Maho milling machine. The 
final version of this model will be presented to BCR May 1992. 

Also the investigations on the error correction will be continued. For both error 
sources a more sophisticated correction will be developed. 

On January, 30th 1992, the 7th meeting will take place at Philips, Eindhoven. During 
this meeting most attention will be paid to the workpiece method, which will then be 
applied to the Maho milling machine. As a software error correction should be 
available at the end of this project, final agreements will also be made with respect 
to this error correction. 
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