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Abstract This paper introduces an extension of the thermal error compensation 
based on the Torque Limit Skip (TLS) to two independent spindle systems of a 
multi-spindle Swiss-type lathe. The TLS method is a recently introduced approach 
for the measurement and compensation of thermal errors of precision machine tools. 
Until now, this method had been used for probing at a single location and to create a 
single compensation model, specifically on the main spindle of a Swiss-type lathe. 
The challenge of a second counter-spindle system is that it introduces a second 
tool-center-point into the working space, the thermal behaviour of which is different 
compared to that on the main spindle. Furthermore, on Swiss-type lathes, there 
is no possibility to measure with a movable touch-trigger probe or displacement 
sensors. This work therefore extends the TLS compensation to the counter-spindle, 
by devising a second probing location and implementing a second compensation 
model. It is demonstrated that the two measurement cycles and compensation models 
can run independently and that each model can compensate the thermal errors of its 
corresponding spindle system. Results show that with out-of-sync operation of the 
two spindles, the TLS measured thermal errors are reduced by 80% when using a 
compensation model based on transfer functions. 
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1 Introduction 

Machine tools (MT) can be considered as a rigid system. However, during the working 
process, various phenomena, such as vibrations, chatter, gravitational forces and 
thermal effects etc., load the machine, resulting in different types of errors. Errors 
caused by non-stationary thermal effects can be described as displacements from the 
desired tool and workpiece path. According to research by Bryan [1] and Mayr [2], 
these errors account for 40–70% of the total MT inaccuracy. Due to the significance 
of this error source, minimizing thermal errors remains a long-term goal of MT 
designers and programmers. One possible solution is to compensate MTs through 
correction of the NC-axes or the tool position. Data-based thermal compensation 
is a gray/black box approach based on correlating machine tool variables, such as 
temperature, speed, position etc., with thermal errors and then compensating them. 

There are many types of data-based compensation models, ranging from simple 
regression models such as multiple-linear regression analysis (MLRA) [3], to transfer 
functions (TF) [4], to more complex models such as convolutional neural networks 
(CNNs) [5] or long short-term memory neural networks (LSTM) [6]. As stated by 
Wegener et al. [7], a major aspect of any compensation model is the type of sensor 
technology used to measure the thermal error itself. 

The most widely used standardized direct method for measuring thermal errors is 
based on ISO 230-3: Test code for machine tools - Part 3: Determination of thermal 
effects [8]. The basis of this method is the measurement of a precision mandrel using 
5 probes that measure three linear errors and two angular errors. This setup is used 
in many works, e.g. [5, 9, 10]. 

A requirement for data-based compensation models is that the model parameters or 
even the inputs can be adaptively updated if conditions change, and a certain tolerance 
band is exceeded. In order to meet this condition and to achieve high accuracy over 
long time scales, it is necessary to measure the thermal errors periodically with 
optimal time spacing [11]. 

Currently, many machine tool manufacturers are addressing the implementation 
of measuring devices in real production. Static solutions defined in ISO standards 
are not suitable for these cases. One suitable solution is touch-trigger probes (TTP), 
which however require clamping the artifact on the table and also the machine must 
be equipped with this feature [12]. 

This publication focuses on the Swiss-type lathe. This specialized machine tool 
has several features that distinguish it from a standard lathe: 

I. a guide bush near the cutting tool, which supports the workpiece; 
II. an automatic bar feeder that feeds the workpiece through the guide bushing into 

the work area; 
III. a sliding spindle that allows the workpiece to move along the Z-axis; 
IV. a larger number of tools and axes; 
V. a counter-spindle that allows operations to be performed independently. 

In general, Swiss-type lathes are not equipped with a TTP. Some of the larger 
and more complex Swiss-type lathes are equipped with a rotating tool tower which
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may contain a TTP in one of the tool positions. However, basic Swiss-type lathes 
designed for mass production of less complex parts usually do not have a TTP. Kaftan 
et al. [13] developed a new thermal error measurement method based on torque limit 
skip (TLS) integrated into the machine control system without additional specialized 
measuring equipment. In this paper, this method is applied to a counter spindle that 
is also subjected to thermal effects. Based on the measured data, two independent 
compensation models for individual spindles are developed. 

2 Methodology 

2.1 Torque Limit Skip Method 

The torque limit skip (TLS) is a special type of a linear motion command. If, during 
the movement with this command, the torque of the servo-motor reaches the torque 
limit value due to pressing or other causes, any remaining move commands will be 
canceled, and the next block will be executed. The torque limit value is equal to the 
maximum torque on the servo motor multiplied by the override; the override value 
can be specified by the operator as a percentage value from 0 to 100% directly in 
the CNC code. The operation during the TLS command is shown in Fig. 1 and the 
probing consists of a TLS probe and the artefact. 

During the probing, the TLS probe moves along a linear axis from the starting 
position O towards the artefact to a user-specified coordinate C. The probe comes into 
contact with the artefact at point A but its movement continues in the direction of the 
coordinate C since the torque limit on the axis servo motor had not yet been reached 
at point A. The movement is subsequently terminated at point B where the torque 
limit value is reached and the skip signal is triggered. The set torque limit at point B 
corresponds to a current limit on the axis motor, as also shown in Fig. 1. The probe 
then returns to its starting position or another position in the working space. As

Fig. 1 Left: operation during the execution of the TLS command with a TLS probe. O: axis starting 
position in the working space, A: first point of contact, B: position when torque limit is reached, C: 
target axis position. Right: plot of the motor current during the TLS probing sequence—the torque 
limit is equivalent to a current limit in the axis motor 
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described in the work of Kaftan et al. [13], the repeated application of the movement 
sequence as described, i.e. the repeated triggering of the TLS over a time horizon 
of several hours, can be used to track the relative change in position of the axis and 
therefore the relative change in position between the probe and the artefact, which 
is mostly due to the thermal error. 

2.2 Compensation Model 

The compensation strategy based on TF theory is widely used in electrical and 
mechanical systems [14]. It is a dynamic method that can describe the heat transfer 
in the MT structure with sufficient analytical accuracy [15]. A discrete TF is used 
to describe the coupling between the so-called excitation, here the temperature 
difference, and its response, in this case the deformation: 

y(t) = ε · u(t) + e(t). (1) 

The vector u(t) in Eq. (1) is the input of the TF and y(t) is the output in the time 
domain, ε represents the general TF in the time domain and e(t) is the interfer-
ence value which is neglected further. The thermal compensation model used in this 
paper is based on an AutoRegressive model with eXogenous inputs (ARX). The 
ARX model considers the past and present inputs of the system but also the past 
outputs of the system. Based on this, it calculates a prediction for the current system 
output. The ARX model is suitable for time series data processing and therefore 
can capture the thermal dynamics of the machine. The mathematical structure of 
the model is expressed in the form of a discrete TF in the time domain using differ-
ential Eq. (2). This form is generally suitable for modern MT control systems using 
their programming languages. 

y(k) = 
u(k − n) · an + .  .  .  + u(k − 1) · a1 + u(k) · a0 

b0 

− 
y(k − m ) · bm + . . . + y(k − 1) · b1

b0
, (2) 

where k represents the examined time instant, and k-n (k-m)  is  the  n-multiple (m-
multiple) delay in the sampling frequency of the measured input vector (simulated 
output vector). The sampling frequency is equal to 1 s−1 in the article. A linear 
parametric model ARX is used with the help of Matlab Identification Toolbox [16]. 
The ARX as an optimal model structure with the best fit in quality and robustness is 
also discussed in [17]. 

The approximation quality of the simulated behavior is expressed by a global 
approach based on a normalized root mean squared error (NRMSE) method fit [16] 
as expressed in Eq. (3). The fit is a percentage value of model efficiency where 100%
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would equal a perfect match of the measured and simulated behaviors: 

fit = 1 − ymea − ysim 
ymea − ymea 

· 100. (3) 

The ymea value in Eq. (3) is the measured output - displacements in the machine 
direction X in this case, ysim is the simulated model output, and ymea expresses the 
arithmetic mean of the measured output over time. 

3 Experimental Setup 

3.1 Investigated Machine Tool 

The target machine for this research is a Swiss-type lathe. This machine has two 
spindles that have a maximum speed of 8000 rpm. Their kinematic chains are shown 
schematically in Fig. 2. According to ISO 10791-1:2015 [18] the kinematic chains 
of main and counter spindle can be described as H[w-(C’)-Z’-b-X-Y-t] and H[w-
(C’)-Z’-X’-b-Y-t]. The temperature is measured using Pt100 temperature sensors, 
which are mounted on both spindles at thermally relevant locations (motors, linear 
guide etc.) and on the machine structure. The TLS method, described in the previous 
section, was used to measure the thermal error on both the main and counter spindles. 

Fig. 2 The axis configuration of the Swiss-type Lathe. Curly brackets indicate NC controlled axes 
in the coordinate system as shown. W denotes the workpiece and T denotes the tool, b is the machine 
bed. The coloured points show the position of the temperature sensors used for the model in the 
following section (blue dots are for the main spindle and red for the counter spindle)
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Fig. 3 Experimental setup of measurements on a Swiss-type lathe 

3.2 Experimental Setup and Load Case 

The experimental setup consists of two TLS probes, also called ‘reference blocks’ in 
earlier terminology, and two corresponding artefacts. The first TLS probe, which is 
used to capture the thermal error of the main spindle (shown as TLSmain in the plots 
below), is located on the vertical table on the right hand side of the main spindle. 
The second TLS probe, which is used for the measurement of the thermal error on 
the counter spindle side (shown as TLScounter), is located on the horizontal tool table 
next to the counter spindle. Both artefact surfaces are also shown in Fig. 3.  On  the  
main spindle side, the guide bush serves as the artefact surface, while on the counter 
spindle side, it is the outside metal cover of the counter spindle. As described above, 
the contact between the TLS probe and the artefact on each of the spindle sides 
triggers the torque limit skip signal.

The experiment is based on independent loading of both spindles. The cycle for 
the main spindle consists of a loading phase—rotating the spindle at 8000 rpm and 
moving in the X-axis for a period of 0.75 h and a cooling phase - spindle stopped 
without movement for 0.75 h. The cycle for the counter spindle is the same but each 
phase lasts 1 h. ‘One cycle’ refers to one repetition heating and cooling. The cycles 
are repeated for both spindles for 21 h. Every minute the relative error in the X-
axis is measured by TLS. Recording of the measured relative errors and temperature 
are shown in Fig. 4. Both spindles are stopped during the probing and the TLS 
measurements take place on the main and counter spindles simultaneously. The TLS 
measurements take ca. 5 s and the cooling during this time is therefore negligible.
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A) 

B) 

C) 

Fig. 4 Load case—a measured X-axis relative errors for both spindles; b spindle speed setting; 
c measured temperature change of spindle housing—model input 

4 Results 

The thermal error measured by the TLS is used to calibrate (train) two separate ARX 
thermal compensation models. Both models are of the Multiple Input—Single Output 
(MISO) type, where the inputs are two temperatures measured close to the respective 
spindles and the output is a prediction of the relative displacement. The scheme of 
the compensation models is shown in Fig. 5 and the position of inputs is marked in 
Fig. 2.

The calibration of the compensation model was carried out on the data from the 
first 7.5 h: 4 cycles for the main spindle and 3 cycles for the counter spindle; and the 
remaining part of the time series data was used for model validation, as indicated by 
the vertical solid line in Figs. 6 and 7.



294 D. Divisek et al.

Fig. 5 Scheme of compensation models

Fig. 6 Compensation of the thermal error at the main spindle 

Fig. 7 Compensation of the thermal error at the counter spindle 

The model is applied offline and the compensation results are shown in Fig. 6 
for main spindle and Fig. 7 for counter spindle. The predicted reductions in thermal 
errors, expressed as fit values, are computed between the predicted model and TLS 
values and are shown in Table 1. For both models, the magnitude of the thermal error 
is significantly reduced, by more than 80%. The state after the application of the 
compensation model is indicated by the residual curve in both graphs. 

Table 1 Thermal error 
reductions for main spindle 
and counter spindle 

Error TLSmain TLScounter 

Fit [%] 84 82
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5 Conclusion and Outlook 

This paper presents an extension and simultaneous independent use of the TLS 
method on a multi-spindle precision machine tool. The recently introduced TLS 
method has so far been used only for single location measurements. The extension 
of TLS measurements to multiple locations allows the creation of more independent 
compensation models, for example for different spindles or tools positions. It is 
demonstrated and experimentally validated on the Swiss-type lathe. Results have 
shown that a model can be created for each spindle, regardless of the operation of 
the other spindle, and successfully compensate its thermal errors. Additional models 
can therefore be created step-by-step to compensate the machine tool without having 
to revise existing models. 

Future research will focus on the implementation of the TLS measurement and 
compensation for the counter spindle in real workpiece production. With the current 
configuration, the use of the TLS means occupying the table for the clamping of the 
tools with a TLS probe. To keep the same number of tools, the tool holder would 
be redesigned so that the TLS probe becomes part of the tool holder itself. Future 
research will also extend the introduced compensation approach to a multi-Swiss 
lathe with more than two spindle systems on both main and counter operations. 

Acknowledgements The authors would like to thank the Swiss Innovation Agency Innosuisse for 
the provided funding of the Innosuisse Project 53644.1 IP-ENG ‘Intelligent Precision Swiss-type 
Automatic Lathe’. 

This work was supported by the Grant Agency of the Czech Technical University in Prague, 
grant no. SGS25/135/OHK2/3T/12. 

Competing Interests The authors have no conflicts of interest to declare that are relevant to the 
content of this paper. 

References 

1. Bryan, J.: International status of thermal error research. CIRP Ann. Manuf. Technol. 39(2), 
645–656 (1990) 

2. Mayr, J., Jedrzejewski, J., Uhlmann, E., Donmez, M., Knapp, W., Härtig, F., Wendt, K., Mori-
waki, T., Shore, P., Schmitt, R., Brecher, C., Würz, T., Wegener, K.: Thermal issues in machine 
tools. CIRP Ann. 61, 771–791 (2012) 

3. Naumann, C., Glänzel, J., Putz, M.: Comparison of basis functions for thermal error compensa-
tion based on regression analysis—a simulation based case study. J. Mach. Eng. 20(4), 28–40 
(2020) 

4. Brecher, C., Hirsch, P., Weck, M.: Compensation of thermo-elastic machine tool deformation 
based on control internal data. CIRP Ann. Manuf. Technol. 53(1), 299–304 (2004) 

5. Fujishima, M., Narimatsu, K., Irino, N., Mori, M., Ibaraki, S.: Adaptive thermal displacement 
compensation method based on deep learning. CIRP J. Manuf. Sci. Technol. 25, 22–25 (2019) 

6. Vu, N.H., Mayer, J.R.R., Bitar-Nehme, E.: Deep learning LSTM for predicting thermally 
induced geometric errors using rotary axes’ powers as input parameters. CIRP J. Manuf. Sci. 
Technol. 37, 70–80 (2022)



296 D. Divisek et al.

7. Wegener, K., Weikert, S., Mayr, J.: Age of compensation—challenge and chance for machine 
tool industry. Int. J. Autom. Technol. 10, 609–623 (2016) 

8. ISO 230-3: Test Code for Machine Tools—Part 3: Determination of Thermal Effects, 3rd ed., 
p. 50. International Organisation for Standardization, Genf, Switzerland (2020) 

9. Wei, X., Ye, H., Miao, E., Pan, Q.: Thermal error modeling and compensation based on Gaussian 
process regression for CNC machine tools. Precis. Eng. 77, 65–76 (2022) 

10. Divisek, D., Mares, M., Horejs, O.: Post-process updating of model parameters to approximate 
thermal errors of machine tools operating in different configurations. Precis. Eng. 88, 241–250 
(2024) 

11. Blaser, P., Pavliček, F., Mori, K., Mayr, J., Weikert, S., Wegener, K.: Adaptive learning control 
for thermal error compensation of 5-axis machine tools. J. Manuf. Syst. 44, 302–309 (2017). 
Special Issue on Latest advancements in manufacturing systems at NAMRC 45 

12. Lin, C.J., Su, X.Y., Hu, C.H., Jian, B.L., Wu, L.W., Yau, H.T.: A linear regression thermal 
displacement lathe spindle model. Energies 13(4), 949 (2020) 

13. Kaftan, P., Porquez, F., Mayr, J., Pomodoro, K., Keel, M., Trombert, D., Wegener, K.: Thermal 
error measurement and compensation with torque limit skip in Swiss-type lathe manufacturing. 
Precis. Eng. 88, 315–323 (2024) 

14. Bart, H.: Transfer functions and operator theory. Lin. Algebra Appl. 84, 33–61 (1986) 
15. Fraser, S., Attia, M.H., Osman, M.O.M.: Modelling, identification and control of thermal 

deformation of machine tool structures, part 1: concept of generalized modelling. J. Manuf. 
Sci. Eng. Trans. ASME 120(3), 623–631 (1998) 

16. Ljung, L.: System Identification Toolbox™ User’s Guide. The MathWorks (2015) 
17. Mayr, J., Blaser, P., Ryser, A., Hernandez-Becerro, P.: An adaptive self-learning compensation 

approach for thermal errors on 5-axis machine tools handling an arbitrary set of sample rates. 
CIRP Ann. Manuf. Technol., 551–554 

18. ISO 10791-1:2015: Test Conditions for Machining Centres—Part 10: Evaluation of Thermal 
Distortions. Standard, International Organization for Standardization (2015) 

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons license and 
indicate if changes were made. 

The images or other third party material in this chapter are included in the chapter’s Creative 
Commons license, unless indicated otherwise in a credit line to the material. If material is not 
included in the chapter’s Creative Commons license and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder.

http://creativecommons.org/licenses/by/4.0/

	 Extension of the Torque Limit Skip Method to Multi-spindle Thermal Error Compensation
	1 Introduction
	2 Methodology
	2.1 Torque Limit Skip Method
	2.2 Compensation Model

	3 Experimental Setup
	3.1 Investigated Machine Tool
	3.2 Experimental Setup and Load Case

	4 Results
	5 Conclusion and Outlook
	References


