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Introduction  
 
 

Thermal effects are regarded as a major contributor to errors on machine tools, on measuring 

equipment and on workpieces.  Measurement of thermal effects is becoming even more important as 

workpiece tolerances decrease, as thermal effects no only use a larger part of the tolerances, but also 

influence repeatability and long term stability of machine tools, and measuring equipment.  As a 

consequence, several research groups and industries are working on simulation of thermal effects, in 

order to finally compensate thermally induces errors, or new help to develop concepts to reduce 

thermally induced errors. 

 

The intensive on-going work in this area led us to bring together a further internationally coordinated 

meeting. 

 

The success of this meeting which brought together leading expertise globally to an open forum for 

focused presentations and discussions on thermal issues in manufacturing will result in another 

future meeting. 

 
 
Dr. Theo A.M. Ruijl 
MI-Partners B.V., The Netherlands      
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Thermo-Energetic Design of Machine Tools – A systematic approach to solve the conflict between 

power efficiency, accuracy and productivity 

Prof. Christian Brecher 

WZL – Laboratory for Machine Tools and Production Engineering, RWTH University, Aachen, DE 

 

Abstract 

The challenge of research in the CRC/TR96 derives from the attempt to satisfy the conflicting goals of 

reducing energy consumption and increasing accuracy and productivity in machining. The solution 

approach pursued is based on measures that make it possible to guarantee process accuracy despite 

increasing power losses without additional energetic measures under thermal transient 

environmental conditions and under operating conditions characterised by individual and small series 

production. The scientists of the CRC/TR 96 are researching and developing effective correction and 

compensation solutions for the thermo-elastic machine behaviour during the course of the project, 

which will enable precision machining under the future conditions of energy-efficient production. In 

the 3rd funding phase, the CRC/TR 96 focuses on the application of the developed solutions on the 

entire machine under the conditions of real operation. This leads to new scientific challenges due to 

a multitude of uncertainties and parameter fluctuations. The models have to be further developed 

and new solutions for the control of variable operating conditions such as online identification have 

to be developed. 

 

Biography 

Professor Christian Brecher, born 25 August1969, was a research associate and senior engineer in the 

Machine Technology Department at the Laboratory for Machine Tools and Production Engineering 

(WZL) of the RWTH University in Aachen from 1995 until 2001 and earned his doctorate at the Faculty 

of Mechanical Engineering there.  Some three years into a career in the mechanical engineering 

industry, he was appointed University Professor of Mechanical Engineering at the RWTH University in 

Aachen and Member of the Board of Directors of the WZL and IPT (Fraunhofer Institute for Production 

Technology). His areas of specialist expertise include machine, transmission and control systems 

technology. In 2012 Professor Brecher additionally became a founding member along with Professor 

Hopmann of the Aachen Centre for Integrative Lightweight Engineering at the RWTH University in 

Aachen. From 2015 to 2017 Professor Brecher became the acting Head of Institute at the Fraunhofer 

Institute for Production Technology IPT and in January 2018 he accepted the permanent position of 

Head of Institute. 

 

10



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Meeting Keynote: The implications of the kelvin redefinition 
 

11



 

 

The implications of the kelvin redefinition 

Prof. Graham Machin, FREng 

National Physical Laboratory, UK 

 

Abstract 

In November 2018 the General Conference of Weights and Measures (CGPM) made history by 

agreeing to redefine the international system of units (the SI) in terms of a defined set of fundamental 

constants. The kelvin from that time on was defined in terms of a fixed value of the Boltzmann 

constant. Starting from the previous definition of the kelvin, based on the triple point of water, this 

talk will explain how the kelvin was redefined including; the wording of the redefinition, the co-

ordinated effort in determining low uncertainty values of the Boltzmann constant for the redefinition, 

and, the extensive preparations undertaken for introducing the mise en pratique for the definition of 

the kelvin (MeP-K-19) which will regulate the realisation and dissemination of the kelvin from the date 

of its redefinition. As the international thermometry community transitions to realising and 

disseminating the redefined kelvin the short, medium and long-term implications that the redefinition 

will have for the disciple of thermometry will be discussed. 

 

Biography 

Professor Graham Machin FREng, BSc (Hons), DPhil (Oxon), DSc, CPhys, CEng, FInstP, FInstMC GM is 

the science leader of the NPL Temperature and Humidity Group and an NPL Fellow. He has more 

than 30 years’ experience in thermometry research, published more than 220 technical papers and 

given numerous invited/keynote addresses. He is visiting Professor of Clinical Thermal Imaging 

(University of South Wales) and Distinguished Visiting Fellow (University of Valladolid, Spain). He 

represents the UK on the Consultative Committee of Thermometry (CCT) and IMEKO TC12, chairs the 

CCT working group for Noncontact thermometry and is an international invited expert on the CAS 

“very low temperature thermometry” project (2017-2022). He was President of the UK Institute of 

Measurement and Control (2018-2019), chair of the Euramet Technical Committee for Thermometry 

from (2014-2018) and served on the EPSRC Physical Sciences Strategic Advisory Team (2014-2017). 

GM was awarded the Institute of Measurement and Control (InstMC) Callendar medal in 2012 for 

“outstanding contributions to the art of temperature measurement”, Honorary Scientist of the 

Chinese Academy of Sciences (CAS) (2019) and elected Fellow of the Royal Academy of Engineering 

(2019). Current research interests are primary thermometry (acoustic, radiometric and especially all 

aspects of realising the redefined kelvin), radiation thermometry and thermal imaging, new 

thermocouples, sensor self-validation methods, reliable clinical thermometry (contact, non-contact 

and internal), reliable temperature (and other) measurements in hostile environments (especially 

aerospace and nuclear decommissioning). 

He is project director of the “Realising the redefined kelvin” (Sep 2019) for EURAMET, a founder 

member of the “Body Temperature Initiative” which aims to improve clinical thermometry 

throughout the NHS and leads NPL’s metrology activity in nuclear decommissioning. 
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Abstract 
Approaches for increasing the productivity of cutting machine tools often result in growing power densities in the main spindle and 
feed axis. This leads to growing heat inputs affecting the machine’s accuracy. Because of its exposed position, the main spindle of a 
machine tool plays a key role in this context. Due to their robust and simple design and relatively low production costs, externally 
driven spindles can be found in many machine tools. Thus, this paper concentrates on investigating the thermo-mechanical behavior 
of an externally driven spindle. On the one hand, the thermo-mechanical spindle characteristics that depend on the operational 
conditions are focused metrologically. Therefore in this paper, an externally driven spindle is tested under varying rotational speed 
as well as axial and radial forces on a spindle test bench. On the other hand, a simulation model is designed to predict previously 
identified characteristics. A FEM-based thermic model is implemented to calculate instationary temperature fields inside the spindle 
and coupled to a mechanical spindle simulation.  
 
Machine tool, spindle, thermal simulation 

 

1. Introduction and literature survey 

In modern machine tools, measures to increase productivity 
and approaches to improve the achievable accuracy are often in 
conflict with one another. Growing heat inputs and decreasing 
secondary times result in an elevated temperature level and 
thus cause a complex deviation field due to thermal 
deformation. One the one hand, this effect leads to tool center 
point (TCP) deflections. On the other hand, relative deviations 
inside feed axis components with roller elements like spindle 
bearings result in changed bearing kinematics affecting the 
components static and dynamic stiffness characteristics. 

In this context, Gartung [1] analyzed thermal influences on the 
static and dynamic spindle behavior on a test rig for different 
bearing setups and preloads. Besides these metrological 
approaches, authors have developed simulation models in order 
to describe thermal and mechanical effects. In the field of 
thermal modeling, Bossmanns [2] and Gebert [3] modeled 
motorized spindles with the finite-difference-method (FDM) and 
focused on a detailed modeling of boundary condition. 
Furthermore, Jedrzejewski et al. [4] used a coupled FEM-FDM 
approach to calculate transient temperature distributions 
efficiently while Uhlmann [5] based the thermal spindle model 
on the finite-element-method (FEM). 

The kinematic relations inside angular contact bearings have 
been analysed deeply in the course of time. A comprehensive 
documentation can be found in [6]. The integration of an 
analytical bearing model into FEM-based spindle models is 
presented in [7]. The model allows calculating mechanical 
properties of the spindle-bearing-system, but require an 
iterative calculation due to nonlinear bearing stiffness 
characteristics. Li developed a coupled simulation model in [8] 
for changed dynamic operating conditions under thermal load. 
In [9], Holkup et al. identified shifts of the first and second 
eigenfrequency as a function of changed thermal states with a 

combination of a thermal and a mechanical model. A 
metrological validation was not conducted. 

In case of the cited simulation approaches, detailed and 
computationally intensive models were developed. However, 
the ability to run a simulation model process parallel offers great 
opportunities. This paper aims at developing an accurate 
thermo-mechanical spindle model with high resolution and 
short calculation times by combing a model order reduced 
(MOR) FE-model with live spindle data. 

2. Metrological investigations 

2.1. Test rig 
The test object used to validate the simulation model is an 

externally driven spindle with two greased spindle bearings in a 
rigidly adjusted O-arrangement. The spindle is mounted to a 
massive flange that itself sits on a bed. A radial load unit is 
located in front of the spindle. To measure thermo-mechanical 
spindle characteristics, temperature sensors (thermo couples) 
and displacement sensors (eddy current) are integrated. 
Temperature information along the circumference of the first 
spindle bearing’s outer ring and axial as well as radial 
displacement information of the shaft are measured. Figure 1 
shows the design of the test rig. 

 
 
Figure 1. Spindle test rig with applied sensors. 

Spindle test rig

• Externally
driven spindle

• Radial load unit
• Greased

bearings
• Thermo

couples
• Eddy current

sensors
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2.2. Test execution 
Different sets of mechanical boundary conditions are defined 

and for each combination, a long-term test is executed until 
steady-state temperatures of the outer ring are reached. During 
the tests, static stiffness and dynamic compliance are detected 
frequently. As a result, changed static and dynamic properties 
can be identified with rising temperature. Table 1 shows the 
considered boundary conditions. 

 
Table 1 Sets of boundary conditions 
 

Test number Spindle speed/min-1 Radial force/N 

T1 4 000 500 

T2 6 000 500 

 
2.3. Results 

Static stiffness 
Figure 2 contains average outer ring temperatures of the first 

bearing as well as the radial stiffness of the shaft, both plotted 
over time. Raising the spindle speed from 4 000 to 6 000 min-1 at 
a radial force of 500 N results in higher steady-state 
temperatures. The time-stiffness curves show a characteristic 
behavior: In the beginning, static stiffness rises drastically to 
reach a peak after approximately 18 minutes followed by a 
continuous decrease. In case of test 2 (T2), the effect emerges 
much stronger compared to test 1 (T1). The effect can be 
explained with the relatively higher thermal inertia of the 
spindle shaft compared to the bearing rings. In the beginning, 
the bearing rings warm up first resulting in a rising radial 
pressing and stiffness on the one hand. Over time, heat flows 
into the spindle shaft causing an axial elongation. This, on the 
other hand, leads to a reduced preload in case of a spindle with 
bearings in O-arrangement. Since both effects have different 
thermal time constants, the displayed characteristic curve 
follows. 

In case of test 2, the stiffness shows a 30% increase after 18 
minutes. 

 
 
Figure 2. Static stiffness (Stiff) and average outer ring temperature 
(Temp) for different tests (T1 and T2). 
 

Dynamic compliance 
In figure 3, the thermal influence on the radial frequency 

response function (FRF) measured at the spindle shaft is plotted 
for test 2. The previously described behavior in the 
investigations of static stiffness can also be found in the dynamic 
compliance. As a result, both, the eigenfrequencies as well as 
the amplitude shift. 

 
 

Figure 3. Dynamic compliance for different thermal states (Test 2). 
 

3. Thermo-mechanical simulation 

3.1. Approach 
Besides metrological investigations, a thermo-mechanical 

online simulation environment is developed (Figure 4). Due to 
nonlinear boundary conditions and different requirements of 
thermal and mechanical simulations, a co-simulation is 
designed. For the thermal part, a model-order reduced FE-model 
with linear tetrahedral elements is used while the mechanical 
system is approximated by a Bernoulli-beam element structure 
with integrated analytical bearing model based on Hertzian 
theory. The co-simulation design allows combining simulations 
with different solver settings. In case of the mechanical 
simulation, the nonlinear bearing characteristics require an 
iterative calculation of equilibrium. 

Figure 4 displays the coupled thermo-mechanical simulation 
and the considered interactions between both. External forces F 
and the spindle speed n combined with an initial preload Fpre and 
further parameters like the spindle geometry represent the 
input values. On the right side of figure 4, the external load F, a 
centrifugal force Fn, a thermal force Ftherm and the current 
bearing stiffness kbearing lead to bearing contact forces, which are 
used to update the actual bearing stiffness. As a result, for 
equilibrium the process needs to be repeated iteratively. Once 
convergence is achieved, the resulting contact forces of each ball 
FC,i affecting the bearing’s frictional behaviour are used to 
calculate the power losses. Here, a Palmgren-based model [10] 
that was expanded by Harris [6] is implemented. Friction torque 
of each ball element follows as a sum of a load-dependent part 
MF,i and a load-independent part Mn,i. While FC,i feeds into the 
first part, the spindle speed n mainly affects the second one. 
Furthermore, the friction torque leads to the total frictional 
power loss ∑PF,i warming up the structure, while convection (and 
radiation) dissipate heat into the environment (Q̇αK). Other 
submodels describe the heat generation by dynamic air gaps and 
heat transfer coefficients of solid as well as air gap contacts. This 
leads to a transient field of temperatures T that in the end causes 
thermal forces Ftherm closing the cycle. 
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Figure 4. Co-simulation with considered interactions. 

 
3.2. Thermal simulation 

By combining an inverse Euler time discretisation with an 
explicit integration of heat flux densities {ui-1} a semi-explicit 
system follows for the transient thermal analysis problem. 

([C] + ∆t ∙ [K]) ∙ {Ti} = [C] ∙ {Ti-1} + [B] ∙ {ui-1} 

To achieve short calculation times, thermal system matrices 
(heat capacity matrix [C], conductivity matrix [K] and boundary 
condition matrix [B]) are reduced with a block Arnoldi algorithm. 
Dimension of system of equations (50 000 nodes) is reduced to 
1 000 degrees of freedom (DoF). 

Submodels deliver respective heat flux densities and heat 
transfer coefficients. Bearing heat input caused by friction is 
approximated with a Palmgren-Harris model to derive an 
individual heat input for each roller element. As a result, the 
effect of changed contact forces due to thermal deformation on 
bearing friction is taken into account. The heat flux density 
ubearing can be expressed as function of friction moment M, 

angular velocity ω and friction area A. 

ubearing = 
M ∙ ω

A
 = 

ω

A
 ∙ ∑ (Mn,i + MF,i)

𝑛

𝑖=1

/ 
W

m2
 

Besides the coefficients f0 and f1, lubricant viscosity ν, angular 
velocity of each ball ωi, ball diameter di and the contact forces 
Qi and Qmax are required for the following expressions for Mn,i 

and MF,i (see figure 4). 

Mn,i = 0.675 ∙ f0 ∙ (ν ∙ ωi)
2
3 ∙ di

2 / Nm 

MF,i = f1 ∙ (
FC,i

FC,max
)

1
3

∙FC,i ∙ di / Nm 

Empirical models for radiation, natural as well as forced 
convection, heat generation in air gaps and heat transfer 
through solid contacts lead to the respective coefficients [11, 12 
and 13]. 

 
3.2. Mechanical simulation 

In order to take thermal effect into account, temperatures 
coming from the linear tetraeder mesh of the thermal simulation 
are mapped onto the beam element mesh of the mechanical 
simulation. The interpolation of the mapping process can be 
expressed as matrix multiplication. For a fast and stable 
convergence into equilibrium of the iteratively solved 
mechanical model, the iteration is proceeded with either 
Newton-Raphson method or conjugate gradients method. Based 

on the convergence progress the solver automatically switches 
between the two mentioned methods. 

4. Validation 

For validation, measured temperature and stiffness are 
compared with simulated data. Results for T2 are shown in 
figure 5. The previously described effect of a rising temperature 
on the static radial stiffness can be reproduced with the co-
simulation. In addition, the excessive temperature of the outer 
ring of the first bearing also matches the simulation. Due to the 
structure of the thermo-mechanical simulation environment, a 
process parallel application in thermal real time could been 
achieved. 

 
 
Figure 5. Comparison of measured (Meas) and simulated (Sim) static 
stiffness (Stiff) and average outer ring temperature (Temp) for T2. 

5. Conclusion 

This paper describes a co-simulation based approach to 
calculate the thermo-mechanical behavior of spindles 
efficiently. The model is validated and can be used process 
parallel. In future research, the co-simulation will be coupled to 
an empirical compensation model to predict overall TCP stiffness 
and deflection of an exemplary machine tool. Due to this 
procedure, interactions between thermal and mechanical 
domain occurring in the spindle can be considered and 
embedded in a TCP error compensation. 
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Abstract 
 
Thermal errors represent one of the main error sources regarding to the volumetric accuracy of a machine tool. These errors can be 
induced by internal localized heat sources or by variations in the room temperature which affect to the whole volumetric 
performance. In this work a large milling machine model is presented and the effect of the ambient temperature in volumetric error 
is analysed. Model Order Reduction software allows to perform multiple evaluation at different machine position and temperature 
states, allowing full volumetric evaluation of the machine performance. 
 
Machine tool, thermal error, ambient temperature, volumetric error, model reduction 

 

1. Introduction 

Thermal errors are amongst the main error sources regarding 
to the volumetric accuracy of a machine tool, along with the 
kinematic and dynamic errors [1]. These variations, which cause 
relative displacement between the Tool Center Point (TCP) and 
the workpiece, can be induced by internal heat sources, e.g. 
rotating spindle, linear axis drives or cooling system, or by 
variations in the room temperature.  

Thermal errors caused by internal heat sources can be abrupt 
and less predictable, compared to those caused by the 
environment, but they are usually localized. Therefore, 
monitoring critical temperature variations and measuring its 
effects can be an easier task. Environmental effects usually lead 
to smooth temperature changes on the machine tool, but they 
affect the whole volumetric performance. 

As in smaller machines environmental errors can be easier to 
characterize [2] measuring these effects in big machines 
represents a major challenge. Firstly, room temperature 
variations may be significant along the workshop volume, 
requiring a complete mapping of the machine temperature, with 
multiple probes in appropriate locations. Secondly, several 
points should be measured in the machine volume to properly 
characterize thermal error behaviour dependency with axes 
position, which involves difficulties in the implementation and 
accuracy of such measurements in large volumes. And last, 
implementing a compensation model that predicts thermal 
error is not straightforward, as several temperature inputs 
should be considered. These temperatures will usually show 
high correlation between them and lower signal-to-noise ratio 
to the displacements measured, compared to internal heat 
source effects.  

Taking these aspects into account, characterization tests 
would require from several days to a week, involving specific 
measuring instrumentation [3], making this task time and cost 
ineffective. Hence, modelling and simulation play a major role 
on characterizing machines and efficient developing of 
compensation models. 

Simulations using Finite Element models represent the most 
common approach, using them in different steps of the 
characterization and compensation process [4]. However, 
calculations usually require a considerable amount of time, 
especially in large machine models where the number of 
elements can be significant. Moreover, obtaining results in 
different axes position of the machine can be a difficult task in 
regular FEM programs, where the moving contacts between the 
axes are not prepared for such simulations. 

Lately, Model Order Reduction (MOR) techniques has been 
used to reduce simulation time and analyse thermal error 
effects. Furthermore, FEM based reduction and simulation 
programs has been developed, that allow mechanical and 
thermal MOR and simulations in different machine positions 
using special interfaces between moving parts [5]. 

In this work environmental thermal effects will be analysed on 
a large moving-column milling machine model. MORe, a model 
order reduction software, will be used to simulate ambient 
temperature effects in the thermal error at different points of 
the machine volume. In section 2 the machine and several 
modelling aspects are presented. In section 3 some simulation 
results will be showed and analysed. Section 4 contains the main 
conclusions out of this work.  

2. Modelling and methodology      

In this section the machine model and the simulation 
procedure are presented. 
   
2.1. Machine model 

The machine modelled is a moving-column type milling 
machine with three linear axes. The moving parts of the 
machine, i.e. the column (X), the console (Z) and the ram (Y), 
along with the machine head, are supported by a bedplate (b2) 
that is fixed to the ground. The workpiece lays over another 
bedplate (b1), which is also fixed to the ground. Both bedplates 
have no other contact or bound between them. A schematic 
view of the machine is represented in figure 1 and table 1 
summarizes main machine characteristics. 
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Table 1 machine specifications. Kinematic chain represented according 
to ISO 841 and ISO 10791-6 (t: tool; b: bed; w: workpiece). 
 

Machine tool  X (mm) Y (mm) Z (mm) 

Working volume 0-4000 0-1200 0-1500 

Kinematic chain t – Y – Z – X – b2 – b1 - w 

 
 

 

Figure 1. Schematic view of the machine structure. 

 
All linear axes are position-controlled by the machine control 

using linear glass scales. 
 

2.2. Modelling      
A Finite Element model has been developed, including all the 

structural elements explained in section 2.1. A workpiece has 
not been included as these simulations aimed a more 
generalized analysis of the whole machine volume, nor has the 
tool, as its length may vary from case to case. The toolholder 
origin has been used as the reference point for the TCP instead. 
The metrics of the model are listed in table 2. 

Most parts of the machine are made of structural steel, whose 
structural properties are available in most material libraries. The 
joints between moving parts, i.e. guidelines, carriages, ball 
screws and bearings has been modelled according to the 
mechanical and thermal properties provided by the 
manufacturers. Linear glass scale expansion effect has been 
included to consider its influence in the position control loop. 

To simulate transient thermal effects in different axis positions 
thermal transient simulation is performed in the first place, 
varying ambient temperature. This way, complete temperature 
map of the machine is obtained for several time steps (T1, T2… 
Tn). Then, measuring points are defined in different axis 
positions (X1, X2 … Xm) and the thermomechanical model is used 
to evaluate all of them with the temperature field in each time 
step. Figure xx shows a diagram of the simulation process. 

 
Table 2 FE Model metrics 
 

FE Model DOF Mechanic Thermal 

Full ~ 1 700 000 ~ 560 000 

Reduced 1720 490 

 
  

 
 

Figure 2. Diagram of the simulation process 

3. Simulation and results      

A 24h ambient temperature variations has been simulated, 
measuring the relative displacement between the TCP and the 
working bed (b1) at different axis positions. For that purpose, all 
external surfaces of the machine parts have been exposed to 
convection heat exchange with the air. The air temperature 
varies in a sinusoidal way, with ±5ºC variation, in a similar way 
workshop temperature may change due to day/night 24h cycle. 
Initial state has been set to 20ºC for all machine parts and 
transient thermal simulation has been perform. 

Measured positions were generated by a 9x4x4 regular grid in 
all the machine volume, resulting in 144 points for each time 
step. These points have been evaluated every 30 minutes to 
obtain the thermal error of the machine through 24h. Table 3 
summarizes simulation specifications. 

 
Table 3 Ambient thermal simulation specifications 
 

Ambient thermal simulation 

Ambient 
temperature 

Tamb = A·sin(2πf·t) ; A = 5ºC ; f = 1/24h 

Axes position grid 9x4x4 (XxYxZ) ; 144 total positions 

Sampling period 30 min ; 49 total instants 

 
Figure 3 shows the thermal error evolution for 24 hours in two 

different TCP positions. Deviations in X direction are plotted 
along with the ambient temperature. As it can be seen, X 
position affects to the thermal error in the machine volume. 
Both points show different behaviour in magnitude and phase 
through 24 h. As the first point (located at the middle of X, 
2000mm) shows typical delayed behaviour with respect to the 
ambient temperature, the second one shows several effect, 
mainly related with the edge effect of both beds. 
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Figure 3. Thermal error through 24h for 2 measured points. E1 (dark 
blue) at X = 2000mm and E2 (light blue) at X = 3500mm, at same Y and Z 
positions. Thermal input is plotted in red. 

 
Figures 4 shows the position-dependence behaviour of the 

thermal error, where the X direction error is shown for the XY 
plane at Z = 50mm position. 2 different time steps are shown to 
appreciate the evolution in time. 

 
Figure 4. Thermal error through 24h for 2 measured points. E1 (dark 
blue) at X = 2000mm and E2 (light blue) at X = 3500mm, at same Y and Z 
positions. Thermal input is plotted in red. 

4. Conclusions      

- Complete thermal behaviour of a large machine tool has 
been simulated, allowing to evaluate the thermal error at any 
point of the machine volume. Such a volumetric evaluation has 
only been possible due to Model Reduction techniques applied 
with the mentioned software. 

- Position dependency has been observed in the evolution of 
the thermal error. Along with the evolution over time, the study 
of such effects has allowed to understand different behaviour of 
the machine parts.  

- In opposition to typical compensation strategies, this 
methodology approaches thermal errors as time and position 
dependent and will allow to develop compensation models that 
consider both aspects. 
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Abstract 
This paper presents an on-machine measurement cycle based on the discrete R-Test, which separates the thermal errors of the 
different machine components in Z-direction. The error separation in Z-direction is particularly required for five-axis machining 
processes. The extended discrete R-Test separates the thermal position and orientation errors of a vertical rotation axis, the thermal 
errors of the machine table and the thermal position errors of the spindle and a horizontal rotation axis. The new measurement 
approach provides the foundation for more precise compensation results without requiring a more complex measurement setup.  
       
 
Thermal error, on-machine measurement, error separation         

 

1. Introduction   

Five-axis machine tools are characterized by a high 
productivity for complex workpieces because of the reduced 
reclamping effort compared to 3-axis machine tools. However, 
this results in a more complex kinematic chain of the machine 
tool and a larger number of geometrical and thermal errors due 
to the two additional rotation axes. Among the different error 
sources, thermal errors have the most significant impact on the 
accuracy of machine tools [1].  

Many different measurement strategies have been developed 
to evaluate the thermal behaviour of spindles and rotary axes. 
Commonly, the measurement setup described in ISO-230-3 [2] 
is applied to identify the thermal errors of spindles. Brecher et 
al. [3] propose an extension of this measurement setup to 
determine the thermal errors of a rotary axis and a spindle. The 
resulting measurement setup consists of five mandrels mounted 
on the machine table and a sensor setup with five displacement 
sensors fixed in the spindle. Furthermore, the R-Test developed 
by Weikert [4] is applicable to measure the thermal position and 
orientation errors of rotary axes. Ibaraki and Hong [5] propose a 
method based on the R-Test to evaluate the thermal influences 
on the error motions of a rotary axis. Gebhardt et al. [6] 
introduce a discrete R-Test to measure the thermal position and 
orientation errors of a vertical rotary axis and the thermal error 
of the machine table in axial and radial direction.  
Brecher et al. [7] developed a measurement method based on a 
dynamic R-Test to identify the volumetric thermal errors of five-
axis machine tools. Ibaraki et al. [8] use a non-contact laser 
measurement system which is fixed on the rotary table to obtain 
the location errors of a rotary axis. This setup allows to measure 
the deviations at the same spindle speed as in the actual 
machining application.  

Most of the measurement strategies for the thermal analysis 
of rotary axes need a specific measurement setup or expensive 
measurement devices. Therefore, Blaser et al. [9] present an on-
machine measurement strategy for the discrete R-Test by using 
a touch trigger probe fixed in the spindle and a precision sphere 

mounted on the machine table. This on-machine measurement 
cycle identifies the thermal errors of a horizontal rotation axis 
which can be used for the Thermal Adaptive Learning Control 
(TALC) methodology [9,10].  

The version of the on-machine measurement strategy 
described in [9] does not provide a detailed error separation in 
Z-direction between the different machine tool components. 
Consequently, the change of the effective direction of certain 
thermal errors is not considered for rotations of the swivelling 
axis. For robust thermal compensation results, it is required that 
the thermal errors are properly assigned to the different 
components so that they are also precisely compensated when 
the swivelling axis is rotated.   

This paper presents an extended discrete R-Test for vertical 
rotation axes which enables a detailed error separation in Z-
direction between errors with permanent and changing 
effective direction. Section 2 describes the methodology of the 
on-machine measurement approach and Section 3 presents the 
experimental results. To close the paper a conclusion and 
outlook is given in Section 4. 

2. Methodology       

The discrete R-Test for vertical rotation axes identifies the 
thermal position and orientation errors of a C-axis and the axial 
and radial thermal expansion of the machine table. 
Consequently, the axial thermal expansion of the machine table 
also includes the thermal error of the spindle and the position 
error of the horizontal rotational axis. In the case of the 
extended discrete R-Test the axial thermal growth of the 
machine table is clearly separated from the thermal error of the 
spindle and the thermal position error of the swivelling axis. 
Therefore, the extended discrete R-Test for vertical rotation 
axes enables to determine in total ten thermal errors, which are 
summarized in Table 1.  
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Table 1 Thermal errors identified by the extended discrete R-Test 
according to ISO 230-7 [11] with the addition of the machine table 
related errors according to [12] 
 

Error Description  

EX0C Error of the position of C in X-axis direction 

EY0C Error of the position of C in Y-axis direction 

EZ0T Position error of the table surface in Z-axis 
direction 

ER0T Radial error of the functional surface table 

EA0C Error of the orientation of C in A-axis direction: 
Squareness of C to X 

EB0C Error of the orientation of C in B-axis direction: 
Squareness of C to Y 

EC0C Zero position error of C-axis 

EZ0S Error of the position of the spindle in Z-axis 
direction 

EY0A Error of the position of the A in Y-axis direction 

EZ0A Error of the position of the A in Z-axis direction 

 
2.1. Measurement cycle  

The proposed measurement cycle combines laser 
measurement system and touch trigger probe measurements 
for a detailed separation of the thermal errors in Z-direction. 
Figure 1 illustrates the measurement procedure for the 
extended discrete R-Test. In the first step, the axial thermal error 
of the spindle is measured by a laser measurement system. 
However, the error separation between the spindle and the A-
axis can only be realised if the laser measurement system is not 
mounted on the machine table. In the following, the 
measurements are performed using a touch trigger and a 
precision sphere placed on the machine table. The sphere is 
positioned at the circumference of the machine table to ensure 
a maximum distance from the rotational centre. The X-, Y-, and 
Z-positions of the sphere are measured at four positions reached 
by rotating the C-axis and two positions reached by additionally 
turning the A-axis. For the two A-axis measurements, the A-axis 
is turned to 90° and -90°. Thus, the proposed measurement cycle 
extends the standard discrete R-Test by a spindle measurement 
and two additional A-axis positions. The measurement time of 
the extended R-Test including all tool changes is around 2.5 
minutes.  

 

 
 
Figure 1. Measurement procedure of the extended discrete R-Test to 
identify the thermal position and orientation errors of the C-axis, the 
thermal errors of the machine table and the thermal position errors of 
the spindle and the A-axis. 

 
2.2. Mathematical model     

The calculation of the thermal position and orientation errors 
of the C-axis and the axial and radial thermal error of the 
machine table are described in [12]. The calculation of the axial 

thermal error of the machine table in Z-direction for the 
standard discrete R-Test is shown in Eq. (1). 

𝐸𝑍0𝑇𝑖 =
1

4
∑𝑍𝑡𝑖,𝐶𝑘 −

1

4
∑𝑍𝑡1,𝐶𝑘

4

𝑘=1

4

𝑘=1

 (1) 

Compared to Eq. (1) the three additional measurement steps 
of the extended discrete R-Test allow a more accurate 
estimation of the thermal errors in Z-direction. The 
measurement of the laser measurement system is directly used 
to calculate the error EZ0S as described in Eq. (2).  

𝐸𝑍0𝑆,𝑖 = −(𝑍𝑡𝑖,𝑙𝑎𝑠𝑒𝑟 − 𝑍𝑡1,𝑙𝑎𝑠𝑒𝑟) (2) 

The thermal error of the spindle is defined at the tool side such 
that an elongation of the spindle results in an error in negative 
Z-direction. The thermal error of the spindle includes the 
thermal elongation of the spindle and the displacement of the 
laser measurement system due to thermal influences. The two 
additional measurement positions of the A-axis at 90° and -90° 
result in a reversal measurement in Y-direction, which enables 
an error separation between EZ0T and EY0A. The thermal error EZ0T 
changes its effective direction depending on the rotational angle 
of the A-axis. In contrast, the thermal error EY0A appears in the 
same direction at both rotation angles. Therefore, EY0A and EZ0T 
can be separated by considering the Y-coordinate of the two 
additional positions. Eq. (3) defines the calculation of the 
thermal error EZ0T.  

𝐸𝑍0𝑇𝑖 =
1

2
(𝑌𝑡𝑖,𝐴−90 − 𝑌𝑡𝑖,𝐴90) −

1

2
(𝑌𝑡1,𝐴−90 − 𝑌𝑡1,𝐴90) (3) 

Eq. (4) is used to calculate the thermal error EY0A.  

𝐸𝑌0𝐴𝑖 =
1

2
(𝑌𝑡𝑖,𝐴−90 + 𝑌𝑡𝑖,𝐴90) −

1

2
(𝑌𝑡1,𝐴−90 + 𝑌𝑡1,𝐴90) (4) 

The measurement data in Z-direction is required to determine 
the thermal error EZ0A. However, the measurement results also 
depend on the thermal errors ER0T and EZ0S. These influences 
must be eliminated by subtracting them as shown in Eq. (5).  

𝐸𝑍0𝐴𝑖 =
1

2
(𝑍𝑡𝑖,𝐴−90 + 𝑍𝑡𝑖,𝐴90) −

1

2
(𝑍𝑡1,𝐴−90 + 𝑍𝑡1,𝐴90)

+ 𝐸𝑍0𝑆𝑖 − 𝐸𝑅0𝑇𝑖  
(5) 

The thermal error EZ0A describes the error between the laser 
measurement system and the position of the A-axis. However, a 
possible thermal zero position error of the A-axis has no 
influence on the identified EZ0A because it is eliminated by the 
reversal measurement.  

If no laser measurement system is available, it is not possible 
to separate the thermal errors of the spindle and A-axis in Z-
direction. This separation is not required for the compensation 
but neglecting it results in a more complex compensation model 
for this thermal error due to a larger number of relevant inputs. 
For that case the calculation of the thermal error EZ0A + EZ0S is 
given in Eq. (6).  

𝐸𝑍0𝑆𝑖 + 𝐸𝑍0𝐴𝑖 =
1

2
(𝑍𝑡𝑖,𝐴−90 + 𝑍𝑡𝑖,𝐴90)

−
1

2
(𝑍𝑡1,𝐴−90 + 𝑍𝑡1,𝐴90) − 𝐸𝑅0𝑇𝑖  

(6) 

3. Experimental Results        

The kinematic chain of the investigated machine tool can be 
described according to ISO 10791-2 [13] as following: 

V [w – C’ –  A’ –  X’ – b – Y – Z – S – t ].  
The laser measurement system of the considered machine 

tool is placed in the tool magazine. During the experiment, the 
spindle and the C-axis are rotated over 72 h with two randomly 
generated speed profiles. Figure 2 shows the speed variation for 
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the spindle and the C-axis and the measured temperatures. The 
speed of the spindle varies between 159 and 10’884 rpm and the 
speed of the C-axis is between 9 and 117 rpm. During the 
experiment a five minutes thermal load case interval and the 
measurement interval alternate.  

 

 
 
Figure 2. Speed profiles of the spindle and the C-axis and the 

measured temperatures.  
 

Figure 3 presents the thermal error in Z-direction measured 
with the standard discrete R-Test for vertical rotation axis. 
Commonly, this error is described as thermal error of the 
machine table in axial direction. However, this represents the 
superposition of the thermal errors at the tool and the 
workpiece side. It is also apparent in Figure 2, that the 
underlaying source of the thermal error in Z-direction is a 
superposition of the two speed profiles and the changing 
environmental influences.  

 

 
 
Figure 3. Error in Z-direction without separating the different 

influences.  

 
Figure 4 illustrates the separated thermal errors in Z-direction 

obtained from the extended discrete R-Test. The thermal error 
EZ0S relates to the speed variations of the spindle and the 
thermal error EZ0T is mainly influenced by speed variations of the 
C-axis. The thermal error EZ0A depends significantly on the 
environmental temperature. Consequently, the error separation 
enables a more detailed analysis of the thermal errors of the 
different machine components. Approximately one-half of the 
thermal error in Z-direction measured with the standard discrete 
R-Test corresponds to the spindle and the other half to the 
machine table. If the accumulated error in Z-direction was 

applied for thermal compensation, this would result in 
inaccurate compensation results when the swivelling axis is 
turned. This compensation error would be up to 26 µm in the 
conducted experiments.  

 

 
 
Figure 4. Separated errors in Z-direction of the spindle, A-axis and the 

table. 

 
As described in Section 2.2 the extended discrete R-Test is also 

applicable if no laser measurement system is available on the 
considered machine tool. Figure 5 shows the error separation for 
this modified approach. The thermal error, which permanently 
appears in Z-direction, is the superposition of the thermal errors 
EZ0S and EZ0A. This thermal error must be compensated at the 
tool side and the thermal error EZ0T should be compensated at 
the workpiece side.  

 

 
 
Figure 5. Separation of the errors in Z-direction without using the laser 

measurement. 

4. Conclusion and Outlook      

The extension to the discrete R-Test provides a detailed 
separation of the thermal errors in Z-direction so that the 
thermal errors are assigned to the correct machine components. 
This is especially important for five-axis machine tools when the 
swivelling axis is used in the machining process and a 
reorientation of the machine table takes place. The conducted 
experiments show exemplarily that in the case of the 
investigated machine tool a compensation without the error 
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separation results in compensation values which are around  
50 % off. In the future, the on-machine measurement approach 
will also be extended to the orientation errors of the A-axis.  
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Abstract 
Thermal qualification of a temperature conditioned heat shield for a precision motion system has been done using modelling and 
measurement tools at MI-Partners. Thermal qualification enables determination of thermal system performance without stringent 
demands on environmental conditions. It combines frequency domain modelling techniques with measurements on a real system in 
order to quantify thermal performance. It has shown to be an effective tool, enabling simple but accurate approval of thermal 
systems. 
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Abstract 
Up to 75% of the overall workpiece error can be caused by the thermo-elastic behavior of the machine tool. Therefore, correction 
methods based on machine-integrated sensors were intensively researched in the last years, in order to determine the dislocation of 
the Tool Center Point (TCP) parallel to the process. One of these sensors is the integral deformation sensor (IDS), which detects the 
integral deformation along the length of a structural component of the machine. The integral deformation is the result of the 
directional temperature gradient along the length of the component. These measurements are fed into a mechanical model of each 
machine tool component to predict the deformation along the length of some significant outer surfaces, such as the guide ways on 
the component. Based on this information, the kinematic model of the machine tool can calculate the overall thermo-elastic TCP 
dislocation.  
Before the installation of the IDS on the machine tool components, the optimization of the sensor arrangement is recommended, 
since it has a significant influence on the achievable TCP prediction accuracy. Several approaches to perform this step are known. 
This paper presents and compares an experienced-based approach and a mathematical optimization strategy. The arrangement of 
the IDS comprises the lengths and positions of the IDS within each machine tool component. The mechanical and the kinematic model 
using the IDS information are the basis for both the experienced-based and the mathematical approach. The first strategy is based 
on domain knowledge on the thermo-elastic behavior of the machine tool and on the interpretation of the IDS measurements. The 
mathematical strategy, on the other hand, changes the arrangement of the IDS on each machine tool component until the covariance 
with the overall TCP dislocation reaches its minimum.  
Deformation, Measuring instrument, Optimization, Thermal error 
 
 

1 Introduction 

The integral deformation sensors (IDS) can provide a 
significant contribution to the determination of the thermo-
elastic behavior of machine tools and subsequently the precision 
of the manufactured parts. A physical model, based on 
mechanical modeling and the kinematics of the machine tool, 
calculates the Tool Center Point (TCP) dislocation in real-time 
parallel to the machining process [1]. The determination of the 
optimal sensor placement can reduce the amount of sensors 
needed to reach the same prediction accuracy. It can also reduce 
the uncertainty propagation from the measurement uncertainty 
of the IDS data to the prediction of the TCP dislocation. 

The application of optimal sensor placement techniques in 
practice is however bound to some challenges. Ideally, the 
optimal sensor placement is taken into consideration during the 
design and construction process of the machine tool. However, 
in case of a retrofit of the sensors on an existing machine tool, 
there are limitations with respect to the available installation 
space. The mathematical description of the allowable 
installation space has a direct impact on the computational 
effort that the optimization procedure will require. In practical 
terms, the installation space has to be discretized with a specific 
refinement, leading to a mesh with nodes indicating allowable 
positions of the sensors. 

The arrangement of the IDS in this paper comprises the lengths 
and positions of the IDS within each machine tool component. 

This paper presents and compares two optimal sensor 
positioning methods in a simulation environment. On the one 
hand, an experience-based approach makes use of domain 
knowledge on the thermo-elastic behavior of the machine tool 
and on the interpretation of the IDS measurements. On the 
other hand, the mathematical optimization relies upon a general 
optimal experimental design criterion [3]. Every measurement 
contains measurement errors, which are often assumed to be 
independent and identically distributed. Under the assumption 
of a linear model, the true TCP lies inside the confidence ellipsoid 
around the computed (or expected) TCP. This method changes 
all sensor positions at the same time, until the longest axis of 
confidence ellipsoid of the predicted TCP dislocation reaches its 
minimum value. 

The use case of this work is a 4axis horizontal milling machine, 
as shown in Figure 1. The IDS will be placed at the column, the 
bed section underneath the column and the bed section 
underneath the table. There are practical limitations for the 
sensor placement due to piping, housings, measuring systems, 
drive elements and auxiliary systems. The figure below depicts 
the machine structure in grey, the ball screws in red, the guiding 
slides in blue, the guiding shoes in green and the measuring 
systems in orange.  

2 Optimal Sensor Placement 

The following sub-sections describe the working principles of 
the prediction and the optimal sensor positioning strategies. The 
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main goal of the optimal sensor placement is to maximize 
prediction accuracy, while using the least number of IDS. Both 
the propagation of measurement uncertainty though the model 
and the model simplifications and assumptions of the model 
hinder the overall prediction accuracy. 

From the standpoint of the prediction model using the IDS 
data to derive the TCP dislocation of the machine tool, the 
sensor placement is a set of parameters of the model. The 
accuracy of the prediction model depends also on its 
parameters. Hence, changing the sensor positioning and the 
corresponding parameters to the model should lead to changes 
on the overall prediction. The extent to which these parameters 
can change the outcome depends on the physical principles of 
the model used to interpret the behavior of the machine tool 
and the meaning of the IDS measurements. 

 

Figure 1. Demonstrator machine tool and areas of possible IDS 
placement 

2.1 Prediction model and experience-based optimal 
positioning of IDS 

The measuring principle of the IDS was explained in detail in 
[1], a brief summary is given in the following lines. An IDS 
measures the relative deformation of its two end points in one 
direction. When it is used for the detection of thermos-elastic 
behavior of machine tools, this measurement can be interpreted 
as the integral of the temperature distribution along its 
measuring length, multiplied by the specific heat expansion 
coefficient of the machine tool component. This leads to the 
resulting deformation distribution due to all thermal effects and 
heat transport phenomena that inflicted the machine tool 
component. The physical model that uses the IDS information 
contains two separate steps: 

 the mechanical modelling of each machine tool component 
to calculate the overall deformation field of the component, 

 the kinematic modelling of the entire machine tool to 
calculate the overall dislocation between tool and 
workpiece. 

Both modeling steps influence the prediction accuracy. The 
overall chain of data and calculations from the collection of IDS 
data to the prediction of TCP dislocation is depicted in Figure 2. 
The model parameters for each modeling step are specific for 
the machine tool and do not depend on the thermal load.  

The mechanical model follows the Euler-Bernoulli beam 
assumptions, which consider each machine tool component as a 
three-dimensional deformation and inclination field that can be 
described with one variable: the current position along the 
neutral fiber of the beam. The IDS are always parallel to the 

neutral fiber, so they measure only the longitudinal deformation 
of the machine tool component at their position. The distance of 
the IDS to the neutral fiber is a vital component to the 
interpretation of the IDS data: the farther away an IDS is from 
the neutral fiber, the larger the deformation this IDS is expected 
to detect. 

The position of the IDS along the length of the beam is 
however a more complex parameter, because it includes the 
combinatorial consideration of all IDS on the machine tool 
component. The reason for this is that each IDS delivers a one-
dimensional information, leading at first to a conclusion about 
the thermal expansion of the machine tool component. 
However, in order to detect bending modes with respect to one 
or two directions in space, another one or two IDS are necessary. 
Each bending mode would lead to one IDS getting elongated on 
the one side of the neutral fiber, while the other gets contracted. 
The presence of two bending modes on top of the thermal 
expansion would require three IDS in overall, for which the 
combination of expansion and / or contraction detected at each 
IDS can come from three different deformation modes: (1) 
thermal expansion; (2) bending around one transverse direction 
of the beam; (3) bending around another transverse direction of 
the beam.  

On the other hand, the specific solution leading to the overall 
deformation field of a machine tool component depends also on 
the mechanical boundary conditions. A typical comparison to 
showcase this effect is the apparent difference of the resulting 
deformation between a fixed-free-end beam and a simply-
supported beam. This information is also fed to the mechanical 
model, which in turn combines this information with the 
interpretation of the IDS data and tries to fit a polynomial 
equation of 2nd or 3rd degree to these known values of 
deformation at different points along the length of the neutral 
fiber. A 2nd degree polynomial, for example, is solvable with 
three known values and leads to a quadratic deformation 
distribution. 

It is thus evident how complicated it is to decide where to 
position the sensors on each machine tool component, in order 
to maximize the prediction accuracy of the TCP-dislocation. The 
higher the number of deformation modes, the more complex 
this deduction process becomes. This paper applies the optimal 
positioning methods based on the model calculations for up to 
three deformation modes, as described above.  

 

Figure 2. Overview of prediction model with model parameters, as 
well as input and output variables 

It should be noted that additional deformation modes, that 
can be present in practice, such as torsion and shear strain, are 
not included. However, these deformation models are negligible 
in machine tool configurations such as the demonstrator 
machine tool used in this paper (Figure 1). Shear strain is 
negligible when one dimension is significantly longer than the 
other two, which is the case for all machine tool components 
considered for sensor placement. Torsion is not expected in such 
machine tool configurations, because it arises mostly on cross-
beams, portals or horizontal headstocks.  
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The experience-based optimal positioning approach makes 
use of the information described above and combines them with 
analyses and experience gained about the thermo-elastic 
behavior of machine tools and their components. 

 

2.2 Mathematical approach for the optimal positioning of IDS 
 
The two approaches require different types of initial 

knowledge and different processes to find a set of optimal 
sensor positions, as can be seen in Figure 3. The mathematical 
model starts from the geometric and kinematic structure of the 
machine. The two main building blocks for the optimization are 
the optimization loop sensor position -> svd  -> sensor positions 
and the Bernoulli beam model. These blocks lead to the optimal 
sensor positions. In contrast the experience based approach 
requires only the domain knowledge. 

 

Figure 3. The model-based optimization approach 

The mathematical model of the sensor measurement to 
machine displacement map can be written as 

  
 𝑢(𝑓) = 𝐴(𝑥𝑐) ∙ 𝐵𝑐(𝑥𝑠 , 𝑙𝑠) ∙ (𝑓 + 𝜃) (1) 
 
where the coefficient matrices 𝐵𝑐  and 𝐴 represent a constant 
and a nonlinear local sensor model respectively and the 
coefficient matrix 𝐴(𝑥𝑐) maps the local displacements to the 
global space. Hence, the last coefficient depends only on the 
local orientation of the machine components, whereas the first 
two depend only on the sensor locations and configuration.  

Furthermore the sensor measurements are not exact, but 
contain independent normally distributed measurement errors 
𝜃 ∼ N (0, 𝜎2 2I ) with zero mean and standard deviation 𝜎. Let 
us first neglect the nonlinear part 𝐵𝑛. Then the Jacobian 𝐽 of the 
machine displacement u is then given by  
 𝐽(𝑥𝑐 , 𝑙𝑠) = 𝐴(𝑥𝑐) ∙ 𝐵𝑐(𝑥𝑠 , 𝑙𝑠) (2) 

Our aim are highly confidential computations of the machine 
distortion from the measured displacement. In other words, we 
wish to find sensor positions xs and lengths ls , such that the 
confidence ellipsoids are small. Due to the geometric nature, 
there are several choices [3]:  

(i) One can minimize the length of longest axis. This 
corresponds to the largest singular value of the Jacobian matrix  
𝐽.  

(ii) One can minimize the volume of the ellipsoid. This 
corresponds to the product of the singular values of 𝐽.   

We use the criterion (i) and look for the optimal sensor 
position and sensor lengths, such that the largest singular value 
becomes minimal. Furthermore, we constrain the sensor 
positions to their initial faces and orientation.  

All optimization variables are continuous, but bounded by 
geometric constraints. As suitable numerical algorithm for these 
problem is the interior point method [5]. 

First, we start from an initial sensor placement, see for 
example Figure (4a).. These initial sensor positions are 
symmetric in the centers of the surfaces and every surface 
contains exactly one sensor. This initial placement has the 
largest singular value around 2.7. After optimization, we obtain 
the placement in Figure (4b) with largest singular value around 
1.3. In other words, the optimization halved the length of the 
longest confidence axis. 

The basis for this optimization approach is a mathematical 
model of the sensors. Therefore the optimal sensor positions are 
only as good as the model describes the sensors and the 
machine kinematics and cannot correct any modelling error. In 
particular the optimization does not add any additional 
information, but increases the information from every sensor. 

3 Results and comparison 

In order to compare the experience-based with the 
mathematical approach, a probability distribution of random 
values will be used as a reference input value. The standard 
deviation of this distribution will be the measurement 
uncertainty of the IDS, which is known to be ±1 μm per meter 
IDS length from past experimental investigations [1]. The 
average value of the distribution will be zero, in order to 
evaluate the propagation of distributions with the so-called 
Monte-Carlo method [5]. The deformation model that predicts 
the TCP-dislocation will run twice for this input value: once with 
the sensor placement derived from the experience-based 
method and once with the sensor placement derived from the 
mathematical optimal positioning approach. The output values 
of each prediction run will be statistically evaluated.  

A good sensor placement should not allow for an amplification 
of the scattering interval, nor a shift of the average value. The 
95% confidence interval will quantify the scattering interval in 
this paper. The bigger such effects are present, the less 
trustworthy is the sensor placement and consequently the 
methods that derived it would be less effective. A shift of the 
average value indicates a non-linearity in the model calculation, 
which exists only in the kinematic model. In order to investigate 
the influence on the scattering interval, the model was 
linearized around the local deformation in the work-space of the 
test machine tool. 

The mathematical optimization strategy leads to a significant 
reduction of the scattering interval on the prediction of the TCP 
dislocation as shown in Figure 4. Since the test machine tool is 
symmetrical with respect to the YZ-plane, the scattering along 
this direction is very low in both sensor placements and changes 
inconsiderably. The scattering in Y-direction is reduced to more 
than 50% and in Z-direction to almost 60%. This indicates a 
higher repeatability for the model prediction, which means that 
the overall prediction uncertainty is improved. Based on the fact 
that the optimization run lasted only a few minutes, the 
application of this method in practice can be beneficial. The 
Monte-Carlo simulation that allows the evaluation of the results 
also lasts only a few minutes.  

4 Summary and Outlook 

A comparison of the strategies in this paper leads to the 
conclusion that the mathematical optimization can provide 
useful results with reasonable numerical effort. The 
optimization for one kinematic pose lasts only a few seconds. 
The reason for this is that the physical model that the 

Singular Value 
Decomposition incl. Stop 

criteria

Virtual sensor values
Measured / simulated 

deformations

Bernoulli beam 
polynomial coefficients

Virtual deformation field

Machine incl. pose

Kinematic transformation 
matrix

Singular Values

(New) Sensor-
positions & -lengths

results
Input variables & 

boundary conditions
mathematical placement 

method

Domain knowledge of 
the expert

Sensor-
positions & -lengths

28



  

   
 

mathematical optimization is built upon is a non-linear algebraic 
equation system. Since the model consists solely of algebraic 
equations, the Jacobian (2) is given explicitly. Therefore the 
singular values are available from standard numerical software. 
The results in Fig. 4 clearly indicate a significant optimization of 
the prediction of the TCP dislocation. As described in Ch. 3, the 
results of the optimization can be interpreted with the domain 
knowledge of the experts. More specifically, the results lead to 
conclusions about the mechanical behavior due to the 
mechanical boundary conditions and/or the relevance of 
deformation modes of each machine tool component due to the 
machine tool kinematics. These conclusions can only be drawn 
by such mathematical approaches. 

Nevertheless, it must be noted that the mathematical strategy 
requires an initial sensor placement, which can only be deduced 
based on domain knowledge. Hence, this approach cannot 
replace the domain knowledge of the experts competely. A 
sensitivity analysis of the initial sensor placement has to be 
studied in the future. Another drawback of the mathematical 
method in this paper is that it does not optimize the sensor 
placement for all kinematic poses of the machine tool axes 
simultaneously. Instead, the authors ran an optimization of the 
sensor placement for the combination of three positions for 
each machine tool axis (the combination of 3 positions for each 
of the three axes leads to 103 = 1.000 combinations) separately. 

Also, experimental data with the optimal sensor placement 
must be gathered and compared with the experience-based 
sensor placement, in order to validate the effectiveness of the 
mathematical optimization strategy in an industrially relevant 
environment. 

The methods proposed in this paper were focused on parallel 
configurations of the IDS, which means that all IDS on a machine 
tool component are parallel to each other and to the axis of the 
longest dimension of the machine tool component (beam 
neutral fiber). There is no validated interpretation model yet of 
IDS being arranged with an inclination to each other or to the 
neutral fiber of the machine tool component. The mathematical 
optimization method presented in this paper calculates 
analytically the covariance of the predicted TCP dislocation 

based on the model equations, which classified this method as a 
so-called "white-box" strategy.  

A "black-box" strategy, on the other hand, which is based on 
measurements of the IDS and the real TCP dislocation instead, 
will be also evaluated in the future. However, such a strategy is 
bound to higher installation and optimization effort, since a 
higher amount of pre-defined, possible optimal IDS positions 
have to be installed on the machine tool of interest. Then, 
experiments will have to be designed, in order to measure the 
real TCP dislocation while applying test thermal loads on the 
machine tool. Such strategies are limited by the fact that the test 
thermal loads are not the same as the real loads on the machine 
tool under operating conditions and by the pre-defined IDS 
positions. 
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Figure 4. Sensor placement a) based on the experience-based method and b) based on the mathematical method. Prediction of the TCP-
dislocation for a measurement uncertainty of ±1μm per meter IDS length c) based on the experience-based method and d) based on the 
mathematical method 
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Abstract 
Thermally induced deviations of machine tools result in geometric errors of manufactured parts. Thermo-mechanical models are a 
great asset in order to predict the thermal response of machine tools and understand the thermal design. This paper presents a 
thermo-mechanical model of a 5-axis precision machine tool, focusing on the thermal response during the rotation of the C-axis. In 
order to reduce the computational effort, this work uses a surrogate model by means of projection-based Model Order Reduction 
(MOR). The model setup, reduction, and analysis are performed in MORe, an simulation package designed for the development of 
efficient model of machine tools. The response of the thermo-mechanical model is compared to the measured thermo-mechanical 
deviations during the rotation of the C-axis. The validated thermo-mechanical model enables analysis of the thermal design of the 
machine tool, in frequency and in time domain.      
 
Thermo-mechanical model; model order reduction (MOR); machine tool       
   

 

1. Introduction 

The review paper of Mayr et al. [1] pointed out that the 
thermal error sources are one of the main contributors to 
geometric errors in manufactured parts. Recent advances in 
modelling techniques facilitate the understanding of the thermal 
behavior of machine tools. Physical models, based on the finite 
element (FE) discretization of the heat transfer and elasticity 
equations, serve as virtual prototypes to test different design 
alternatives. However, the thermo-mechanical FE-models are 
computationally expensive due to the geometrical complexity of 
the machine tools. This limits the applicability when a large 
number of model runs or real time capabilities are required. 
Therefore, developing efficient modeling approaches is 
necessary to ensure the usability of physical models. Surrogate 
models are computationally efficient models reproducing the 
response of a high-fidelity model. Projection-based surrogate 
model or Model Order Reduction (MOR) is based on the 
projection of the original model in a lower dimensional 
subspace. The main advantage of MOR is that it retains the 
system structure while it allows tracing the system dynamics, as 
explained by Benner et al. [2]. 
 

2. MORe: an efficient simulation framework 

MORe [3] is a software package developed at inspire AG for 
the simulation of the static, dynamic, and thermo-mechanical 
behavior of machine tools. The simulation platform offers tools 
to analyze efficiently the behavior of machine tools and optimize 
their design.  

The simulation platform provides an efficient workflow to 
develop physical models of machine tools. Figure 1 illustrates 
the tool chain for the creation of a model of a machine tool 
assembly. A commercial FE software, Ansys, performs the FE 
discretization of each of the components of the assembly. As 

shown in Figure 1, MORe imports the geometrical information 
and system matrices delivered by the FE commercial software. 
After importing the required information, the model setup, 
analyses and postprocessing of the simulation results is 
performed in the software MORe.  

 

 
Figure 1. Tool chain of MORe: an efficient simulation framework 

 
The model setup requires the definition of the different 

boundary conditions, e.g. moving or stationary thermo-
mechanical contacts between the different components or 
convective boundary conditions. These boundary conditions are 
interfaces of the system, i.e. independents inputs considered for 
the reduction. After the complete definition of the model 
interfaces, the system equations are reduced by means of 
projection-based MOR. The Krylov Modal Subspace (KMS) 
approach is used for the creation of the projection basis. The 
work of Spescha [4] and Hernández-Becerro [5] provides a more 
detailed description of the reduction methods. The reduced 
models enables the efficient evaluation of the thermo-
mechanical behavior of machine tools. 

MORe offers dedicated analysis tools designed to investigate 
the design of machine tools. The thermo-mechanical transfer 
function in frequency domain evaluates the thermal response of 
the machine tool at characteristic frequencies, such as the 24 
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hours periodicity of the environmental temperature associated 
to the day-night cycle. The thermal transient response provides 
the thermo-mechanical response of the system under internal 
and external thermal influences. A full-featured postprocessor 
with cutting-edge visualization tools supports the evaluation of 
the simulation results.  

3. Thermo-mechanical model of a 5-axis machine  

This paper investigates of the thermo-mechanical behavior of 
the machine tool of Figure 2. The investigated machine tool is a 
5-axis milling machine with a rotary table, a swiveling axis, and a 
vertical spindle. The kinematic configuration according to ISO 
10791-1:2015 adapted for vertical spindles is: 

 
𝑉 [𝑤 𝐶2′ 𝐵′ 𝑏 [𝑌1 𝑌2] 𝑋 [𝑍1 𝑍2] (𝐶1) 𝑡] 

 
The dimensions of the working space is 730x510x510 mm for 

the investigated machine tool. The rotary table has a diameter 
of 500 mm. The C-axis of this machine tool provides the 
possibility to perform turning operations, enabling a maximal 
rotational speed of 1200 rpm. The rotation of the C-axis results 
in thermally induced deviations that directly affect the accuracy 
of the machine tool. This section presents an efficient thermo-
mechanical model of the rotation of the C-axis. The thermal 
error model is performed in software environment MORe, 
introduced in Section 2.  

 

 
 

Figure 2. Model of the Mori Seiki NMV 5000 DCG in MORe 

 
3.1. Setup of the thermo-mechanical model 

In order to create the thermo-mechanical model, a 
commercial FE software performs the FE-discretization of the 
geometry of each of the components of the machine tool 
assembly. According to the workflow presented in Figure 1, the 
data is then imported into MORe where the thermal contacts, 
mechanical contacts, and other boundary conditions are 
defined. Among the thermal contacts at the different machine 
elements, the thermal contact conductivity (TCC) of the bearing 
of the C-axis plays a relevant role to describe the response of the 
machine tool to the investigated load case. For the estimation of 
the TCC of the bearing, the empirical correlations proposed by 
Wiedermann [6] are used. These formulas are based on the 
geometry of the bearing (e.g. diameter of the rolling elements) 
and rotational speed. The description of the thermal behavior 
requires the estimation of the convective boundary conditions. 
Pavliček et al. [7] presented a meta-model for the evaluation of 
the HTC inside the enclosure of the machine tool of Figure 2. The 
meta-models, validated with full CFD models, provide an 
estimation of the convective heat transfer inside the working 
space during the rotation of the C-axis. 

The thermal response to the rotation of the C-axis originates 
heat losses at the machine elements. In order to quantify these 
heat losses, thermo-energetic models are a useful tool. Thermo-
energetic models predict the different energy flows between the 
different components, providing an accurate estimation of the 
thermal boundary conditions. Züst [8] developed a simulation 
platform, EMod, to quantify the different energy flows in 
machine tools. Mohammadi et al. [9] used this simulation 
platform to create a thermo-energetic model of the investigated 
machine tool.  

Figure 3 shows the different energy flows occurring during the 
rotation of the C-axis. The electrical power (Paxis) of the axis unit 
is supplied to the amplifiers. The amplifiers receive AC signal and 
rectify it in order to deliver a pulse width modulated (PWM) 
signal to the torque motor (Pmotor). A power measurement 
system provides the power supplied to the axis unit during the 
rotation of the C-axis. A part of the power supplied to the 
amplifier is transformed into thermal energy (Qamplifier). The 
amplifiers are structurally disconnected from the structural 
parts and the heat is removed from the EC by the ventilation 
system. Thus, the thermo-mechanical model of the C-axis does 
not consider the heat dissipated by the amplifiers. At a constant 
rotationally speed, i.e. after the acceleration of the axis, the 
energy supplied to the motor (Pmotor) is converted into heat 
losses at the stator (Qstator) and bearings (Qbearing). Provided the 
characteristics of the torque motor and bearings the thermal 
losses at these elements can be quantified, as suggested by Züst 
[8].  
 

 
 

Figure 3. Energy flow in the rotary table unit of the NMV 5000 DCG  

 
The cooling system is responsible for evacuating part of the 

heat dissipated in the machine elements, as depicted in Figure 
3. External pumps supply pressurized fluid to the cooling 
channels arranged around the torque motor. An external unit 
controls the inlet cooling temperature to a reference 
temperature provided by a sensor located in the machine tool 
bed. Measuring the difference of the inlet and outlet 
temperature as well as the volumetric flow provide an 
estimation of the heat removed by the cooling system.  

After the definition of the inputs of each of the parts of the 
machine tool assembly, a surrogate model by means of MOR is 
created. MORe provides a set of reduction methods based on 
the Krylov Modal Subspace (KMS) [4] method for the efficient 
simulation of machine tools. The projection basis captures the 
steady state part of the response including a basis of the Krylov 
subspace with an expansion point at a low frequency, i.e. 10-8 
rad/s. Furthermore, the projection basis includes the 
eigenmodes of the system in order to reproduce the transient 
response. The a priori error estimator of the KMS ensures that 
the relative error between the reduced and original system 
remains below 0.05 for a frequency up to 0.01 rad/s. The MOR 
transforms the original thermal system of 508,462 dofs to a 
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reduced system of 392 dofs. In order to evaluate the mechanical 
response, a reduced thermo-coupled system needs to be also 
created. For the thermo-mechanical coupled system, an 
expansion point at 30 rad/s is chosen in order to capture the 
static mechanical response. The original mechanical model of 
1,525,386 is reduced to 1,164. The reduced models enable the 
efficient simulation of the thermo-mechanical behavior of the 
investigated machine tool, facilitating the validation process.  

 
3.2. Validation of the thermo-mechanical model 

After completing the model setup and quantifying the 
boundary conditions, the comparison of the simulated and 
measured thermally induced deviations provides a validation of 
the thermo-mechanical model.  

Weikert [10] developed the an indirect volumetric 
measurement technique, the R-Test, for geometric calibration of 
5-axis machine tools. The R-Test evaluates the linear deviations 
between a sensor nest located on the spindle and the precision 
sphere located on the table. Measuring the relative deviation at 
four different indentations of the rotary table provides the 
thermally induced position and orientation of the C-axis. Blaser 
et al. [11] adapted R-Test measurement by including an on-
machine measurement system. Instead of a sensor nest with 
displacement sensors, the measurement setup uses a 2.5D 
touch trigger probe. The main advantage of this measurement 
setup is that it facilitates its integration for online compensation 
strategies. This work uses this measurement system for the 
validation of the thermo-mechanical model.  

In order to characterize the thermal behavior of the rotary 
table, the C-axis rotates at 1200 rpm over 3 hours. During the 
rotation of the C-axis, the inlet and outlet temperature is 
measured, as depicted in Figure 4. The difference between the 
inlet and the outlet temperature remains 0.8°C over the 
measurement time. This difference of temperature provides the 
the heat removed by the cooling system, which is an input of the 
thermo-energetic model. The chiller of the cooling fluid causes 
the fluctuations of the absolute values of the cooling 
temperature, as illustrated in Figure 4.  

In order to define the boundary conditions, the fluctuations of 
the temperature of the air needs to be considered. For the 
validation of the thermo-mechanical model, the C-axis is rotated 
over 3 hours, which is a short time in order to observe significant 
fluctuations of the environmental temperature in the workshop 
outside the machine tool enclosure. Therefore, the temperature 
of the air outside the machine tool housing is assumed constant 
during the rotation of the C-axis. However, this is not valid for 
the air inside the machine tool enclosure, rising over 3.3 °C 
during the measurement time. The temperature increase 
stabilizes after 150 min of the rotation of the C-axis. Figure 4 
shows the temperature rise inside the machine room (MR), 
which is an input for the thermo-mechanical model.  

 
 

Figure 4. Measured temperatures during the rotation of the C-axis at 
1200 rpm over 3 h. MR: machine room 

 

In order to validate the model, the simulated thermal response 
is compared with the measured deviations. The investigated 
thermal load is the rotation of the C-axis at 1200 rpm over 3 h. 
The measurement system evaluates the thermally induced 
linear deviations every 6 min during the rotation of the C-axis. 
Figure 5 shows the comparison between the simulated and 
measured thermal behavior of the investigated machine tool. 
Due to the symmetry of the design of the machine tool, the 
machine tool does not show any deviations in X-direction. The 
dominant thermally induced deviations are in Y- and Z-direction. 
The model succeeds in representing the absolute values as well 
as the transient trends of the thermal deviations. Figure 5 shows 
that the thermo-mechanical model reproduces the thermal 
response of the investigated machine tool during the rotation of 
the C-axis. The main discrepancies between model and 
simulation are in Z-direction during the first hour. These 
discrepancies can be attributed to the lack of detail in modeling 
the thermal behavior of the measurement system. 

 
 

Figure 5. Comparison between measured and simulated thermal 
deviations due to the rotation of the C-axis at 1200 rpm over 3 h  

 
3.3. Investigation of thermal design of the machine tool 
After validating the thermo-mechanical model of the machine 
tool, the thermal design of the machine tool to internal heat 
sources can be further investigated. Mayr et al. [12] proposed 
the analysis of the thermal response of machine tools in 
frequency domain. The transfer function describes the effect of 
the variation of the thermal inputs on the outputs of the system 
for a given frequency range. For the thermal load under 
consideration, the input of the transfer function is the energy 
provided to the motor, 𝑃𝑚𝑜𝑡𝑜𝑟, which transforms into heat 
dissipated at the bearings and stator. The outputs of the transfer 
function are the deviations between the TCP and the workpiece 
in X-, Y-, and Z-direction. The transfer function, shown in Figure 
6, describes the thermal behavior in a frequency range between 
10-6 and 0.01 rad/s. The thermal transfer illustrates that internal 
heat losses affect predominately the deviations in Y-direction, as 
observed also in the transient response of Figure 5. 
Furthermore, the transient function of Figure 6 provides the 
time constants of the response of the system. The model 
predicts that the time constant associated to the deviations in Y-
direction is larger than the time constant of the response in Z-
direction. The information about the different time constants of 
the response of the machine tool in different directions is of 
great interest when designing thermal error compensation 
strategies.  
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Figure 6. FRF response of the machine tool of Figure 2. Input: heat losses 
at the machine elements. Output: TCP deviations relative to the 
workpiece for the X-, Y- and, Z-direction. 
 
A combination of the internal heat losses and the increase of the 
temperature inside the MR determines the thermal response of 
the machine tool during the rotation of the C-axis. The thermo-
mechanical model enables the separation of these two the 
influences. Figure 7 shows the deformation of the machine tool, 
displaying the structural parts of the Z-, B-, and C-axis. The left 
part of Figure 7 illustrates the effect of the internal heat losses, 
i.e. losses at the stator and bearings, while the right side shows 
the deformation due to the increase of the air temperature 
inside the enclosure. On one hand, the internal heat sources 
affect predominantly the workpiece-sided axes, leading to 
deformations in Y- and Z-direction. On the other hand, the 
variation of the MR air temperature affects the workpiece-sided 
axes as well as the part of the Z-axis inside the working space. 
Therefore, the tool-sided axes are accountable for part of the 
thermally induced deviations. If the TCP deviations are 
measured relative to the inertial system, i.e. not considering the 
workpiece as a reference, the thermal deviations in Z-direction 
are -2.4 µm. This corresponds to 12% of the relative deviation 
between TCP and workpiece. For other direction, the 
contribution to the total thermal deviations of the tool-sided 
axes is negligible. The fact that part of the thermal deviations are 
originated in the tool-sided axes have a great significance during 
the design of the thermal error compensation strategies. The 
workpiece-sided deviations in Z-direction measured at B = 0° 
result in deviations both in Z- and X-directions for other positions 
of the B-axis different from 0°. However, the tool-sided 
deviations in Z-direction are unaffected by the position of the B-
axis. Therefore, the possibility to quantify and separate between 
the tool- and workpiece-sided deviations benefits directly the 
quality of the thermal error compensation. 
 

 
 

Figure 7. Structural deformation of the machine tool. Only the Z-, B-, and 
C-axis are shown. Right: thermal response to the internal heat sources. 
Left: thermal response to the increase in the temperature of the MR 

 

4. Conclusions and outlook 

This paper investigates the thermal response of a precision 5-
axis machine tool during the rotation of the C-axis. The heat 
losses determine the thermal response of the machine tool. 
Therefore, the model requires considering the different energy 
flows during the rotation of the C-axis. In order to ensure an 
efficient simulation, this work creates a surrogate model by 
means of MOR. The simulation platform MORe enables an 
efficient workflow for the setup of the thermo-mechanical 
model. The software package MORe integrates reduction 
approaches to approximate the thermo-mechanical behavior of 
the original system. This paper compares the predicted and the 
measured thermally induced deviations, concluding that the 
developed thermo-mechanical model can represent the thermal 
response of the machine tool during the rotation of the C-axis. 
The validated model serves as a virtual prototype to investigate 
the thermal design of the machine tool and assess the validity of 
the thermal error compensation strategies. Future work will 
concentrate on the investigation of the thermal response of the 
machine tool to other load cases as well as improving current 
thermal error compensation models.  
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Abstract 
The thermal stabilization of machine components by demand-actuated temperature control opens up far-reaching potential for 
minimizing thermo-elastic deformations of machine tools while reducing energy requirements. High-performance concrete 
materials offer opportunities for the integration of cooling circuits, which must be operated with adapted control strategies. For 
example, demand oriented cooling in the vicinity of existing heat sources can be realized. The main aspect of the research project 
deals with issues concerning the best possible positioning and design of the cooling circuits. For this purpose, CFD and FEM 
simulations are created, integrated into key parameters and optimized and converted by methods of model order reduction to a 
fast computable digital model of the component (in this case a machine frame). 
 
cooling system, Finite Element Method, machine tools, machine frame, heat transfer coefficient   

 

1. Introduction   

Thermal measurements on machine tools show repeatedly 
that despite the thermo-symmetrical design it is not possible to 
achieve a uniform temperature distribution. Feasible causes are 
asymmetric drive arrangements even on symmetrical structures, 
one sided external heat sources such as solar radiation or 
thermal losses from the machine and/or the process in the 
working space [1, 2]. These local or area wide heat inputs can 
have a significant influence on the resulting deformation 
behavior of the machine tool structure, e. g. the machine frame 
[3, 4]. In order to compensate for this effect and the resulting 
TCP error, the heat must be dissipated as efficiently as possible. 

For this purpose, cooling circuits are usually integrated into 
active components and passive structures, which are 
subsequently adapted to the temperature of the structure [5]. 
The use of high performance concrete (HPC) in casting opens up 
completely new possibilities for the integration of cooling liquid 
circuit structures for an active temperature control [6]. 

In order to reduce thermally induced displacements, EPUCRET 
has carried out an appropriate temperature control of concrete 
frame structures. Initially, simple prismatic bodies were 
measured under defined thermal stress series in order to be able 
to independently adjust the cooling system from the central 
control unit. For example, the error in straightness of guide rails 
has been reduced from ±35 μm to ±2 μm. In subsequent tests, 
this approach was applied to complete machine tools, where 
several individual circuits are coupled or work separately. The 
most important TCP shifts were measured and reduced by at 
least 50 %. In this context, energy aspects have not been taken 
into account [7] and transferability to other systems is not 
known. 

As the example DMG MORI [8] shows, structurally integrated 
cooling circuits are already established. These stabilize 
precision-relevant components, such as the machine frame or 
the gantry, but also linear guides and drives. In this way, the heat 

Figure 1. Decoupling approach 
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input from internal heat sources can be dissipated, which leads 
to an improvement of the thermal behavior. 

The aim is to present the methodological approach for the 
simulation-based analysis and optimization of cooling systems in 
machine frames made of HPC.  

Figure 1 shows the decoupling approach for a faster 
calculation time without reducing of the model accuracy.  

2. Methodology to use heat transfer coefficient in FE-models  

 Thermal stabilization of machine and machine components 
through adapted and demand-oriented temperature control 
opens up far-reaching potential for minimizing unwanted 
thermo-elastic displacements at the tool center point (TCP) 
while reducing energy consumption. High-performance 
concrete materials offer in this context a large variety of 
possibilities for the integration of adapted temperature control 
circuits in various forms, e.g. meander, spiral structures etc., 
which can be operated with adjusted control strategies as 
needed and thus energy-efficient. For example, an active 
temperature in the vicinity of existing heat sources can be 
realized, whereby the effect of unwanted heat sources can be 

minimized and used for more homogeneous temperature 
distribution of the machine frame. 

 As part of a transfer project in the Collaborative Research 
Center [9] research project, the goal is to consider the best 
possible positioning and design of the cooling circuits in the 
geometry of the machine frame as well as heat sources arising 
in the production process already in the development phase. For 
this purpose and as a basis for a demand oriented temperature 
control system, a suitable model is required. Therefore, the CFD 
and FEM simulation tools are used in a first step (fig. 2), whereby 
the tempering system is created taking into account all boundary 
conditions. These are for example environmental influences, 
flow velocity of the fluid in the tempering circuits or geometrical 
influences like circuit length and diameter. The heat transfer 
coefficients on the inner surface of the tempering system can be 
calculated in time-consuming calculations by using CFD 
simulation. In order to reduce the simulation effort, a procedure 
was developed, which transfers the significant heat transfer 
coefficients from the CFD simulation as input data to the FEM 
simulation. Moreover, it was calculated the resulting 
temperature fields and deformation fields. For the mapping of 
the heat transfer coefficients, the cooling circuits of the fluid 

Figure 2.  Methodology for calculation the optimal liquid circuit  

Figure 3.  Segmentation of the circuits  
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system are subdivided into adaptive segments. Heat transfer 
coefficients are assigned to each segment as a boundary 
condition (convection). The level of detail of the segmentation 
depends on the rate of change of the HTC values. Areas of high 
rates of change such as inlet and outlet areas, deflections are 
segmented in detail whereas is roughly segmented. Further 
information to the procedure for segmentation is given in[5]. In 
the present example, the fluid circuits are divided into 19 
segments. For each segment, the area-averaged HTC is 
calculated and then assigned as an input parameter to the FEM 
boundary conditions (see Fig. 3). For automatic FEM simulations, 
a parameterized model to calculate different thermal load cases 
and the resulting thermal effects of the machine frame are used. 
For further optimization of the calculation effort of the FEM 
simulation methods for model order reduction [10] are applied. 
The modification leads to a model with low calculation time, 
which provides the parameters for a decentralized controllable 
pump system. Therefore, the nonlinear and multi-input-multi-
output temperature control system of a machine frame can be 
investigated and commissioned. The main goal of this new 
approach is to create a homogenized temperature field of 
machine frames. 

3. Sample Application for a cooling system in an machine frame        

The transfer of the developed method for the position 
optimization of the cooling circuits is carried out on a real 
machine frame, which consists of high performance concrete, 
steel reinforcement and a cooling system.   

Figures 3 and 5 show the CAD-model of the machine frame 
together with an autarkic and mobile 5-spindle parallel 
processing unit. Inside the machine frame, six independent 
cooling circuits and 23 temperature sensors for a thermo-stabile 
structure behaviour is integrated. The research goal is to 
develop a decentralized controlled tempering concept for 
thermo-stabile machine frames and structures. The 
measurement of the machine frame amounts circa 5 x 3 m and 
has a weight of 18 t. Depending on the position (see Fig. 4), the 
machine frame shows a different time behavior. While areas 
around the vertical wall structures are almost exclusively 
affected by the environment (radiation), areas in the inner 
structure are thermally sluggish. Time constants from 20h   to 
29h were identified. Other areas closer to components or 
cooling circuits react faster, with time constants of 5000 s to 

10000 s. The machine frame can be separated in three areas 
referenced to the surface: area for the guide rails, area for the 
chip transport and an area of the stringboard with the inclusion 
of the processing unit.  

The machine table is positioned on the guide rails and can be 
driven in a linear direction. A chip conveyor is between the guide 
rails and the stringboard. The two main drives for the machine 
table are placed frontal on a water-cooled flange. The other four 
cooling circuits are placed nearly the chip canal and the guiding 
rails to lead heat fluxes away quickly. For the experiments and 
verifying of the FE-simulation of the machine frame the cooling 
circuits have a warming function, because the influence of the 
heat conduction effects could be better displayed. 

 

 
 

The modelling work is concentrated only on the machine 
frame with the integrated cooling system since the machining 
unit is equipped with a separate tempering system. Based on the 
CAD-data a computation-intensive CFD-model in CADFEM Ansys 
CFX was created for calculating the heat transfer coefficient 
along the six cooling liquid circuits. The calculation time needs 
more than 20 hours per load case. Subsequently, the results of 
the flow field inside the liquid circuits are used for computing 
the heat transfer coefficients and transfer on the segmented 
circuits in the FE-mesh for the thermal-mechanical simulation. 
According to that, the computing time for transient temperature 

Figure 5. Machine frame with processing unit  

Figure 4.  Transient thermal behaviour of the machine frame 
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field and resulting deformation field of the machine frame 
geometry could be reduced to 30 min.  

Figure 6 presents one exemplary load case for ten liquid 
circuits inside the machine frame. The four additional cooling 
circuits have been added as part of a position optimization to 
create additional spheres of freedom for the control of the 
temperature fields. Because vertical wall structures with a large 
hight to thickness- ratio react directly to environmental 
influences such as changes in ambient temperature or solar 
radiation, additional cooling circuits are available. The 
subdivision into four independent cooling circuits can also 
compensate for asymmetrical heat radiation. The results shows 
the flow simulation on the left side of figure 6 and on the right 
side the computed temperature field of the thermo-mechanical 
simulation. The next steps are to use the MOR method for 
further time reducing and link the resulting temperature fields 
to the controlling system for the volumetric flow rate in cooling 
system.       

4. Conclusion and Outlook      

This paper presents a new methodology for optimization the 
inner tempering system of machine tool frames. Therefore, an 
approach to transfer the significant heat transfer coefficient 
from of the CFD simulation to the thermo-mechanical simulation 
for calculation the resulting temperature and deformation fields 
was developed. This FE-model is the basic for a network model, 
which, based on the MOR method and will be used for 
optimization calculations in the future. Also the position of the 
tempering liquid circuits can be optimized based on the model. 
The next steps are that the new methodology will be validated a 
real demonstrator machine frame with eight included cooling 
circuits which will be controlled through decentral controlling 
system. 

 

Acknowledgement 

Funded by the German Research Foundation – Project-ID 
174223256 – TRR 96. 

 
References      

[1] BRYAN J., 1990, International status of thermal error research, 
CIRP Annals – Manufacturing Technology, 39/2, 645–656. 

[2] GROSSMANN K., et. al., 2015, Thermo-energetic design of machine 
tools, Lecture Notes in Production Engineering, Springer. 

[3] DROSSEL W.-G., WITTSTOCK V., REGEL J., RICHTER C., NOFFKE F., 
2014. Auswirkungen lokaler Erwärmung von Mineralguss, wt 
Werkstatttechnik Online, 104/9, 602–607. 

[4] NEUGEBAUER R., DROSSEL W.G., IHLENFELDT S., NESTMANN S., 
RICHTER C., 2012. Inherent thermal error compensation of 

machine tool structures with graded mineral casting, International 
Conference on Machine Tools, Automation, Technology and 
Robotics. Prag, Czech Republic. 

[5] WEBER J., GLÄNZEL J., POPKEN J., SHABI L., WEBER J., 2018, 
Combined and Fast Computable Thermal Models for Situationally 
Optimal Tempering of Machine Components, Institute of Fluid 
Power, TU Dresden, Fraunhofer Institute for Machine Tools and 
Forming Technology IWU, Chemnitz. 

[6] HELLMICH A., GLÄNZEL J., IHLENFELDT S., 2018, Methods for 
Analyzing and Optimizing the Fluidic Tempering of Machine Tool 
Beds of High Performance Concrete, CIRP Conference on Thermal 
Issues in Machine Tools, Dresden. 

[7] SCHNEIDER M., 2013, Das „intelligente“ Mineralgussbett, VDI-Z 
Integrierte Produktion, 155/3. 

[8] DMG MORI SEIKI Schweiz AG, 2013. Mehr Präzision für den 
Werkzeug- und Formenbau, Technische Rundschau, KW 9. 

[9]  CRC/TR96: http://141.76.19.93/SFBweb/ 
[10] Model order reduction for thermo elastic models Galant A.; 

Großmann K.; Mühl A.: Model Order Reduction (MOR) for Thermo-
Elastic Models of Frame Structural Components on Machine Tools 
ANSYS Conference & 29, CADFEM Users’ Meeting 2011 19.-
21.10.2011, Stuttgart 

 

 

Figure 6.  Computing example of cooling system in a machine frame of High performance concrete 
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Abstract 
Thermal effects can have a significant impact in precision engineering applications. To reduce this impact, thermal conditioning of 
the system via circulating water can be applied. The accuracy with which a system can be conditioned depends on the temperature 
variations of the water. A heater system with temperature sensors has been designed to enable active control of the water 
temperature. This system has shown to achieve millikelvin accuracy. With the aim of achieving this accuracy over multiple flow rates, 
modelling and identification techniques are explored and applied. This work forms a basis on which controllers can be designed that 
can attenuate temperature disturbances over a wide operating range. 
 
 
Thermal Modelling, Identification, FRF, varying flow   

 

1. Introduction 

For high precision systems, thermal effects can have a large 
impact on performance. Changes in temperature can cause 
deformations of critical components within a system, reducing 
the system’s accuracy. Thermal control is therefore desired to 
counteract these fluctuations and condition the temperature of 
the system components. Previous approaches achieved 
millikelvin temperature control [1], using a local fluid stream 
heater shown in figure 1. With a local fluid stream heater (LFSH), 
circulating cooling water can be thermally conditioned. Although 
important developments have been made to achieve the results 
in [1], at present the accuracy cannot be obtained for varying 
flows. The aim of this paper is to achieve the performance in [1] 
for a large range of varying flows.  To achieve this next level of 
resilience, it is important to understand the effect flow 
variations have on the system. A combined approach of 
modelling and identification is used to determine the thermal 
behaviour of the LFSH. With an accurate and verified model, new 
controllers can be designed to ensure temperature stability for 
a wide range of flows, whilst attenuating temperature 
fluctuations disturbing the system. Different modelling 
approaches exist for thermal systems, so approaches are 
compared. The desired model properties for controller design 
are sketched. Since an accurate model of the existing setup is 
desired, the step towards identification is made. Using the 
insight and results from the modelling process, high accuracy 
identification is made possible. Using existing identification 
techniques, the system dynamics can be identified for varying 
flow rates, resulting in a set of models. These models can then 
be combined into a linear parameter varying (LPV) model that 
fully describes the LFSH dynamics. Results of this work are 
analysed and its applicability in future work of this research is 
shown. 
 

 
 

Figure 1. A cross-section of the Local Fluid Stream Heater used in this 
research, with incoming temperature sensor (1), outgoing temperature 
sensor (2) and heater coil (3). 

2. Modelling 

Thermal systems typically have slow transient behaviour and 
dynamics at low frequencies compared to the electrical and 
mechanical dynamics in precision mechatronics. Within the 
LFSH, an important and dominant factor is the mass flow of 
water.  
   
2.1. Analytic Modelling 

An initial approach is to model the behaviour from first 
principles of heat and mass transfer. The elegance of this 
approach is its physical origin, where the formulae arise from 
describing the heat transfer via conduction, convection and 
radiation [2]. 

Despite this being a good starting point when describing the 
thermal properties of a system, there are multiple drawbacks to 
this approach. The size and complexity quickly grows with 
nontrivial geometry, making it near impossible to fully model 
and simulate a system. Just describing the fluid dynamics and 
flow of water through the heater is worth a study of its own. A 
multitude of parameters is needed to describe all the materials 
and their interactions. These parameters are difficult to 
determine exactly. Therefore, measurements are needed to 
determine accurate parameters and validate the model. The 
question also arises to what accuracy the system needs to be 
described and if by simplifying and/or assuming simplified 
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properties similar results can be achieved, since parameters are 
calibrated to fit the model on data.  

 
2.2. Lumped Mass Modelling 

 Lumped mass modelling, also called the lumped capacitance 
method, is an attractive way to model heat transfer. A material 
is divided into multiple smaller masses for which it neglects 
temperature gradients within the lumped masses, allowing 
linear modelling of the thermal dynamics [2]. The linearity of 
these models make them computationally viable and thus allows 
for fast simulation and analysis. Transient behaviour is captured 
in these models and mass flow can be added as an additional 
interaction. 

The maximum mass size for which internal temperature 
gradients can be neglected, is determined by the ratio between 
the internal thermal resistance and the thermal resistance to its 
surroundings [2]. This ratio is called the Biot-number, and it 
depends on the material properties and the thermal interactions 
of the mass. A possible drawback can be that the amount of 
lumped masses becomes large for certain systems and 
consequently also the model size becomes impractically large. 
Furthermore, a solid is modelled as multiple lumped masses in 
series with heat transfer between them, giving first order 
dynamics between lumps. This first order behaviour comes with 
a 90° phase lag for between adjacent masses. A series 
connection results in a multiple of this lag dependent on the 
amount of masses. This means that the overall modelled phase 
relation is ambiguous, with increased phase lag for an increased 
amount of lumped masses. Experimental validation can be used 
to ensure accuracy of the model. Similar to the analytical 
approach, the multitude of parameters describing the system 
can then be calibrated to fit the model to the measured data. 

 
2.3. Desired Model 

 The desired result of the modelling process is a model that can 
capture the thermal dynamics and heat transfer from the 
incoming water temperature and heater coil to the outgoing 
water temperature. The model should be sufficiently complex to 
capture the relevant dynamics between these points, but also 
have restricted complexity to facilitate computation. A low order 
model can also allow for more advanced controller designs, like 
H-infinity control, for which the order of the controller is 
minimally as large as the modelled plant. The model is also 
required to take varying flow into account. 

For all modelling approaches, it is beneficial to validate and 
tune the model using measured data to ensure accuracy. Since 
the accuracy then depends on measurement, a data-driven 
approach can be beneficial.  

3. System Identification      

System responses can be obtained from measurements via 
system identification. Commonly, the frequency response 
function (FRF) is estimated. By designing the experiments with 
carefully selected frequency content, the response can be 
measured at the output. FRF identification is fast, inexpensive 
and accurate [3]. Little to no knowledge or modelling is needed 
to obtain an estimate of the response, although it can be used 
to improve the accuracy.  

FRF identification assumes a system to be in steady state, 
which often is not the case. Thermal systems often have a large 
transient response, meaning a significant amount of time is 
needed to reach a steady state. Therefore, identification 
techniques that take the transient response into account are 
desired. The Local Polynomial Method (LPM) approximates the 
local transfer function by a polynomial such that the transient 
can be estimated and removed [4]. This method can be 

generalized into the Local Rational Method (LRM), which uses a 
rational function for the local approximation [5]. By using a 
rational function, linearity is lost in the parameters, but 
improved estimation quality is shown [6]. This approach can be 
further improved by incorporating system knowledge of the 
system poles (LRMP) [3]. Other interesting extensions include 
identification of linear parameter varying system (LPV-LRM) [7].  

Temperature control for varying flows is desired, and thus 
identification of the plant for varying flows is needed in 
accordance. Combining the identification and modelling over a 
range of flows, an accurate model of the system can be 
obtained. 

4. Results      

A lumped mass model has been constructed describing the 
LFSH consisting of 220 states. The frequency response from the 
inserted coil power to the outgoing water temperature is 
evaluated for multiple flow rates in figure 2. The figure shows 
that both the magnitude and phase change for varying flow. For 
comparison, the magnitudes at low frequencies at 1 l/min and 
10 l/min are 0.0135 K/W and 0.0014 K/W, respectively. This is 
near a factor ten difference. With ten times the amount of water 
flowing through the system, it is to be expected that ten times 
the power is needed for the same temperature change.  

 

 
Figure 2. Frequency response from the coil power to the outgoing water 
temperature of the LFSH for multiple flow rates. 

5. Conclusion and Outlook      

Multiple modelling and identification techniques are 
researched and compared. By modelling the system using its 
physical parameters, the effect of parameter variations can be 
analysed. It is shown that the flow rate has a large impact on the 
dynamics. This insight can be used to define input signals and 
settings for the experiments used to identify the system.  

It is concluded that the combined approach of modelling and 
identification provides accurate estimates of the responses, 
allowing controller design that can adapt to flow variations in 
ongoing work. 
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Abstract 

 

Numerical modelling is a widely used method for predicting machining process variables such as cutting forces, chip formation and 

temperature development. The coupled Eulerian-Lagrangian method (CEL) is one of the most important methods due to its robust 

handling of large deformations occurring during machining. So far, the CEL method has mainly been used for dry machining 

simulation. In order to simulate the influence of the cutting fluid on the tool temperature, a coupling between fluid simulation and 

CEL model needs to be implemented. To enable a simulation of the thermo-mechanical as well as fluid-structural interaction, the 

simulation results from the CEL model are transferred to the flow simulation. The proposed paper presents a Python script-based 

interface for coupling the CEL simulation with the fluid dynamics simulation and vice versa. First, the chip formation, the temperature 

fields in the cutting zone and the heat source were calculated in the CEL simulation and then the chip shape as well as the temperature 

distribution and the heat flow in the cutting zone were imported into the fluid simulation as initial conditions by the interface 

program. In the fluid simulation, the cooling effect of the cutting fluid was calculated. For the validation of the heat transfer model, 

fundamental investigations on orthogonal cutting of the nickel-base super alloy (Inconel 718) under cooling-lubrication were 

performed. The tool temperature was measured with a pyrometer and provided together with the measured cutting force a 

validation of the simulation.  
 

Orthogonal cutting; Finite Element Simulation (FEM); FEM-CFD interface; INCONEL 718 

 

1. Introduction 

Cutting is a complex process associated with a variety of 

different mechanical and thermal physics. The mechanical 

energy applied to the chip formation is largely converted into 

heat in the shearing and friction zones. The resulting 

extraordinarily high mechanical and thermal stresses lead to 

thermally induced displacement of the tool tip and tool wear [1]. 

This limits the tool life and the applicable cutting speeds and 

thus the productivity of the machining process. In order to 

reduce tool wear and carry away the chips, cutting fluids are 

often used in machining operations. However, for different 

cooling strategies, the use of energy and resources and the 

impact on the environment are very different, which leads to 

enormous cost differences. Therefore, the knowledge of the 

suitable cooling strategy for different applications is an essential 

part of the efficient and economical design of the manufacturing 

process. However, due to the limited measuring conditions, the 

influence of the coolant on the temperature and heat 

distribution and the effect on chip formation cannot be 

observed directly during the machining process. This insufficient 

understanding of the process leads to the fact that the cutting 

fluid cannot be used to its full extent.  

In addition to the empirical method, numerical simulation is 

increasingly used in the design of cooling systems. Compared to 

the experimental method, the simulation method reduces the 

cost of experiments and it is possible to analyze the mechanism 

of cooling effects in the cutting processes. So far, various 

numerical models and methods for the analysis of the cooling 

effect have been developed, such as [2], [3], [4]. Many of the 

methods simulate the cutting process and the cooling effect of 

the cutting fluid separately and do not consider the thermal and 

mechanical interactions between process and coolant. This 

leads to a large deviation in the simulation results, which cannot 

analyze the effect of the coolant quantitatively. Therefore, for a 

comprehensive modeling of the coolant effect on the tool 

temperature, mechanical and thermal effects and their 

interaction need to be considered, which consequently requires 

the coupling of finite element method (FEM) and computational 

fluid dynamics (CFD) models. The present work shows a method 

for coupling the CEL cutting simulation with the CFD fluid cooling 

simulation. First the chip formation, the heat source and the 

temperature distribution are calculated in the FEM simulation 

without considering the effect of the fluid. The results are then 

imported into the fluid simulation via the interface program as 

initial boundary and geometric boundary conditions. The 

influence of the coolant on the tool temperature is then 

calculated in the CFD simulation. By comparing the measured 

tool temperature with the calculated tool temperature, the 

accuracy of the simulation can be evaluated. In order to 

automate this procedure, a Python-based program has been 

developed which automatically performs the conversion and 

transfer of the simulation results. 

2. FE-CFD Interface 

The numerical method shown in this article is based on two 

simulation software. First, the heat development and chip 

formation during the machining process was modelled with the 

coupled Eulerian-Lagrangian (CEL) formulation. The model was 

solved with the commercial simulation program ABAQUS.  Then 

the cooling effect of the cutting fluid is calculated by the CFD 
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software OpenFOAM. The task of the interface program is to 

realize the exchange of physical parameters and geometric 

conditions between the two programs in order to simulate the 

thermo-mechanical interaction between the cutting process and 

the cutting fluid. The workflow of the interface program is 

shown in Figure 1. 

 

First, ABAQUS calculates the stationary state of the orthogonal 

cutting without considering the effect of cutting fluid. The 

interface program accesses the result file (ODB file) via the 

ABAQUS python library and reads the chip geometry as well as 

the temperature and heat flow distribution. Then the data is 

converted into the VTK format (Visualization Toolkit). The rules 

for writing VTK files refer to the literature [5]. The generated VTK 

file can be post-processed through the python library provided 

by the open source software PARAVIEW, so that it can be directly 

imported into the CFD simulation. The fluid properties of the 

coolant and the cooling effect are then calculated in the CFD 

simulation. The result of the simulation is the temperature of the 

tool in steady state under the influence of the cutting fluid. 

 

 
Figure 1. Major working procedures of the interface program 

 

 

3. FEM modelling of orthogonal cutting 

  The chip formation simulation is performed using the CEL 

approach, in which the workpiece is modelled with Euler 

elements and the tool is modelled with Lagrange elements. 

Model structure, boundary conditions and mesh types are 

shown in Figure 2. The tool shown in grey is considered to be the 

ideal rigid body. The blue area in the Euler grid is the initial 

position of the material, and it moves at a constant velocity vc 

through the Euler grids towards the tool. To describe the visco-

plasticity of the Inconel 718, the Johnson Cook material model 

(Eq. 1) and the Johnson Cook damage model (Eq. 2) were used. 

Both models are described in [6] and [7]. The parameters for the 

equation were obtained from the work of Erice [8] and are listed 

in Table 1 and Table 2. 

σ��� � �� � 	 ∙ �� ∙ �1 � � ∙ ln � ��
����� ∙ �1 � � � � ������� � ��

��� (1) 

� � �!" � !# ∙ $%&∙' ∙ �1 � !( ∙ ln � ��
�����

∙ �1 � !) ∙ � � � ������� � ��
�� 

(2) 

Table 1. Johnson-Cook constitutive model parameters of INCONEL 718 

[7] 

A 

[MPa] 

B 

[MPa] 

n C m *� + 

[s-"] 

T0 

[°C] 

Tm 

[°C] 

1200 1284 0.54 0.006 1.2 0.001 25 1800 

 

Table 2. Johnson-Cook damage model parameters of INCONEL 718 [7] 

D1 D2 D3 D4 D5 

0.04 0.75 -1.45 0.04 0.89 

 

The friction between workpiece and tool during cutting is 

described by the temperature-dependent friction model 

published by Puls [8]. The parameters of the friction model for 

the Inconel 718 were obtained from the literature [9] as shown 

in Table 3. 

μ/00 � μ� ∙ �1 � 1 � � � ����� � � 2
�3� (3) 

 

Table 3. Friction model parameters of INCONEL 718 [9] 

 

μ0 Tf [°C] mf 

0.46 200 2.4 

 

 
Figure 2. Concept of FE modelling of orthogonal cutting with coupled 

Eulerisch-Lagrangian (CEL) formulation 

 

Figure 3 shows the chip shape from the simulation. The 

simulation results presented in this section are processed in the 

FE-CFD interface and used as boundary condition in the CFD 

simulation. 

 
Figure 3. Chip formation and temperature distribution from the 

simulation (vc = 50 m/min, ap = 0.175 mm) 
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4. Computational Fluid Dynamics      

The framework for the CFD simulation is provided by the 

OpenSource software OpenFoam using the exported 2-D chip 

geometry to generate the grid. This is done by converting the 

VTK output file from FEM into a STL (stereolithography) file 

format by using a python script with an embedded PARAVIEW 

library. Following this STL file used by the snappy hex mesh 

meshing tool of OpenFoam to generate the CFD geometry and 

boundaries conditions.  

 

The used OpenFoam solver accounts for multiphase fluids 

meaning that gaseous ambient air as well as liquid cooling 

lubricant are modelled. Further, conjugate heat transfer 

between lubricant (fluid) and chip, workpiece (solid) is 

considered.  

 

450
6�
67 �  4509�

6�
6:�

� ; 6#�
6#:�

� <�  (4) 

4 69�67 �  4 69�9=6:=
� 6>

6:�
� ? 6#9�6#:=

 (5) 

Exemplary results of the CFD simulation are presented in 

Figure 4 showing the volume fraction of cooling lubricant and 

the corresponding redirection of fluid due to the chip geometry. 

 

 
 

Figure 4. Exemplary CFD Simulation Results of the Cooling Lubricant 

approaching the Chip 

5. Experimental Setup 

To validate and evaluate the simulation models, orthogonal 

cutting tests are carried out on a broaching machine. The 

experimental setup is shown schematically in Figure 1. The test 

material INCONEL 718 was machined into 2.5 mm thick sheets 

and fastened to the slide of the broaching machine. A grooving 

insert made of uncoated cemented carbide was fixed to the 

Kistler Multi-Component Dynamometer Z21289 and mounted 

on the worktable of the broaching machine. The applied 

grooving insert has a rake angle of 12°, a clearance angle of 3° 

and a cutting radius of 5 μm. The temperature inside the tool is 

measured by a pyrometer. Thereby the infrared radiation is 

captured by a glass fibre integrated in the grooving tool and 

transmitted to the pyrometer. During the test, the workpiece 

moves with the broaching slide against the tool at constant 

speed vc and cutting depth ap. The chip formation process as well 

as temperature distribution and process forces were recorded 

and used as validation parameters for the simulation. 

 

 
 

 

 
 

Figure 5. Experimental setup of orthogonal cutting 
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Abstract 
Designing a thermal compensaton system always involves dealing with confictng requirements, such as minimizing the number of 
sensors and transducers, cable routng and control power while ensuring maximal disturbances rejecton. To assist in the trade-of
process, it is essental to have a means to quickly investgate the merits of various confguratons. Startng from the dynamics of the
thermal systems, the residual positon error for any control loop can be quickly evaluated provided that such a model is given in an
efcient and compact manner. State-space models provide a convenient way to capture the system dynamics, and allow for the
exploraton of dozens of control confguratons with no appreciable computatonal burden. However, conventonal fnite element
packages do not have built-in capacites to efciently generate such compact models, and it is extremely inefcient to work with
the original detailed models.

In this paper, it is shown that using thermal modal analysis, thermal mechanical state-space models can be  efciently  built. In
partcular, it is shown that adding one extra state per actuator allows for capturing the full statc response of the system. While the
impact on the thermal response is generally limited, the mechanical response fdelity is very signifcantly improved, partcularly in
bending dominated problems. The method is validated against the full, detailed thermal mechanical response, and it show s that
the reduced models are both efcient and conservatve.

Model reducton, thermal modal analysis, state-space, thermal efects compensaton

1. Scope and motiaton 

The idea of using modal analysis to reduce the complexity of
thermal  transient  analyses  is  nothing new (see [1] or  [2] for
example). However, in contrast with structural dynamics where
it is de facto the standard approach, for thermal efects modal
superpositon techniques have never seemed to have received
a  broad  acceptance.  One  reason  for  this  might  be  that
convergence  is  comparatvely  slow,  i.e.  generally  a  large
number  of  thermal  modes  are needed  to  obtain  acceptable
agreement with the original model. 

Firstly, it must be acknowledged that this limitaton is a fact,
and arises partcularly in situatons where point-like heat loads
are applied. However, as noted in [3], while the temperature
distributon can be underestmated in the vicinity of the load,
this  does  not  mean that  the  quantty  of  interest  (generally,
positonal or angular deviaton) is severely afected. 

Secondly,  when higher accuracy is required, then the modal
basis  can  be  simply  augmented  using  the  so-called  residual
vector approach. A nice discussion of the method as applied in
the feld of  structural  dynamics,  where it  originated,  can be
found in [4]. To the best of the knowledge of the authors, the
method  has  never  been  applied  to  thermal  response
estmaton.  In  the  following  sectons  we  outline  the
corresponding procedure and show its benefts when applied
to  ultra-precision components.

2.1. Thermal  response using residual modal vector method

Mathematcally,  including  a  residual  vector  this  simply
amounts to evaluatng the ofset between the statc response

vector of the system obtained frstly using the original model,
and secondly using a modal basis, as followsn

T exact=K
−1P , and

T reduced=∑
i=1

n
t Φi P .Φi/ λi

Where K is the conductvity matrix, P is the nodal load vector
(thermal  power fed into the system on a node basis)  and  (
λi ,Φi )  are the eigenvalues and eigenvectors of the thermal

system, i.e solutons to the following matrix equaton. 
λC+K=0

Physically,  for  each  mode  the  corresponding  eigenvalue  is
equal to the inverse of the corresponding tme constant, that
is,  the  modes  with  the  lowest  eigenvalues  correspond  to
solutons to the free thermal response of the system with the
longest decay tme. The residual vector R is obtained by n

 R=T exact−T reduced
The process  can be repeated with each load case,  i.e.  the

response to the jth load vector will need to account for the jth

residual vector to be exact in the statc domain.

  2.2.  State-space thermal-mechanical  model  using residual
modal vector 

Thanks to linearity the mechanical response Φi,s  to all  of

the  nm thermal  modes  Φi,t can  be  evaluated  and
superimposed  to  obtain  the  complete  thermal  mechanical
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response.  By  the  same  procedure,  the  responses  to  the  na

residual vectors are estmated. 
This is sufcient to conveniently build a state-space model for

the thermal-mechanical response, i.e.n

x '=Ax+Bu , and

y=Cx+Du
Wheren

- x is the state vector, i.e containing the nm modal amplitudes
- y is the output vector, containing responses at the ns sensors 
- u is the input vector, containing the thermal power  delivered
by each of the na actuators

By  defniton,  A  is  a  square  diagonal  matrix  containing  the
eigenvalues, B is a nmxnm matrix containing the load vectors.  C
is a  nsxnm matrix containing the modal amplitudes at each of
the sensor locatons. 

Under normal circumstances,  D would be zero. When adding
residual  vectors,  each of  their contributons will  appear as a
feedthrough,  i.e.  an  additonal  response  whose  contributon
linearly (and instantly) follows the excitaton,  hence in the D
matrix. Mathematcally, D will be a nsxna , each column of which
will correspond to the j-th residual vector. See for example [5]
for  a  discussion  of  the  residual  vector  as  a  feedthrough  for
structural dynamics.

3. Practcal applicaton     

 The  methodology  outlined  previously  is  applied  to  a
geometrically  simple  optcal  component  for  which  fatness
requirements  are  tght,  while  thermal  efects  are  of  crucial
importance.  This  is  the  typical  confguraton  for  primary
mirrors  used  in  Synchrotron  Light  Source  facility  such  as
SOLEIL.  In  this  example,  the  heat  deposited  can  exceed
103 W/cm2, while the local slope error should be kept within
1 µrad,  down  to  0.2 µrad  in  the  near  future.  In  order  to
control  the temperature,  the  mirror  is  cooled  via  water  or
liquid  nitrogen  circulatng  into  a  copper  heat  exchanger,
tghtly on each of the mirrors side. The mirror itself is fted
with regularly spaced holes in order to allow boltng of each
half  of  the  heat  exchanger  to  the  mirror.  Such  a  mirror  is
shown on Figure 1.

Figure  1. primary  mirror  for  high-energy  X-ray  beamline  (SOLEIL
Synchrotron)

While  both  heat  load  and  heat  sinks  are  aimed  at  being
statonary, there are inevitable residual fuctuatons. The heat
load deposited on the optcal surface will change over tme, in
intensity, and in space because of the photon beam jiter, or
whenever  because  of  required  changes  in  undulator  gap.
Conversely, the cooling water will neither keep its temperature
constant to beter than 1 °C nor will the fow rate remain stable

within less than 10 to 20 %. This will induce some modifcaton
of the heat circulatng in the mirror, then of the  temperature
distributon and ultmately  the mechanical  distortons  of  the
optcal surface.

In  order  to  evaluate  the optcal  surface  distortons  due to
thermal transients, a thermal mechanical fnite element model
has been developed (using ANSYS rev 19.1), as shown on fgure
2. It consists of both the mirror and the cooler, and is meshed
using  20-nodes  brick  elements.  In  order  to  simplify  the
interpretaton, we assume a uniform thermal  conductance at
the  mirror/cooler  interface  of  50  000 W/m²/K,  as  would  be
obtained using a thermal contact enhancement foil (indium) as
is typically employed in such a situaton.

Figure 2. Finite Element model - mirror and cooler
The heat load is provided by the photon beam. It is assumed to
be centered  on  the optcal  surface,  with a maximum fux of
2500 W/cm2. The beam profle is assumed to be gaussian, with
a full-width-at-half-maximum equal to half the optcal surface
dimensions (160x25 mm2), hence a total input power of about
400 W. 
This  system  is  cooled  by  circulatng  water,  and  again  we
simplify things by assuming that the fow rate is large enough
to  maintain  a  fuid  bulk  temperature  at  21°C,  and  the  fuid
convecton (flm) coefcient is equal to 8000 W/m²/K .
Under those hypotheses, the temperature distributon is shown
in fgure 3, and the out-of-plane moton (with respect to the
optcal surface) in fgure 4. Although the temperature elevaton
is about 23 K, and the resultng distorton is about 5 µm, this is
already  enough  to  cause  some  loss  of  performance  for  the
overall system, since the corresponding slope is of the order of
100 µrad.

Figure 3. Temperature for nominal beam power (Tmax=42.8 °C)
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Figure 4. Distorton  for nominal beam power dZmax=5.1 µm)

Equipped  with  those  reference  values,  we  can  estmate  the
convergence rate of the modal superpositon method. 

First  of  all,  we  begin  by  estmatng  the  modes,  see  [6]  for
generalites  about  the  ANSYS  matrix  manipulaton  language
(APDL Math), [7] for details specifc to thermal modal analysis
practcal implementaton and [8] for thermal harmonic analysis.

Table 1 - Thermal Modes
Mode Descripton
# τ [s]
1 12.0 Heat dumped into water
2 8.1 Heat traveling longitudinally (order 1)
3 4.3 Heat traveling longitudinally (order 2)
4 3.0 Heat travelling vertcally (order 1)

Obviously, modes 1 and  4 involve diferental expansion of the
upper  and  lower  part  of  the  system  (bi  metal  efect),  and
should be a major  contributor  to both the temperature  and
structural  response.  Other  modes  might  contribute  to
temperature  distributon,  but  minimally  to  the  distortons  of
the optcal surface. 

Figure 5. Temperature distributon for modes 1 to 4.

The  thermal  tme constants  distributon  is  given  in  fgure  6.
Since we are  aiming at  building a  model  that  would  have a
useful  bandwidth  extending up to 1 Hz,  we need to include
modes with tme constants shorter than approximately 0.5 to
1 s. From the thermal model (half model using the XZ plane of
symmetry),  we  see  that  there  are  less  than  10  modes  with
thermal  tme constants  longer  than  2 s,  but  more  than  100
modes  when setng the limit  at  0.5 s.  Obviously,  the modal
method is extremely efcient for slow dynamics, but there is a
clif-edge efect in the required number of modes as soon as
one tries to extend the bandwidth further. 

Figure 6. Thermal tme constants distributon
In  our  case  we  might  want  to  track  the  accuracy  of
temperature and structural responses obtained by including an
increasing  number  of  modes.  Again,  the  statc  response  is
straightforward  to  obtain.  The  states  (thermal  modes)  are
obtained as  x=−A−1Bu  and hence the statc response
reads (including the residual vector)n 

T static=Cxstatic+Du= (−CA−1B+D )u

Applying the procedure to the peak local temperature (on the 
optcal surface), it appears that the convergence rate is terribly 
slow. The relatve error exceeds 30% even for 100 modes 
included, and shows no sign of decrease (see Figure 7). On the 
contrary, the bump magnitude can be estmated within 1% by 
using as few as 20 modes.
In this context, it is clear that adding a single residual vector 
would defnitely help to overcome convergence problems. 

Figure 7. Relatve error on local temperature
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Figure 8. Relatve error on bump amplitude

Residual iector efect on transfer functons

Since the quantty of interest is the optcal surface distorton,
from this  point  on  we will  focus  on  the thermal  bump.  The
frequency response estmated in the absence of residual vector
is given in fgure 9 below. The input is expressed as a fracton of
total thermal power, and the output is the thermal bump (in
mm).  We  can  check  that  for  10  and  100  modes,  the  statc
response is close to the reference value of  5.1µm. 

Figure 9. Transfer functon without residual vector n magnitude

Figure 10. Transfer functon without residual vector n phase

The  beneft of including a residual vector is shown in fgures 11
and 12, for magnitude and phase. Clearly, as far as magnitude
is concerned, the model validity is greatly improved, and the
usable  bandwidth  extends  largely  above  0.1Hz.  In  terms  of
phase, however, it is clear that it cannot be reliably estmated
for frequencies above 0.5 Hz. Inconsistent results are obtained,
clearly showing  limitatons  of  the model  (and to  begin with,
space discretzaton is probably insufcientn for silicon, thermal
difusivity is about 90 mm2/s, and a mesh with an element size
6 mm might not be fne enough). 

 
Figure 11. Transfer functon with residual vector n magnitude

Figure 12. Transfer functon with residual vector n phase

4. Conclusion     

In this paper, we have shown that  thermal mechanical state-
space  models  can  be  efciently built by  using  the  modal
method. In partcular, it is shown that adding one extra state
per actuator allows for capturing the full statc response of the
system. While the impact on the thermal response is generally
limited,  the  mechanical  response  fdelity  is  very  signifcantly
improved,  partcularly  in  bending  dominated  problems,  or  if
local results are to be obtained. In partcular, it has been shown
that convergence can be obtained at drastcally diferent rates,
depending on the quantty of interestn for the same number of
modes included in the analysis, the relatve error could vary by
as much as two order of magnitudes. 

Since  it  is  not  feasible  to  obtain  accurate  results  with
confdence  by  solely  relying  on  engineering  judgment,  it  is
recommended  to  systematcally  add  a  residual  vector,  thus
largely improving the robustness  of  the analysis.  It  has  been
shown,  however,  that  while  the system response in the low
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frequency  range  is  clearly  improved,  the  asymptotc  (high-
frequency) response is biased, and in partcular, startng from a
limit frequency the phase is clearly corrupted (i.e. it begins to
increase),  a clear warning sign that the model should not be
used  above  that  partcular  frequency.  To  summarize,  the
residual vector method only dramatcally enhances the fdelity
of model in the low frequency range, but does not extend its
validity in the higher frequency range. 

This  work  could be improved by  modifying  the correctonn
the residual  vector  could  be modifed into  a  residual  mode,
with  a  specifc  tme constant  chosen  so  as  to  minimize  the
deviaton  from  the  exact  response  above  the  model  cut-of
frequency.
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Abstract 
Errors induced by thermal deformations, i.e. undesired deformations and/or relative displacement differences due to temperature 
fluctuations, are becoming one of the more significant contributions to the overall accuracy budget during the design of high precision 
equipment. In order to optimize the system design for performance, transient thermo-mechanical analyses are performed. However, 
these analyses can become computationally very expensive and thus time intensive. In order to accelerate this process, while 
retaining accurate models, model reduction techniques are used in practice. This paper presents a short overview of commonly used 
model reduction techniques for thermo-elastic systems and gives an insight on the advantages and the ease with which they can be 
applied in the actual development of high precision equipment. As an example an actual developed high precision stage is used, 
which has nanometre performance requirements. 
 
Keywords: Thermal-elastic model, model order reduction, modal analysis, Krylov subspace method, design optimization. 

 

1. Introduction 

When accounting for thermal induced deformation errors, 
during the concept and/or design stage of the development of a 
high precision machine, transient simulations of thermal-
mechanical models are needed. When thermal models become 
quite complex and when multiple variations of thermal loads 
need to be investigated, these simulations can become very 
computational expensive. To accelerate this process model 
reduction techniques are used.  

 
The following section gives a very short overview of the 
mathematical framework together with commonly used 
reduced bases. 

2. Model reduction framework and reduced bases 

Given a full order model (FOM) Σ of a MIMO LTI system with 
𝑁 states, 𝑝 inputs and 𝑚 outputs: 

 

𝚺: {
   𝑬�̇�(𝒕) = 𝑨𝒙(𝒕) + 𝑩𝒖(𝒕)

   𝒚(𝒕) = 𝑪𝒙(𝒕) + 𝑫𝒖(𝒕)
 (1) 

 
Model reduction assumes that state trajectories, 𝒙(𝒕) are 
contained in lower dimensional subspaces of size 𝒌 ≪ 𝑵 and can 

be written as 𝒙(𝒕) = 𝑽𝒒(𝒕), with 𝑽 ∈ ℝ𝑵×𝒌, the reduced basis 

vector matrix and 𝒒(𝒕) ∈ ℝ𝒌, the reduced state vector. By 
applying the standard Galerkin projection [1, 2] the full order 
model 𝚺 can be projected to a reduced order model (ROM) 𝚺𝒌: 

 

𝚺𝒌: {
�̂��̇�(𝒕) = �̂�𝒒(𝒕) + �̂�𝒖(𝒕)

   𝒚(𝒕) = �̂�𝒒(𝒕) + 𝑫𝒖(𝒕)
 (𝟐) 

With �̂� =  𝑽𝑻𝑬𝑽, �̂� = 𝑽𝑻𝑨𝑽 ∈ ℝ𝒌×𝒌, �̂� =  𝑽𝑻𝑩 ∈ ℝ𝒌×𝒑 and 

�̂� = 𝑪𝑽 ∈ ℝ𝒎×𝒌. 

 
 

Most commonly used reduced basis vectors are the eigenvectors 
(modal method), Krylov basis vectors (moment matching 
method) of the system Σ or the basis vectors calculated from a 
proper orthogonal decomposition (POD) method. The POD 
method can be applied when the actual inputs of the system are 
well known and/or state-trajectory data is already available, see 
[1, 2].  
Methods for solving the eigenvalue problem are standard 
available in e.g. Matlab, ANSYS and Comsol. However for the 
Krylov basis vectors or POD methods one has to implement the 
commonly available algorithms, see [2] for more details. In this 
paper only the application of eigenvectors and the Krylov basis 
are considered. The use of POD basis vectors will be a topic for 
another paper. 

3. Thermo-mechanical case 

As a case, an actual developed high precision positioning stage 
is considered. This stage, with a total mass of 6.2 kg, is part of a 
larger machine and its movement is limited to one direction 
only. The other degrees of freedom are constrained by means of 
3 bearings and 2 guidance rails. The actuation, along the X 
direction, is performed by an ironless linear motor. See figures 1 
and 3 for a more detailed overview. 

 

  

Figure 1: Top view model high precision positioning stage. Red dot 
indicates encoder location. Sphere at (0,0,0) of coordinate system is POI. 

  

𝒀 
  

𝑿 

𝒁 
  

POI 
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Figure 2: Bottom view model high precision positioning stage. Bearings 
are indicated in blue and the actuator is indicated in orange. 

 
It is assumed that the stage is in ambient conditions at a 

nominal environment temperature of 22 °𝐶. Faces in contact 

with air have appropriate convection boundary conditions, 

ranging from 2.5 – 5 W/m2/K, depending on the face 

orientation. Additionally linearized radiation is taken into 

account, in the order of 0.6 – 1.5 W/m2/K, as temperature 

offsets, due to heat loads are expected to be in the sub Kelvin 

range.  

For this example two inputs are considered, i.e. the air 
temperature at the top surface (+Z side) of the stage and heat 
generation in the linear motor.  However it is not uncommon to 
have a larger amount of inputs, i.e. 𝒪(10), can easily be 
incorporated in the framework. As for temperature outputs, 
the nodes on the outer faces of the large carrier part (grey 
coloured part in Figure 1 and 2) are used.  
 
To assess the resulting thermal induced deformations, the 
displacement of a point-of-interest (POI) is considered in 
conjunction with constraints at the three bearings and in the 
encoder degree of freedom, i.e. along the X-axis. The POI can 
be seen in Figure 1, coinciding with the coordinate system and 
is rigidly connected to the stage. In this example it is assumed 
that the POI is thermally isolated from the stage. 

4. Implementation and model reduction details 

The finite element (FE) implementation, i.e. meshing, boundary 
conditions and contacts, is done using ANSYS and the model 
reduction steps are performed in an ANSYS/Matlab developed 
toolbox. The toolbox combines the efficient ANSYS solvers with 
the flexibility of Matlab. 
 
The first input is heat generation in the linear motor and results 
from a 300 𝑚𝑚 scanning setpoint, i.e. the stage scans multiple 
times back and forth within a fixed time of 7.5 𝑠.  The 
maximum achieved velocity is 0.5 𝑚/𝑠 and has maximum 
acceleration levels of 22 𝑚/𝑠2. This setpoint results in a 
maximum dissipating power of 225 𝑊. In figure 3 the first two 
seconds of the heat generated in the linear actuator is shown. 

As for the second input, the topside air temperature is stepped 
to 32°𝐶 at the beginning of the simulation.  
 

 
Figure 3: First two seconds of the actuator internal heat generation. 

 
The defined inputs will be used for transient simulations of 
three systems, i.e. the FOM, the modal ROM  and the Krylov 
ROM. Initially, a thermal simulation will be performed, which 
calculates temperature fields with a time-step of 1 𝑚𝑠. Next 

the thermally induced deformations, 𝑑(𝑡),  are calculated, by 
solving the following set of linear equations for each time step: 
 

𝐾𝑠𝑑(𝑡) = 𝐾𝑡ℎ𝑇𝐹𝑂𝑀(𝑡) (3) 

 
with 𝐾𝑠 the FE stiffness matrix, 𝐾𝑡ℎ the thermo-elastic coupling 
matrix and 𝑇𝐹𝑂𝑀(𝑡) the calculated FOM temperature field at 
time 𝑡. To be able to calculate the deformations for the ROMs, 
it is only necessary to calculate the so-called thermo-elastic 
basis vectors, 𝑉𝑑, which is found by solving a similar set of 
equations as (3), i.e. 
 

𝐾𝑠𝑉𝑑 = 𝐾𝑡ℎ𝑉𝑅𝑂𝑀 (4) 
 
with 𝑉𝑅𝑂𝑀 the reduced, modal or Krylov, basis vectors. Note 

that by changing the output matric �̂� of (2) to �̂� = 𝐶𝑉𝑑, the 
reduced system Σ𝑘  can calculate the deformations for any 
other given input and time. Giving a large flexibility in input 
variation/sensitivity analysis. 
 
The size of the thermal ROMs is chosen by using a rule of 
thumb value of 𝑘 = 30 per input for the Krylov method and 
𝑘 = 120 per input for the modal method. The reason the 
modal method requires a factor four more states, is slower 
error convergence  for thermal systems than for the modal 
method than for Krylov based methods , see [1, p. 284]. 
Additionally, the modal method requires the use of residual 
vectors in order to compensate for relatively large DC errors. 
The effect of taking this correction into account will be shown 
in the next section. 
 
Although the modal method requires a significantly larger 
order, the modal method is still a preferred method, due to the 
efficient calculation of the eigenvalue problem in FE packages. 
Furthermore, there is an intuitive physical interpretation of 
mode shapes and an extensive knowledge, toolboxes and 
experimental techniques are available originating from 
structural dynamic related problems.  
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5. Results and conclusions 

First the impact on computational performance is considered 
and afterwards the accuracy of the ROMs are analysed.  
 
Implementing the models with the inputs as described above, 
results in transient simulation timings given in Table 1. It can be 
seen that by applying model reduction, a computational 
performance increase for transient simulations of a factor 
7 (𝑚𝑜𝑑𝑎𝑙) − 117(𝐾𝑟𝑦𝑙𝑜𝑣) can be achieved. Also the timings 
for generating the ROMs are significant less when compared to 
performing one FOM simulation. Indicating that there is no 
significant impact on overall calculation timings when 
recalculating the ROM.  
 
When considering the calculations of the deformations, the 
time for evaluating a data-set with 50 time-steps of the FOM or 
50 basis vectors is approximately 28 𝑚𝑖𝑛. Note that after 
generating the thermo-elastic basis vectors, 𝑉𝑑, every 
alternative input can be simulated efficiently. For the FOM, 
however, this would imply that the thermal transient and 
deformation calculations need to be redone completely, which 
will take approximately 50 𝑚𝑖𝑛 per new loadcase. 
 
Table 1. Overall timings for one transient thermal simulation, 
performed on an i7-7700HQ mobile workstation with 32 Gb RAM 

Timings [s] Full model 
N ≈ 240k 

Modal 
k=240 

Modal 
k=240 + 

residual vector 
correction 

Krylov 
k=60 

Basis vector 
calculation  148 148 21 

Correction 
term 

 - 2.4 - 

Projection + 
state space 

 0.2 0.5 0.7 

Thermal 
Simulation  

1290 181 187.4 11 

 
 
To evaluate the accuracy of the ROMs the following spatial 
RMS error measure over time is used: 
 

𝜀𝑟𝑚𝑠(𝑡) =

√∑ [𝑇𝐹𝑂𝑀(𝑖, 𝑡) − 𝑇𝑅𝑂𝑀(𝑖, 𝑡)]2𝑁𝑛𝑜𝑑𝑒𝑠

𝑖=1

√ ∑ 𝑇𝐹𝑂𝑀
2 (𝑖, 𝑡)𝑁𝑛𝑜𝑑𝑒𝑠

𝑖=1

 (5) 

 
with 𝑁𝑛𝑜𝑑𝑒𝑠 the number of FE nodes, 𝑇𝐹𝑂𝑀 and 𝑇𝑅𝑂𝑀 the 
temperature of the FOM and respectively the ROM. Figure 4 
shows 𝜀𝑟𝑚𝑠(𝑡) for the 3 different ROMS, i.e. modal, modal + 
residual vectors correction terms and the Krylov model. Figure 
5 shows the relative spatial temperature error at the final 
simulation time (𝑡 = 7.5 𝑠). 
 
It can be concluded that the Krylov method can very accurately 
estimate the temperature fields over space as well as time, i.e. 
𝜀𝑟𝑚𝑠 < 0.04 within 0.3 s.  For this case it out performs the 
modal method. However the modal method is sufficiently 
accurate at the spots where there is a significant temperature 
offset from 22°𝐶. See e.g. the hot-spot at location (𝑥, 𝑦, 𝑧, ) =
(0, −0.15,0.13) 𝑚 in the top-left of figure 5. What is also 
interesting to note is that the addition of the residual 
correction vectors, significantly improves the accuracy of the 
modal method and that it should therefore be included when 
the actual inputs are known. 

 
 

 

Figure 4. 𝜀𝑟𝑚𝑠(𝑡), relative RMS temperature error over time. 
 

 

 
Figure 5. Relative temperature errors, compared to the FOM 
temperature field at t =7.5 s. 

Finally the accuracy with regard to the POI deformations is 
shown in figure 6. In this figure the 2-norm of the calculated 
deformation vector over time is compared. These deformation 
calculations only take the first 50 basis vectors into account in 
order to limit the overall computation time. From figure 6 it can 
be seen that both reduction methods accurately (within 1 nm 
absolute difference) describe the POI thermally induced drift. 
 
Note that for this case only a smaller subset of the reduced 
basis vectors is sufficient to accurately estimate the POI 
deformations and indicates that not all basis vectors contribute 
equally to the final deformation.  
 

 
 
Figure 6. Norm of the POI deformations in [nm].  

73



  

Current practical limitations of model reduction techniques are  
a lack of a-priori knowledge on what the accuracy will be, 
which basis vectors should be taken into account and which 
size of the reduced order should be chosen given a certain 
tolerance on allowed errors.  
 
Taken these practical limitations into account, it can still be 
stated that using model reduction techniques in practice, the 
development high precision systems can be effectively and 
accurately be accelerated. Especially when used early on in the 
concept / design phase.  
 
As a final note, one of the main benefits of using ROMs is the 
huge flexibility in applying input variations and different initial 
conditions. This flexibility is very helpful in determining critical 
sensitivities of the system and selecting the most demanding 
inputs for future analysis. 

6. Future work    

This paper only presented a short overview what can be 
achieved with model reduction techniques. Future work will 
focus more on the application of advanced model reduction 
related topics. These topics will go into more depth regarding 
automated reduced order selection, optimal selection of basis 
vectors for thermo-elastic deformations calculations and 
optimal sensor/actuator placement together with thermal 
error correction models, see e.g. [3]. 
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Abstract 
Heat losses in motor spindles lead to thermal loads and thus to undesired effects on the spindle performance. To minimize these 
effects, the development of spindles must ensure a thermally advantageous design. Nowadays, a variety of software tools exist to 
support the design process. In particular, simulation models based on the Finite Element Method (FEM) have become widely estab-
lished. Some commercially available simulation software offer specific tools for time-efficient optimization of multi-physical tasks. 
This article describes a methodology for an iterative optimization of the thermal behavior of a newly developed motor spindle apply-
ing these tools. An initial spindle is modelled, parameterized and thermally advantageous modification potential is identified by 
means of a parameter correlation analysis. The spindle is thermally optimized by appropriate adjustments to the design. The validity 
of the simulation model is evaluated by comparing the simulation results with experimental data of prototype analysis. The experi-
mental findings are used to improve the simulation model by applying a parameter optimization. Lastly, improvements that could be 
achieved in the scope of an exemplary design iteration applying this methodology are shown. 
 
Keywords: Motor spindle, FE-simulation, Thermal optimization       

 

1. Introduction 

The achievable accuracy in machining is significantly affected 
by the thermal properties of main spindle drives [1]. Today, mo-
tor spindles with roller bearings are mainly used in industrial 
practice [2]. Due to the conversion of electrical energy into me-
chanical energy, electrical losses occur in the motor resulting in 
heat. Bearing and fluid friction causes additional thermal load, 
which has an effect on the spindle system [3]. 

The effects of thermal loads can already be counteracted dur-
ing the development phase of a spindle by skilfully selecting the 
design parameters. The variety of possibilities for improving the 
thermal behavior and the design parameters to be varied is 
large. Due to the high complexity of modern motor spindles and 
a wide range of available design parameters and materials, the 
identification and derivation of suitable measures for improve-
ments is not trivial. Although simple, linear correlations can be 
quantified by analytical approaches. Such approaches fail with 
increasing complexity of the system. An analytical description of 
the thermal behavior of modern high-performance spindles is 
therefore not possible [4]. Simulations based on the Finite Ele-
ment Method (FEM) have become widely established as a sup-
porting tool for designers. Modern FEM programs offer possibil-
ities for time-efficient modelling of multi-physical correlations. 
The determination of realistic parameter values, as well as suffi-
cient mesh quality and a suitable modelling approach, is a chal-
lenge when developing simulations. If, however, a thermal 
model of a spindle exists, it can be used to improve its design 
with regard to the desired target values.  

The aim of this project is to increase the maximum rotational 
speed or the initial bearing preload. Therefore, the temperature 
differences between inner and outer rings of the front and rear 
fixed bearing (dϑ (FBf), dϑ (FBr)) must be reduced [4]. In many 
simulation programs, analysis and optimization tools are already 
integrated to treat these problems. By using these tools, com-
plex correlations between parameters and their interactions can 

be identified. Genetic algorithms can also be used to solve mul-
ticriterial thermal optimization tasks [5, 6]. In [7], a self-devel-
oped FE algorithm is used to optimize the dynamic behavior of a 
motor spindle. In [6], a genetic algorithm for the identification 
of realistic heat transfer coefficients is used to improve the ther-
mal simulation model of a motor spindle. 

In this article, a novel approach for multicriteria thermal opti-
mization of a motor spindle is presented. Optimization measures 
are derived using a correlation analysis. The optimization is car-
ried out manually within the scope of this work. As stated in[6], 
an additional optimization of the FE-model is carried out to im-
prove the model validity. This is done by using a genetic algo-
rithm. An illustration of the optimized spindle can be seen in Fig. 
1. This concept with integrated lamellar heat exchangers and 
heat pipes is also shown in [8]. 

 

 
 

Figure 1. Considered spindle design according to Denkena et al. [8]. 

2. General approach 

In the herein described design process, an initial spindle design 
is optimized in multiple design loops. The design loop is illus-
trated in Fig. 2. First, a primary CAD model of the spindle is geo-
metrically simplified, so that a time-efficient meshing is possible 
for the next step. The model is then parameterized. During pa-
rameterization, thermal and mechanical boundary conditions 
are defined and modelled. In addition, material properties are 
associated to the bodies. Values of parameter inputs are deter-
mined analytically, experimentally and by considering tabular 
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data. The established simulation model is used to carry out a pa-
rameter correlation. This is done to quantify effects of model pa-
rameter value variations on the target parameter values (dϑ 
(FBf), dϑ (FBr)). The results of this parameter correlation are used 
for the direct manual optimization of the spindle design. This al-
lows an initial improvement to be carried out at an early stage. 
For the purpose of this article, one spindle design was also pro-
totypically realized. This prototype is described and metrologi-
cally evaluated in [8]. In addition, results of the experimental 
analyses are used to verify the simulation model and to improve 
the validity of the model parameters. Model parameters with 
improved validity were determined by applying an optimization 
algorithm. The aim of this optimization was to achieve a better 
agreement between simulation results and experimentally de-
termined values (model fitting). Based on the verified and fitted 
simulation model, subsequent design iteration could be simu-
lated with increased validity. The process of spindle design opti-
mization ends when certain target values of the target parame-
ters (dϑ (FBf), dϑ (FBr)) are reached or no significant optimization 
progress can be stated. In the following chapters, the individual 
steps of an exemplary design loop with prototype verification 
are explained in more detail. 

 

 
 
Figure 2. Process of spindle design optimization. 

3. Simulation model 

 Simulations were carried out time-independently since only 
steady-state values were relevant. First, an initial CAD drawing 
of the spindle was geometrically simplified. This facilitated sub-
sequent meshing and reduced the model size. During simplifica-
tion, chamfers, undercuts, screw as well as through and blind 
holes were removed. Bearing rolling elements were modelled 
according to [9] as circumferential bodies. The sufficient mesh-
ing of bodies was ensured by a mesh study following the model-
ling and parameterization. The spindle was modelled according 
to [10]. Parameter values were determined according to Tab. 1. 
Analogy parameters were defined to simplify the parameteriza-
tion. For example, material thermal conductivities were varied, 
instead of varying a body’s wall thickness. A decrease of material 
conductivity led to a proportional decrease of thermal re-
sistance. By reducing the length of heat transport by the same 
percentage, the same quantitative effect was achieved due to 
the linear correlation between thermal resistance and length of 
heat transport. Consequently, the influences of the spindle com-
ponents’ wall thicknesses could be evaluated by varying their 

materials’ thermal conductivities instead of varying the geome-
try itself.  
 
Table 1. Sources for the determination of parameter values. 
 

Model parameter Source 

Convection at rotating cylinders, cool-
ing channels, ambient 

[11] 

Convection in air gap of two cylinders [12] 

Convection at rotating discs [13] 

Convection on rolling bearing elements [14, 15] 

Heat transfer between 
bearing elements 

[16] 

Heat transfer coefficient, heat ex-
changer & conductivity heat pipes 

experimental 

Heat losses of bearings & motor manufacturer 

Heat transfer between solid bodies [17, 18] 

 
In consultation with the spindle manufacturer, variable design 
parameters and their value ranges were agreed according to this 
procedure. Tab. 2 summarizes some of these parameters and 
their values determined for one load case (20 000 rpm, idle run) 
according to Tab. 1. The heat transfer parameters were param-
eterized using an APDL script so that they could be used and var-
ied for the following parameter correlation analysis and param-
eter optimization. 

 
Table 2. Considered control parameters and initial values (20 000 rpm) 
 

Nb. Control parameter Initial value 

P1 
Heat transfer coefficient inner la-

mellas – outer lamellas of heat 
exchanger front 

185 W/m²/K 

P2 
Heat transfer coefficient outer 

front heat exchanger  
– outer bearing ring FBr 

5 200 W/m²/K 

P3 
Thermal conductivity  

heat pipes front 
10 000 W/m/K 

... ... ... 

P41 
Thermal conductivity material 

outer heat exchanger  
lamellas at front 

120 W/m/K 

P42 
Thermal conductivity stator  

cooling sleeve material 
43 W/m/K 

4. Parameter correlation 

The parameter correlation is based on the determination of 
the thermal transfer functions between individual control and 
target parameters. For this purpose, the value of each control 
parameter is varied around an initial value. The values of other 
parameters remain constant. The effect of this parameter value 
change on the target value change is then determined. The tar-
get parameters are given by dϑ (FBf) and dϑ (FBr). The control 
parameters and their initial values are defined according to 
Tab. 2. Within the scope of this work, the parameter correlation 
according to Pearson [19] is used. The Pearson correlation de-
termines the magnitude of a linear correlation between two pa-
rameters. The determined significance S adopts values between 
-1 and +1. It is approximately 0 if there is no correlation at all. A 
negative value indicates a shift of the target parameter value to 
lower values due to an increasing control parameter value. An 
increase of the target parameter value due to an increasing 
value of the control parameter results in positive values of S.  

Before the correlations are calculated, a lower and upper 
value limit (P- and P+) of the variation range must be defined for 
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each parameter. The range size |P+ - P-| has significant influence 
on the results of the parameter correlation. It is particularly im-
portant to determine the initial parameter values as realistically 
as possible. If these are determined insufficiently, non-linear 
correlations between control and target parameters may result 
in considerably lower or higher significance of a control param-
eter than actually present. If the parameter values do not have 
to be defined stepwise due to technical reasons (e.g. number of 
heat pipes (see [8]), it is advisable to define relatively equal lim-
its for each parameter [20]. For the purpose of this investigation, 
the initial values of each parameter were varied by ± 15% as this 
is the average expected inaccuracy of the parameter value de-
termination. The prioritized target parameter in this work is dϑ 
(FBr) since the temperature rise of the inner ring of the fixed 
bearing close to the motor is particularly critical due to its prox-
imity to the motor’s secondary part. The number of applied sam-
ples for the correlation analysis is 100. 

The results of the parameter correlation are shown as bar 
charts in Fig. 3. A significant decrease of both target values is 
achieved by increasing the value of design parameter P1 from P- 
to P+. This is indicated by the relative significances S which are -
0.66 for FBr and -0.36 for FBf. Thus, an optimization of the heat 
transfer behavior of the fin-shaped heat exchangers leads to a 
significant decrease of the temperature differences as more 
heat is transferred from both inner bearing rings. Increasing P2 
results in a comparatively high increase of 0.15 for dϑ (FBr). The 
effect of P2 on dϑ (FBf) is less significant. However, increasing P2 
leads to lower values of dϑ (FBf). This is due to increased heat 
transport between the outer bearing ring of FBr, which reduces 
the outer ring temperature of FBr. However, this leads to an in-
creased heating of the outer front heat exchanger. Hence, tem-
perature difference between the outer front heat exchanger and 
the outer bearing ring of bearing FBf is reduced. This in turn leads 
to a decrease of dϑ (FBf). Increasing the value of P3 leads to a 
significance of -0.13 for dϑ (FBr). The effect on dϑ (FBf) is negligi-
ble with a value of 0.02. Better heat conduction of the heat pipes 
results in increased heat transfer from FBr in direction of FBf. As 
a result, dϑ (FBr) is reduced and the front area of the spindle 
heats up. This leads to an increase of dϑ (FBf). Increasing the val-
ues of P41 and P42 leads to an increase of S and thus an increase 
of target parameter values. These effects, however, are minor. 

 

 
 
Figure 3. Parameter correlations with determined significances. 

 
The results of this correlation analysis are used to derive 

measures for optimizing the spindle design. The adequate order 
of the optimization steps is based on the level of the determined 
significances. The optimization of a parameter with high signifi-
cance is prioritized. However, the spindle designer must con-
sider the degree to which a parameter value can be changed. 
Otherwise, inadequate changes of geometrical or material pa-
rameters may worsen the mechanical behavior. In addition, the 
manufacturability and assembling ability as well as other cost-
related effects of design changes must be evaluated and taken 
into account by the designer. 

5. Model fitting  

The aim of the model fitting is to adjust the simulation param-
eters in such a manner that the simulated temperature values 
correspond as closely as possible to the measured tempera-
tures. For this purpose, ANSYS provides a toolbox for handling 
multi-criteria optimization tasks. A particular challenge of pa-
rameterization is the dependency of parameters on mechanical 
and thermal load variations as well as variations of other bound-
ary conditions [2]. The model fitting was therefore only carried 
out for the thermally most critical load case at 20 000 rpm. 

Prior to optimization, the simulation parameters were param-
eterized so that they could be varied in the optimization algo-
rithm. The procedure is similar to that of the correlation analysis 
in chapter 4. Instead of design parameters, however, thermal 
loads of the bearings and the motor as well as the convection 
coefficients values and heat transfer coefficients were varied. 
The thermal conductivities of the materials were also parame-
terized. For the optimization of the parameters, the genetic 
MOGA algorithm (multi-objective genetic algorithm) was ap-
plied. This algorithm was implemented in ANSYS. MOGA is a var-
iant of the NSGA-II algorithm (non-dominated sorted genetic al-
gorithm-II), based on the controlled elitism concepts [21]. By 
searching for global optima, several optimization goals can be 
defined. 

In the simulation, temperature values were obtained as target 
values. These points correspond to the sensor locations in the 
experimental investigation of the spindle prototype. In the ex-
perimental analysis of the prototype, the temperatures of the 
bearing inner and outer rings were determined. The experimen-
tally determined temperatures served as constraints for the op-
timization. The algorithm attempted to achieve the specified 
constraints by varying the parameter values within these limits. 
The principle of this optimization is shown in Fig.4. 

 

 
 
Figure 4. Simulation model optimization principle. 

 
A range for each parameter, in which its values are to be var-

ied, must be defined prior to optimization. The upper and lower 
limits of a parameter value result from uncertainties to be ex-
pected when determining the initial value. The limits of the pa-
rameter value ranges were defined by values of ± 30% of the in-
itial value in this paper. By considering this comparatively wide 
range, possible global optima located further away from the pre-
viously determined parameter values were also taken into ac-
count. Otherwise, it is possible that the optimal approximation 
of actual parameter values could not be determined by the op-
timization algorithm. This may occur especially in cases where a 
precise determination of parameter values is difficult. Especially 
the convection boundary conditions of high-speed bearings and 
contact heat transfer parameter are difficult to determine [2]. 
As a result of the optimization, several parameter value combi-
nations were obtained, achieving similar simulation results. If 
parameter values of different parameter value combinations are 
nearly similar, it can be assumed that these values are more 
likely to be physically valid. If individual or several values differ 
significantly, the relevance of the affected parameters must be 
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weighted and evaluated using a correlation analysis. Such a cor-
relation analysis of the simulation parameters was carried out 
automatically in ANSYS during the optimization, analogous to 
chapter 4. If the parameter significance is high, the value deter-
mined by the optimization algorithm must be adjusted with 
higher priority to the respective optimized value. Consequently, 
deviations from values of a parameter with high significance 
lead to particularly high deviations between simulation and ex-
periment. Parameters with low significances < ± 0.1 are not con-
sidered to optimize the model. Values of parameters with low 
significances vary when comparing different parameter sets and 
can often already be identified in this way. These parameters 
were kept to their previously determined values. Due to the 
widely selected value range of some parameters, individual pa-
rameters may dominate disproportionately. This makes it diffi-
cult to interpret the optimization results. Nevertheless, this pro-
cedure is particularly suitable for identifying parameters with 
very low significances. 

6. Evaluation of the methodology 

 An initial spindle design was optimized in several steps ac-
cording to the procedure described above. Fig. 5 illustrates the 
result of an exemplary optimization of a design i to a design i+1. 
A design i was initially used for the simulative evaluation of op-
timization measures. By simulating the load case at 20 000 rpm, 
the temperature differences (ϑi - ϑo, see Fig. 5 top) were deter-
mined with dϑ (FBf) = 14.8 K and dϑ (FBr) = 16.0 K. Based on the 
knowledge obtained from the simulations, the spindle design 
was then optimized by the spindle manufacturer. The optimized 
design i+1 was again simulatively evaluated and also prototypi-
cally realized. The metrological evaluation of the design i+1 can 
be found in [8]. The temperature differences of the design i+1 
dϑ (FBf) and dϑ (FBr) were determined to be 7.5 K and 8.2 K, re-
spectively. The results of the metrological analyses were used to 
validate the i+1 simulation model. The deviations between sim-
ulated and experimentally determined values were 1.7 K (dϑ 
(FBf)) and 2.7 K (dϑ (FBr)). So far, no model fitting has taken 
place. For this reason, the agreement between simulation and 
experiment is very good. The experimental results were used in 
the further course of the project to carry out a fitting according 
to chapter 5. The fitted model was then used for more precise 
simulation of further optimization potential. The methodology 
of further optimization steps is similar to those described in this 
article. 

 

 
 
Figure 5. Evaluation of the simulation and optimization measures. 

7. Conclusion and outlook 

In this article, a methodical approach for the iterative thermal 
and thermo-elastic optimization of a motor spindle design was 
presented. With the help of an FE model and a parameter corre-
lation analysis, parameters, which had significant effects on the 
defined target values, were first identified. These findings were 

used to optimize the design. In addition, the results of the pa-
rameter correlation were used to optimize the FE model. The 
optimization was carried out with the help of a multi-criteria op-
timization algorithm. Experimentally determined values of a 
prototype were used to define target functions for the algo-
rithm. This fitting improved the validity of the model parameters 
and thus the interpretability of the simulated significances. This 
methodology was used to optimize the spindle shown in [8] so 
that the highest possible efficiency of the therein applied heat 
transfer elements was achieved. By applying this method, simu-
latively determined temperature differences between the bear-
ing inner and outer rings of the front fixed bearing were reduced 
by 38% and those of the rear fixed bearing were reduced by 31%. 
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Abstract 
 
For the production of optics with form errors below 100 nm, single point diamond turning machines require extremely stable 
temperatures within their key components. These key components include all parts that are relevant for positioning of the tool or 
the workpiece, namely the machine bed, the linear axes, and the main spindle. The design goal of the Innolite IL300 turning machine 
is to achieve a temperature stability of under ±0.1°C in all key parts. Reasonable operating conditions, which take into account a 
warm-up process and preconditioning of the outside temperatures (room, cooling water) to ±1°C, are presupposed. The envisaged 
ten-fold thermal stabilization requires a dedicated system which protects the temperature sensitive machine parts by providing 
continuous flows of temperature-controlled air, oil and water. For this purpose, the IL300 follows a thermally robust mechanical 
design. The granite machine bed, the hydrostatic linear axes, and the aerostatic main spindle are all protected by at least one cover 
structure from environmental changes. The two-level cascade temperature control system also focuses on robustness. First of all, 
external circuits with low precision mixing valves reduce the temperature variation of externally provided cooling water down to 
±0.1°C. Internal circuits then use this pre-conditioned water to continuously provide air, water and oil flows with a much higher 
precision of ±0.01°C. This paper describes the general design as well as a detailed performance analysis of all subsystems 
 
Accuracy, Machine, Temperature  
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Abstract 
In ASML’s wafer scanners, thermal management is becoming increasingly important as a result of Moore’s law driving the 
performance and throughput requirements. To this end, thermoelectric modules (TEMs) or Peltier elements are increasingly 
considered in active control of the temperature of several wafer scanner modules. TEMs are thermal actuators that have the 
appealing property that they are able to both cool and heat. As a disadvantage, the thermal dynamics of a TEM are nonlinear, which 
complicates the control design for thermoelectric systems. Due to the inherent nonlinearity, the input-output response varies 
significantly for different setpoints and operating conditions. This complicates the controller tuning for desired performance and 
compromises closed-loop stability properties for, e.g., unreachable setpoints or (unknown) disturbances, possibly causing machine 
downtime and damage. To deal with these problems, an input-output linearizing controller in conjunction with a linear (e.g. PID) 
controller is used. More specifically, to eliminate the need for temperature sensors, that might limit the thermal efficiency and 
performance of the actuator, we propose to use an observer to estimate the temperatures required for the IO linearization.  
 
Thermal Control, Thermoelectric modules, Nonlinear control, Feedback Linearization, Observer     

 

1. Introduction   

In advanced lithography systems that are used to manufacture 
integrated circuits (ICs) (see Figure 1), thermal management in 
terms of accurate temperature control becomes increasingly 
important. For next-generation thermal conditioning, active 
methods using thermoelectric modules (TEMs) are receiving 
increased attention. TEMs are solid-state thermal actuators that 
use the Peltier effect to transfer heat. These actuators are 
broadly applied in temperature control applications, e.g. lab-on-
a-chip applications, laser diodes, and scanning electron 
microscopes [1, 2]. Unfortunately, the thermal dynamics of 
TEMs are highly nonlinear [2], which complicates control design 
for these actuators. 
 

To address this problem, several approaches have been 
studied in literature. In [1], an input-output (IO) linearizing 
controller is proposed, which is able to deliver fast and accurate 
closed-loop control of a thermoelectric system. However, 
stability of this controller is not guaranteed a priori. In another 
approach, a nonlinear Lyapunov-based controller is used to 
control a thermoelectric system with guaranteed stability [3]. 
However, closed-loop performance in terms of settling time, rise 
time, and overshoot may be difficult to guarantee, because of 
the nonlinear nature of the controller. 
 

To deal with these problems, Bos et al.  propose to use an 
input-output (IO) linearizing controller in conjunction with a 
Lyapunov-based saturation function in a generic control 
application of a TEM [4]. This control architecture enables linear 
closed-loop behaviour with a well-defined performance for 
nominal operating conditions, and guarantees input-to-state 
stability (ISS) outside these nominal operating conditions. This 

approach requires state knowledge pertaining to the 
temperatures of both sides of the TEM. Temperature sensors are 
placed directly on the TEM, but this introduces an additional 
thermal resistance between the TEM and the conditioned object 
on one side and the cooling water on the other side. This 
additional thermal resistance limits the achievable energy 
efficiency, and hence, the achievable performance of the TEM. 

 
To overcome this problem, we propose to use an extended 

Kalman filter (EKF) to estimate the required states for the IO 
linearization. This eliminates the need for sensors placed directly 
on the TEM. As such, the first key contribution is the design of 
the EKF for a nonlinear thermoelectric system. The second 
contribution is the implementation and verification of the 
results on an experimental setup. 

 
The remainder of this abstract is organized as follows. Section 

2 introduces the system at hand and summarizes the control 
architecture proposed in [4], as it forms the basis for this work. 
Section 3 presents the observer design for the thermoelectric 
system. Section 4 shows experimental results obtained from an 
experimental setup.  Finally, Section 5 presents concluding 
remarks and recommendations for further research. 

Figure 1. ASML’s EUV System 
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2. System Description      

In accordance with [4], an experimental setup is considered that 
resembles a simplified thermal control application in a wafer 
scanner, as illustrated in Figure 2 and Figure 3. 

 
Figure 2. Experimental thermoelectric setup [4]. 

 
Figure 3. Schematic of the experimental thermoelectric setup [4]. 

 
2.1. Experimental Setup   
The setup consists of a copper block (element 3 in Figure 3) 
attached to a thin film heater (element 11) that resembles a heat 
dissipating module, a thermoelectric module (type UWE UEPT-
140-127-036E120) (element 5,6) used as a thermal actuator to 
condition the copper block, a heat exchanger (element 8) 
connected to a cooling water circuit (element 9) to remove 
waste-heat from the system. These components are assembled 
using thermal pads (element 2,4,7). The top plate (element 1) is 
used for assembly purposes. In the setup, four negative 
temperature coefficient (NTC) sensors are located between 
components of the setup (𝑦1 to 𝑦4 in Figure 3), and two NTC 
sensors are used to measure the inlet water temperature of the 
heat exchanger and the surrounding air temperature, 
respectively. 
 
2.2. Thermal Dynamics & IO linearization 
The setup is modelled using a lumped mass approach, resulting 
in the following set of ordinary differential equations (ODEs): 

𝐸1�̇�1 =
1

𝑅12

(𝑥2 − 𝑥1) +
1

𝑅∞
(𝑤2 − 𝑥1) 

𝐸2�̇�2 =
1

𝑅12

(𝑥1 − 𝑥2) +
1

𝑅23
(𝑥3 − 𝑥2) 

𝐸3�̇�3 =
1

𝑅23

(𝑥2 − 𝑥3) +
1

𝑅34

(𝑥4 − 𝑥3) + 𝑤3 

𝐸4�̇�4 =
1

𝑅34

(𝑥3 − 𝑥4) +
1

𝑅45

(𝑥5 − 𝑥4)                                       (1) 

𝐸5�̇�5 =
1

𝑅45

(𝑥4 − 𝑥5) +
1

𝑅56

(𝑥6 − 𝑥5) + 𝑢2𝑅𝑒/2 − 𝑆𝑥5𝑢 

𝐸6�̇�6 =
1

𝑅56

(𝑥5 − 𝑥6) +
1

𝑅67

(𝑥7 − 𝑥6) + 𝑢2𝑅𝑒/2 + 𝑆𝑥6𝑢 

𝐸7�̇�7 =
1

𝑅67

(𝑥6 − 𝑥7) +
1

𝑅78
(𝑥8 − 𝑥7) 

𝐸8�̇�8 =
1

𝑅78

(𝑥7 − 𝑥8) +
1

𝑅89

(𝑥9 − 𝑥8) 

𝐸9�̇�9 = �̇�𝑐𝑤(𝑤1 − 𝑥9) +
1

𝑅89

(𝑥8 − 𝑥9), 

with 𝑥𝑖 , 𝑖 ∈ {1,2, … ,9} representing the temperatures of the 
lumped elements in Figure 3, 𝐸𝑖 the thermal capacitance of the 
elements, 𝑅𝑖,𝑖+1 the thermal resistances between elements, 𝑅∞ 

the thermal resistance between the surrounding air and the top 
plate. These parameters are calibrated using a dedicated 
experiment, see [4] for the details. Furthermore,  𝑤1 is the 
temperature of the water at the inlet of the heat exchanger, 𝑤2 
the surrounding air temperature, 𝑤3 the thermal power of the 
thin film heater (representing thermal disturbance loads), �̇� the 
mass flow of the water, and 𝑐𝑤 the specific heat capacity of the 
water.  Finally, 𝑆 represents the Seebeck coefficient, 𝑢 the 
applied electric current, and 𝑅𝑒 the electrical resistance of the 
TEM. The control output 𝑦 is the temperature of the copper 
block measured by the sensor 𝑦1 (see Figure 3), and is defined 
as 

                            𝑦 = 𝑦1 = 𝛼1𝑥2 + (1 − 𝛼1)𝑥3,                            (2) 
with 𝛼1 a scaling factor to account for the fact that the sensor is 
located in between element 2 and 3.  
 

In (1) the (input) nonlinearity is clearly visible in the terms 
containing 𝑢2 and 𝑥5𝑢 and 𝑥6𝑢, that relate to the Joule heating 
effect and Peltier and Seebeck effect of the TEM [2, 4]. To 
overcome the nonlinearity between the input 𝑢 and the output 
𝑦, the IO linearization as proposed in [4] is considered with a 
newly defined input: 

                      𝑣 =
1

𝑅56

(𝑥6 − 𝑥5) − 𝑆𝑥5𝑢 + 𝑢2𝑅𝑒 2⁄ .                  (3) 

After substitution of the new input 𝑣 of (3) in (1), the IO 
dynamics of the system can be written as 

𝐸1�̇�1 =
1

𝑅12

(𝑥2 − 𝑥1) +
1

𝑅∞
(𝑤2 − 𝑥1) 

𝐸2�̇�2 =
1

𝑅12

(𝑥1 − 𝑥2) +
1

𝑅23
(𝑥3 − 𝑥2) 

𝐸3�̇�3 =
1

𝑅23

(𝑥2 − 𝑥3) +
1

𝑅34

(𝑥4 − 𝑥3) + 𝑤3                            (4) 

𝐸4�̇�4 =
1

𝑅34

(𝑥3 − 𝑥4) +
1

𝑅45
(𝑥5 − 𝑥4) 

𝐸5�̇�5 =
1

𝑅45

(𝑥4 − 𝑥5) + 𝑣. 

The remaining nonlinear zero-dynamics are then constituted by 

𝐸6�̇�6 =
1

𝑅56

(𝑥5 − 𝑥6) +
1

𝑅67

(𝑥7 − 𝑥6) + 𝑢2𝑅𝑒/2 + 𝑆𝑥6𝑢 

𝐸7�̇�7 =
1

𝑅67

(𝑥6 − 𝑥7) +
1

𝑅78
(𝑥8 − 𝑥7) 

𝐸8�̇�8 =
1

𝑅78

(𝑥7 − 𝑥8) +
1

𝑅89

(𝑥9 − 𝑥8)                                       (5) 

𝐸9�̇�9 = �̇�𝑐𝑤(𝑤1 − 𝑥9) +
1

𝑅89

(𝑥8 − 𝑥9), 

with 𝑢 the linearizing control law (following from (3)) as 

                𝑢 =
𝑆𝑥5 − √𝑆2𝑥5

2 − 2𝑅𝑒(
1

𝑅56
(𝑥6 − 𝑥5) − 𝑣 

𝑅𝑒
.         (6) 

This control poses a lower-limit on the allowed input 𝑣, as to 
guarantee that the input 𝑢 remains real-valued, or 

                                    𝑣 ≥
1

𝑅56

(𝑥6 − 𝑥5) −
𝑆2𝑥5

2

2𝑅𝑒
.                        (7) 

Physically, this lower bound is the maximum possible cooling 
power the TEM, that depends on the temperatures of the cold 
and hot-side of the TEM (𝑥5 and 𝑥6, respectively). For this 
reason, it is important to ensure input-to-state stability of the 
nonlinear differential equations in (5), as to prevent the state 
𝑥6 from becoming too large and consequently limiting the 
cooling power of the TEM through (7). 

 
2.3. Control Architecture 

In [4], the linearizing control law (6), is implemented in a 
control loop in combination with a saturation function Φ and 
linear feedback controller 𝐶𝑓𝑏, as shown schematically in Figure 

4. The saturation function ensures that the computed control 
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input by the feedback controller �̅� stays within predetermined 
Lyapunov-based bounds, or 
                            𝛷:     𝑣 = 𝑚𝑖𝑛 {𝑚𝑎𝑥{�̅�, 𝛽2}, 𝛽3},                      (8) 

with 𝛽2 and 𝛽3 bounds derived from a Lyapunov stability 
analysis. This effectively guarantees input-to-state stability of 
the closed-loop system, while allowing for linear closed-loop IO 
behaviour in normal operating conditions. 

 
Figure 4. Schematics of the IO linearizing controller architecture [4]. 

3. Observer    

As shown in Figure 4, the IO linearizing controller Γ and the 
saturation function Φ require state knowledge of 𝑥5 and 𝑥6 (the 
TEM temperatures). In [4], sensors are used to measure these 
states, but this sensor placement negatively affects the contact 
resistance and thus the thermal performance.  

As a solution to this problem, an observer will be used to 
estimate the required states, using only sensors 𝑦1 and 𝑦4 that 
are not attached to the TEM, but are usually already available 
for diagnostics and feedback control. Furthermore, we consider 
the known inputs of the system to be the electric current 𝑢, inlet 
water temperature 𝑤1 and air temperature 𝑤2. The heat load of 
the heater is considered as an unknown disturbance 𝑤3. 

 
With this, system (1) is written in state-space formulation 

according to 

                                       𝛴: {
�̇� = 𝐹(𝑥, 𝑢, 𝑤)
𝑦 = 𝐶𝑥 + 𝜂      

                                       (9) 

with 𝑦 = [𝑦1 𝑦4]𝑇 the measurements of the connected 
sensors, 𝑤 = [𝑤1 𝑤2 𝑤3]𝑇  the disturbances acting on the 
system and 𝜂 representing measurement noise. Note that 
𝐹(𝑥, 𝑢, 𝑤) represents the equations in (1). 
 
3.1. Extended Kalman Filter  
The extended Kalman filter (EKF), which is commonly used in 
nonlinear state estimation, is known to deliver accurate results 
for temperature estimation [5]. The continuous-time EKF for the 
system (9) reads 

            �̂� : {

�̇̂� = 𝐹(�̂�, 𝑢, �̂�) − 𝐾(𝑡)(𝐶(𝑥 − �̂�) + 𝜂)   

𝐾(𝑡) = 𝑃(𝑡)𝐶𝑇𝑅−1                                      

�̇� = 𝐴(𝑡)𝑃 + 𝑃𝐴𝑇(𝑡) − 𝑃𝐶𝑇𝑅−1𝐶𝑃 + 𝑄,

            (10)  

with �̂� the state estimate, �̂� = [𝑤1  𝑤2 0]𝑇 the measured 
(known) disturbances, 𝐾(𝑡) the time-varying Kalman gain, 𝑃(𝑡) 
the estimated error covariance, 𝑄 and 𝑅 tuning matrices, and 
𝐴(𝑡) a linearization of the process 𝐹(�̂�, 𝑢, �̂�), which is defined 
as 

           𝐴(𝑡) = 𝐴(𝑢(𝑡)) =
𝜕𝐹(𝑥, 𝑢, 𝑤)

𝜕𝑥
=

𝜕𝐹(�̂�, 𝑢, 𝑤)

𝜕�̂�
.           (11) 

Note that the resulting matrix 𝐴(𝑡) only depends on 𝑢(𝑡) and 
does not depend on 𝑥 nor �̂�. Therefore, the linearization of 𝐹 
around �̂� is equal to the linearization of 𝐹 around 𝑥, as stated in 
(10). Exploiting the latter, stability of the EKF itself can be shown 
by means of Lyapunov theory. To this end, consider the 
Lyapunov function candidate 
                                          𝑉 = 𝜖𝑇𝑃(𝑡)−1𝜖,                                    (12) 
with 𝜖 = 𝑥 − �̂� the estimation error and 𝑃(𝑡)−1 the inverse of 
the error covariance matrix. The time-derivative of this 
Lyapunov function can be expressed as 

�̇� ≤ −𝜖𝑇(𝑃−1𝑄𝑃−1 + 𝐶𝑇𝑅−1𝐶)𝜖 + 2𝜖𝑇𝑃−1𝐵𝑑(𝑤 − �̂�)

+ 2𝜖𝑇𝑃−1𝑃𝐶𝑇𝑅−1𝜂                                  (13) 
with 𝐵𝑑 = 𝜕𝐹 𝜕𝑤⁄ . By using the fact that �̇�−1 = −𝑃−1�̇�𝑃−1 and 
𝐶𝑇𝑅−1𝐶 ≥ 0, and substituting (12) into (13): 

�̇� ≤ −
𝑞

�̅�2
‖𝜖‖2 +

2

𝐸3𝑝
‖𝜖‖‖𝑤3‖ +

2𝑐̅

𝑟
‖𝜖‖‖𝜂‖ 

    ≤ −
𝑞𝑝

�̅�2 𝑉 +
2

𝐸3𝑝
√�̅�𝑉‖𝑤3‖ +

2𝑐̅

𝑟
√�̅�𝑉‖𝜂‖,                          (14) 

with 𝑞, 𝑝, 𝑟 (norm-based) lower bounds on the matrices 𝑄, 𝑃 

and 𝑅, and �̅�, 𝑐̅ (norm-based) upper bounds on the matrices 𝑃 

and 𝐶, respectively. Using a new function 𝑊 = √𝑉, analogous 
to [6], the following bound on the estimation error can be 
derived from (14): 

‖𝜖(𝑡)‖ ≤ √
𝑝

𝑝

̅
‖𝜖(0)‖𝑒−𝜃𝑡 +

�̅�

𝜃𝐸3𝑝
(1 − 𝑒−𝜃𝑡) 𝑠𝑢𝑝

𝑡≥𝑡0

𝑤3(𝑡)

+
𝑐̅�̅�

𝜃𝑟𝑝
 (1 − 𝑒−𝜃𝑡) 𝑠𝑢𝑝

𝑡≥𝑡0

𝜂(𝑡),                 (15) 

with 𝜃 = 𝑞𝑝/2�̅�2. With this bound, the EKF is concluded to be 

input-to-state stable in the presence of the unknown 
disturbance 𝑤3(𝑡) and measurement noise 𝜂(𝑡). 
 
3.2. Implementation 
The EKF in (10) is used in closed-loop with the control 
architecture from [4], as illustrated in Figure 5. The estimated 
states �̂� that are computed by the EKF, are used as inputs to the 
IO linearizing controller Γ and the saturation function Φ. In linear 
systems, the separation principle guarantees stability for a 
closed-loop system with a separately designed stable observer 
and controller. However, for nonlinear systems, the separation 
principle often does not hold [7], meaning that stability cannot 
be automatically concluded when using a stable EKF for closed-
loop control. In [8], a separation principle for a class of nonlinear 
systems is presented. However, the method used in [8] requires 
that the control law is continuously differentiable, which is in 
this case not applicable because of the saturation function Φ. In 
[9], an analysis is conducted on closed-loop stability of a system 
under EKF-based feedback, however, the analysis used is limited 
to systems that can be written in a special normal form, which is 
found not possible in this case. In the remainder of this work, 
closed-loop stability is assumed and verified experimentally in 
the next section.  
 

 
Figure 5. Schematics of the IO linearizing controller architecture in 
conjunction with the extend Kalman filter. 

 
Figure 6. Measured (normalized) closed-loop step responses with a PID 
controller (left) [4], and the responses with IO linearization and EKF 
(right).  
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4. Measurement Results      

To verify the obtained results in this work, an experiment is 
conducted by varying the setpoint temperature and using the 
estimated state by the EKF in the IO linearization. Analogous to 
[4], Figure 6 depicts the normalized step response without (left) 
and with (right) IO linearization. From this figure, it is observed 
that the estimation error of the EKF has little impact on the 
linearization of the IO dynamics, because all responses in the 
right plot are identical.  

To verify the closed-loop stability of the system as a whole, a 
second experiment is conducted by applying a heat-load of 
𝑤3(𝑡) =12W with the heater, and commanding an unreachable 
setpoint of 𝑟 = −20 °C, similar to the experiment conducted in 
[4]. This experiment does not come with any stability 
guarantees, but the closed-loop system is still found to be stable, 
as shown in Figure 7.  In the left part of Figure 7, the outputs 𝑦1 
and 𝑦4 are shown. The output 𝑦1 is controlled toward the 
setpoint 𝑟 = −20 °C, but this temperature cannot be reached, 
because of the applied heat-load and the limitations of the TEM. 
As also shown in [4], this situation would lead to instability if only 
a PID controller would be used. However, the stability bound 𝛽2 
limits the input �̅� (as computed by the linear controller 𝐶𝑓𝑏) and 

applies a limited input 𝑣 to ensure stability, as shown in the right 
part of Figure 7.  

By comparing this result to the results depicted in Figure 8 as 
obtained from [4],  it can be concluded that the performance 
with the EKF exceeds the performance (in terms of reachable 
temperature 𝑦1) of using sensors to estimate the required state 
variables 𝑥5 and 𝑥6. It is worth noting that, although not used, 
the sensors 𝑦2 and 𝑦3 are still physically present in the setup, in 
order to make a fair comparison to the results obtained in [4].   

It is assumed that the difference in performance is due to the 
location of the sensors (in between elements) and that they 
therefore do not exactly measure the states they are assumed 
to represent. This, in turn, would lead to a larger error than the 
error of the state estimation by the EKF. This larger error caused 
by the sensor placement leads to a more conservative bound 𝛽2, 
such that less cooling power is available when compared to using 
the EKF. This can partly be explained by the performed 
calibration of model parameters in [4], where an accurate match 
is obtained between measurements and model simulations. The 
model-based EKF naturally benefits from this calibration of 
parameters. 

 

 
Figure 7. Measured output (left) and input bounds (right) of the 
experiment with the EKF and the nonlinear controller obeying the 
bounds 𝛽2(�̂�5, 𝑥6), 𝛽3(�̂�5, 𝑥6). 

 

 
Figure 8. Measured output (left) and input bounds (right) of the 
experiment without EKF [4] . 

5. Conclusions and Recommendations      

For a thermoelectric system, this paper demonstrates the 
successful design and implementation of an extended Kalman 
filter with the IO linearizing control architecture proposed in [4]. 
The observer eliminates the need for sensors to be attached to 
the TEM, which otherwise limits performance. The estimated 
states can directly be used in the IO linearizing controller and 
saturation function. In the conducted experiment, the achieved 
performance supersedes the performance obtained in [4], in 
which sensors are used instead of an observer. This performance 
increase is attributed to the accuracy of the state-estimation by 
the EKF, because the unused sensors (that are attached to the 
TEM) are still physically present in the setup, meaning the 
thermal contact resistances are equal in both experiments. It is 
concluded that the accurate state-estimation allows for a less 
conservative stability bound with respect to the situation where 
sensors are used to estimate the required temperatures. 
Furthermore, no stability issues pertaining to using an observer 
in closed-loop were observed.  

For future work, our research  focusses on applying the control 
architectures with and without EKF to a system with multiple 
thermoelectric actuators. Furthermore, we will focus on 
obtaining stability guarantees for using the observer in the loop. 
Finally, we will investigate the sensitivity of the EKF to 
uncertainty in the model parameters.   
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Abstract 
Core temperature variation in metals during manufacturing processes affects both the dimensional accuracy and the surface integrity 
of manufactured workpieces.  Different types of temperature measurement techniques have been applied for obtaining workpiece 
temperature. However, their main limitations have been an inability to give the core temperature of the workpiece and the reduction 
in accuracy due to the harsh environment of some manufacturing processes.  The velocity of sound in any medium of propagation 
is dependent on the temperature of that medium. This relationship can be used to obtain a medium’s temperature, provided that 
the velocity of sound through the medium can be measured. This paper investigates the use of ultrasonic waves sent in the continuous 
mode to measure the temperature variation in a 100 mm steel sample (type EN24T) using the ultrasonic phase-shift method. 
Simulations and bench tests were performed to obtain a resolution and accuracy better than 0.5 °C and ±1 °C respectively. The results 
show that the method gives reliable results well within the target specification. Based on these results, ultrasonic thermometry 
experiments will be carried out during subtractive machining processes to determine the effects of the harsh environment on the 
accuracy of the proposed method.    
 
 
Keywords: core temperature measurement; phase-shift method; manufacturing; ultrasonic thermometry    
      

 

1. Introduction  

The quality of manufactured products is determined by the 
conformance of the product to key specifications such as the 
dimensional accuracy and the surface integrity of the finished 
product. These two specifications are influenced by the 
temperature variation during manufacturing and inspection. 
Therefore, there is a need for temperature control or 
compensation of the thermal effects during manufacturing and 
measurement to produce high quality components. 

No exact value is given for temperature variation during 
manufacturing. This is because there are many different types of 
manufacturing processes as well as different degrees of 
temperature variation for different materials. However, 
subtractive machining is a method in which high temperature 
variation can be reached. Typical temperature variation in this 
type of manufacturing process can reach 10 °C. In precision 
manufacturing, workpieces often need to be produced with 
dimensional error of less than 5 µm. The required temperature 
measurement accuracy to achieve this varies for different 
materials. Aluminium has a relatively high coefficient of thermal 
expansion compared with other common materials used in 
manufacturing. In order to achieve less than 5 µm dimensional 
error in aluminium, assuming a thermal expansion coefficient of 
24 µm/m/°C, there is a need to measure temperature with 
accuracy of ±1 °C and a resolution of 0.5 °C. These are the 
accuracy and resolution this paper seeks to achieve in order to 
satisfy the requirement for precision manufacturing. 

There have been many methods applied for measuring 
temperature during manufacturing processes, most of the 
methods described in literature deal with either the 
temperature of the machine [1] or of the tool [2]. Some 

temperature measurement methods such as the tool/workpiece 
thermocouple [3]–[5] and infrared thermometry [6] have been 
used to measure workpiece temperature. The major limitations 
of these and other methods previously used are the low 
accuracy in harsh manufacturing environments and the inability 
of the methods to measure the core temperature of the 
workpiece, which is the parameter that affects the dimensional 
expansion of the workpiece. 

The velocity of sound in any material is dependent on the 
density, which is a function of temperature. This relationship can 
be used to obtain the temperature of any material provided that 
the velocity of sound through the material can be reliably 
obtained. Ultrasound thermometry requires sound signals at 
frequencies above 20 kHz. The pulse-echo method is 
traditionally used for ultrasonic thermometry [7]. However, the 
cost of pulser/receiver needed for high resolution temperature 
measurement is relatively high [8]. The resolution may also 
reduce in larger workpieces due to attenuation of the echo 
signal [9]. The main alternative to the pulse-echo method is the 
phase-shift method. In the phase-shift method, a continuous 
wave rather than pulses is used, the time-of-flight of ultrasonic 
wave is computed by measuring the difference between the 
phases of the transmitted and the received ultrasonic signals 
[10]. 

In this paper, the phase-shift method is used for the precise 
measurement of the temperature of a steel workpiece (type 
EN24T). Initial simulations were performed in MATLAB using the 
k-Wave toolbox – an open toolbox for time-domain acoustic and 
ultrasound simulations [11]. Based on the simulations, 
ultrasonic phase-shift experiments were carried out in a 
metrology laboratory. The results showed that this temperature 
variation in steel can be measured with this method with 
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resolution of up to 0.1 °C. As part of future work, this method 
will be used in different manufacturing and inspection 
processes.  

2. Materials and method      

The pulse-echo method of ultrasonic measurement is widely 
used because of its simplicity. The method works based on the 
principle of time-of-flight (tof). The ultrasonic velocity is 
calculated using the time difference between sending the signal 
and receiving its echo [12]. The relationship between the tof, 
distance of travel and the ultrasonic velocity is given as: 

 

 𝑐 =
𝑑

𝑡𝑜𝑓
 (1) 

 
where c is the ultrasonic velocity, d is the distance between the 
transmitter and receiver and tof is the time-of-flight [12]. 

The Phase-shift method is another technique for ultrasonic 
measurement. To obtain the ultrasonic velocity, the phase-shift 
method uses the difference between the phases of the sent and 
received signal of a continuous ultrasonic wave. The relationship 
between the phase-shift and the velocity of a steady state 
frequency ultrasonic wave is governed by the following 
equation: 

 𝑐 =
𝐿𝑓

(𝑛 +
𝜙

2𝜋
)

  (2) 

 
where L is the path length between the ultrasonic transmitter 
and receiver, n is the integer number of wave periods, ϕ is the 
phase-shift, f is the ultrasonic frequency and c is the ultrasonic 
velocity. 

 
2.1. Simulations 

The pulse-echo and the phase-shift methods were both 
simulated to choose the most appropriate method for core 
temperature measurement of metals. The simulation was done 
in MATLAB R2017b using the k-Wave toolbox. Steel was chosen 
as the medium of propagation. For the pulse-echo simulation, 
the tof technique was used to resolve 0.1 °C. The k-Wave grid 
(Nx) was set as 6.561e+3 grids, the spacing (dx) was set as 1.2e-
4. The ultrasonic velocity used for the simulation is based on the 
temperature-velocity relationship given by Ihara et al [13] which 
is given as: 

 𝑐(𝑇) = −0.636𝑇 + 5917.6 

 

(3) 

 
Where c(T) is the temperature dependent ultrasonic velocity 
and T is the temperature. 

To achieve a 0.1 °C resolution, a 1.2 MHz tone burst and 10 
GHz sampling frequency were used. Figure 1 and Table 1 show 
the tone burst and the tof for the whole simulation respectively.  

 

 
Figure 1. Recorded tone burst at 25 °C  

   
Table 1. Time of flight at different material temperature. 

 
Temperature  

(°C) 
Velocity  

(m/s) 
Tof 
(µs) 

25.0 5901.70 33.4372 

25.1 5901.63 33.4376 

25.2 5901.57 33.4380 

25.3 5901.51 33.4384 

25.4 5901.45 33.4388 

25.5 5901.38 33.4392 

 
The phase-shift method was also simulated, using a frequency 

of 5 MHz, 0.1 °C change was successfully resolved and this is 
shown in table 2. 

 
Table 2. Phase-shift simulation result. 

 

Temperature 
(°C) 

Phase-shift (5 
MHz) 

(°) 

Used 
ultrasonic 
velocity 

(m/s) 

20 167.64 5894.0 

20.1 168.83 5893.9 

20.2 170.02 5893.8 

20.3 171.21 5893.7 

20.4 172.40 5893.5 

20.5 173.59 5893.4 

 
Both pulse-echo and phase-shift methods resolved 0.1 °C change 
in temperature. However, the resolution of the pulse-echo 
method may reduce due to attenuation [9]. However, with the 
phase-shift method, resolution of 0.1 °C can be achieved even 
with attenuated echo signal. Also, to use the pulse-echo 
method, a pulser/receiver of sampling frequency of 
approximately 10 GHz needs to be used, the cost of such device 
can be as high as €20,000. However, using the phase-shift 
method requires the use of a phase detector just under €400. 
Because of these, the phase-shift method was chosen over the 
pulse-echo method. The experiments described in the next 
section are based on the phase-shift method. 

3. Experiments 

The ultrasonic phase-shift thermometry experiment was set 
up as shown in figure 2. 

 

 
Figure 2. Ultrasonic phase-shift thermometry experimental setup. 
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For the phase-shift thermometry experiment, a sinusoidal 
waveform was generated using a Spectrum M2i.6022-exp 
arbitrary waveform generator (Spectrum Instrumentation, 
Ahrensfelder, Grosshansdorf, Germany). The signal was then 
sent to the transmitter probe of a transducer (5 MHz centre 
frequency and bandwidth of ±1 MHz) and the input A port of an 
Analog Devices AD8302 (Analog Devices, Norwood, MA, USA) 
phase detection board using a 100 mm steel sample (EN24T) - as 
the medium of propagation. Using a single transceiver on a 
100 mm sample has the equivalent path length to the 
simulation, where a transmitter and receiver were at opposite 
ends of a 200 mm sample. The received signal was sent through 
the receiver probe of the transducer to the input B port of the 
phase detector board. The phase difference between the 
transmitted and received signals is computed by the phase 
detector and the equivalent voltage value is sent out through 
the phase-out port. Signal noise from the phase-out value was 
reduced with a low pass filter. A filter with cut-off frequency of 
3.4 Hz was used. Using an NI-9239 analogue input card (National 
Instruments, Austin, TX, USA), the filtered phase-out values 
were saved to a PC through NI LabVIEW. Using a TCS140 liquid 
bath calibrator (E Instruments, Langhorne, PA, USA), the 
temperature of the steel workpiece was varied in steps of 1 °C 
and 0.1 °C and the corresponding phase-shift was recorded. The 
result of this experiment will be discussed in the next section.  

4. Discussion      

The AD8302 outputs voltage values represent the phase-shift 
between the transmitted and received signals. The relationship 
between the phase-shift and phase-out voltage values is given in 
figures 3 and 4. Figure 3 is the datasheet plot while figure 4 was 
obtained experimentally using the same parameters as those 
used for the phase-shift experiments – 2V input, 40 mV received 
signal with 5.5 MHz signal frequency. 5.5 MHz frequency was 
used in order to utilize the linear region of the phase output 
curve; this frequency was chosen experimentally. 

 

 
Figure 3. Phase Output vs. Phase Difference [14]. 
 

 
Figure 4. Phase Output vs. Phase Difference for 5 MHz signal. 
 

The first experiment was for a temperature range of 20 to 30 °C 
in steps of 1 °C. The phase out values which represent the phase-
shift between the transmitted and received signals for the 
temperature range and the micron equivalent values of the 
residuals of the phase out values are given in the figures 5 and 6 
respectively. 
 

 
Figure 5. Results of 20 to 30 °C range in steps of 1 °C. 
 

 
Figure 6. Residual plot of 20 to 30 °C 

 
The second experiment was designed to focus on achieving the 
required resolution. A range of 20 to 21 °C in steps of 0.1 °C was 
used. The recorded phase out and the residual plots are given in 
figures 7 and 8 respectively. 
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Figure 7. Results of 20 to 21 °C range in steps of 0.1 °C. 

 

 
Figure 8. Residual plot of 20 to 21 °C 

 
The results of the simulations as well as the experiments confirm 
that temperature variation in metals can be measured using the 
phase-shift technique of ultrasonic thermometry.  

5. Conclusions      

This study showed that with phase-shift ultrasonic 
thermometry, core temperature of metals can be measured 
with a resolution and accuracy of better than 0.5 °C and ±1 °C 
respectively, even with an attenuated echo signal of 40 mV. For 
these experiments, a 100 mm steel sample (EN24T) was used. 
The range of temperature measurement can be increased by 
combining multiple ultrasonic signals of different frequencies. 
Two main limitations of the AD8302 board are the nonlinearities 
at the extremes and at the centre (-180°, 180° and 0°) as seen in 
figures 3 and 4, and the lack of clarity on the sign of the phase 
difference from the phase-out value. Choosing a suitable 
frequency for which phase out values are within the linear 
region will reduce the possibilities of values falling in the non-
linear region as shown in the results of the experiments. The sign 
of the phase difference is needed for absolute temperature 
measurement. However, relative temperature variation can be 
measured without the knowledge of the sign of the phase 
difference. A possible application of this study would be for 
temperature monitoring during co-ordinate metrology. As part 
of future work, more experiments will be carried out in order to 
deploy this setup in subtractive manufacturing processes. Also, 
the suitability of the method to different materials as well as the 
possibility of measuring material temperature at a specific 
region or point using ultrasound will be studied 
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Abstract 
In this work, we introduce the concept of a Deformation-Based Controller (DBC) to improve the performance, in terms of thermal 
deformations, of a temperature controlled thermo-mechanical system subject to unpredictable thermal disturbances. In a traditional 
temperature controlled system, thermal actuators are used to control the temperature at sensor locations towards a desired 
setpoint. Since the temperature is not controlled in-between the sensor locations, there can arise thermal gradients in the system, 
which result in undesired thermal deformations in the whole system. DBC aims to reduce these thermal deformations while using 
only the existing thermal actuators and sensors, such that hardware changes are not required. Experiments with a system subject to 
unpredictable evaporation loads demonstrate that a significant reduction in thermal deformations is achieved, compared to a 
traditional temperature controller. 
 
Control, Temperature, Deformation, Observer  

 

1. Introduction 

In many industrial high precision applications, such as  electron 
microscopes and lithography machines, thermal specifications 
are continuously tightened to improve the performance in terms 
of  accuracy and availability [1]. As a result, reducing tempera-
ture fluctuations and the resulting thermal deformations of 
components, often resulting from unpredictable and uncon-
trollable thermal disturbances,  becomes highly important.  

A reasonable thermal performance can often be achieved with 
a good thermal design and insulating or shielding of thermal 
loads. When thermal disturbances cannot be insulated 
completely, (multiple) thermal actuators (e.g. heaters) and 
(temperature) sensors can be added and combined with a 
temperature feedback controller (e.g. a PID-controller) to 
suppress the effect of the thermal disturbances by controlling 
the temperature to a desired setpoint. In this way, a satisfying 
thermal performance can be achieved, but only at the sensor 
locations. Thermal gradients might still exist between the sensor 
locations and these result in undesired thermal deformations, 
limiting the precision of optical elements [2, 3].  

To reduce the thermal deformations, we propose to control 
these thermal deformations instead of the temperatures. In 
practice it is not always possible (volume restrictions) or desired 
(extra costs and complexity) to add extra sensors to measure 
deformations. Therefore, we focus on a ‘software-only’ solution, 
where only the existing thermal actuators and sensors are used. 
This means that the resulting Deformation-Based Controller 
(DBC) is based on a high accuracy thermo-mechanical model of 
the system to estimate the thermal deformations from 
measured temperatures and these deformations are controlled 
using the thermal actuators. 

There are many challenges in designing such a DBC. These 
challenges include the design of a high order thermo-mechanical 
model (>10 000 states), the identification of physical model 
parameters (e.g. contact resistances and heat transfer 
coefficients) to improve the model accuracy, model order 
reduction to make control design feasible, disturbance 

modelling, Multiple Input-Multiple Output (MIMO) controller 
design and closed-loop controller order reduction to compute 
the model-based controller in real-time. The main contribution 
of this work is to provide a framework for DBC, illustrating the 
steps taken, and how the previously mentioned challenges can 
be overcome.  

This abstract proceeds as follows. In Section 2, the physics of 
the considered thermo-mechanical system are explained. The 
DBC design steps and solutions to the previously mentioned  
challenges are explained in Section 3. Subsequently, Section 4 
shows experimental results to illustrate the reduction in thermal 
deformations that can be obtained with DBC over a commonly 
used temperature controller. Finally, the conclusions and future 
work are described in Section 5. 

2. System description     

The system considered in this work consists of a 300 mm disk 
of  10 mm in height, with water cooling channels, as illustrated 
in Figure. 1. The top surface of this disk should remain as flat as 
possible. Due to the operation process of the machine, the top 
edge of the disk is irregularly wetted with water. To keep the top 
surface dry, the water is first extracted via small holes into an 
Edge Channel (EC), inside the edge of the disk, and then from the 
EC via several extraction holes at the bottom of the disk. A part 
of this water evaporates in the EC, thereby extracting up to 15 
W of heat from the disk. As a result, the edge of the disk cools 
down (in the order of 100 mK) and this results in several 
nanometres of thermal deformations of the edge, affecting the 
flatness of the top of the disk. To compensate for the 
evaporative load, 12 segmented heaters are attached to the 
edge (covering the whole edge) and 12 sensors are attached (8 
cm apart) to the bottom of the disk, below the EC, as illustrated 
in Figure 1. These heaters and sensors are available for control. 
   
2.1. Thermo-mechanical model 

A spatially discretized and parametrized thermo-mechanical 
finite element model of the system is created using Nutils [4].  
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Figure 1. Impression of the cross section of the disk with cooling water, 
EC with evaporation load, edge heaters, temperature sensors and the 
Point of Interest (PoI) for DBC. 

 
The resulting dynamics are described in descriptor state-space 
form as 
 

𝐸(𝑝)�̇� = 𝐴(𝑝)𝑇 + 𝐵1𝑢 + 𝐵2𝑤  
        𝑦 = 𝐶𝑦𝑇 

        𝑑 = 𝐶𝑑𝑇 

 
(1) 

 
with 𝑇 ∈ ℝ𝑛 the states (temperatures) of the full system, 
consisting of 𝑛 = 50 000 states, 𝑢 ∈ ℝ12 the heater power 
inputs, 𝑤 ∈ ℝ100 the evaporation loads in the EC, modelled over 
100 segments, 𝑦 ∈ ℝ12 the temperatures measured by the 
sensors and 𝑑 ∈ ℝ100 the stacked deformations in x- and y-
direction of 50 uniformly distributed points at the top edge of 
the disk (see Figure 2), also referred to as the Points of Interest 
(PoI). The matrices 𝐵1 and 𝐵2 are the input matrices of 𝑢 and 𝑤, 
respectively, and 𝐶𝑦 and 𝐶𝑑 are the output matrices related to 𝑦 

and 𝑑, respectively. The capacity matrix 𝐸(𝑝) and conductivity 
matrix 𝐴(𝑝) depend linearly on the physical model parameters 

𝑝 ∈ ℝ50, i.e. 

𝐸(𝑝) = ∑ 𝑝𝑖𝐸𝑖

50

𝑖=1

,           𝐴(𝑝) = ∑ 𝑝𝑖𝐴𝑖

50

𝑖=1

. 
 
(2) 

 
with 𝐸𝑖 and 𝐴𝑖 representing the structural contribution of 
parameter 𝑝𝑖, 𝑖 = 1,2, … ,50, to 𝐸 and 𝐴, respectively. The 
parameters 𝑝 consist of the physical parameters of the disk (e.g. 
thermal masses, heat transfer coefficients, conductivities, water 
flow, etc.) and the dynamics of the heaters and sensors 
(modelled with a time constant). The uncertainty on the 
parameters is on average ~10 % due to production tolerances 
and variations in flows between different systems. 
 

 
Figure 2. Top view of the disk with the 50 deformation nodes (PoI). 
 
2.2. Characteristics of disturbance 𝒘     

The evaporation disturbance 𝑤𝑖 ∈ ℝ≤0 of an element in 𝑤 can 
be characterized by the illustration in Figure 3. The thermal 
evaporation load is present at  when there is water in the EC 
segment and the local humidity is below 100 %. The load drops 
to zero when the humidity is 100 % or when all the water is 
extracted via the bottom holes or evaporated in the EC. The 
humidity reaching 100% could be a local effect , when the 
supply of dry air via the holes is blocked (due to the production 
process), or it could be a global effect  when the extraction 
flow is switched off (also due to the production process). The 

local effect, which causes the largest temperature gradients and 
disk deformations, occurs for each of the 100 segments at 
different time instances during production and is not known in 
advance. 
 

 
Figure 3. Impression of the repetitive disturbance characteristic 𝑤𝑖. At 
 evaporation takes place, at  the evaporation stops due to a blocked 
hole and at  the extraction flow (sucking dry air in the EC) is switched 
off. 

3. Deformation-based control design     

The goal of the DBC is to minimize the deformations 𝑑 when 
the system is subject to the unmeasurable disturbance 𝑤, 
characterized in Section 2.2. The deformations cannot be 
measured directly. Instead, only the temperature measure-
ments 𝑦 are available. To estimate the deformations, an 
observer is used, as illustrated in Figure 4. The challenges 
involved in designing an accurate observer are discussed in 
Section 3.1. Thereafter, Section 3.2 discusses the design of the 
MIMO controller to minimize 𝑑, and Section 3.3 discusses how 
the observer and the MIMO controller can be combined and 
efficiently implemented on a control board. 
 

 
Figure 4. Block diagram of the DBC controller, consisting of an observer 
and a MIMO controller. The observer estimates 𝑑 from the 
measurements 𝑦 and the applied input 𝑢 and the MIMO controller 

computes 𝑢 to drive �̂� to zero. 

 
3.1. Observer design 

The main challenge when designing an observer is to obtain an 
accurate thermo-mechanical model. For our system, the model 
structure in (1) is used as a basis. Due to the uncertainty on the 
model parameters 𝑝, an identification experiment is conducted 
using only 𝑢 and 𝑦 to accurately identify these parameters. 
When calibrating these parameters it is important that the input 
signal 𝑢 results in a sufficiently high sensitivity of each 
parameter in the measured response and that the contribution 
to each parameter can be separately identified (limited 
correlation). We experienced for our system that the best results 
can be  obtained when calibrating the parameters based on a 
measured Frequency Response Function (FRF) of the system 
(both magnitude and phase), rather than performing the 
calibration on a time-domain signal. The main reason is that 
time-domain signals for thermal systems are usually dominated 
by low frequency dynamics far below the desired bandwidth of 
the controller. To accurately measure the FRF, a standard system 
identification, e.g. using white noise- or multi-sine injection [5], 
is sufficient. Note that the same measured FRF is often already 
measured to tune a traditional temperature controller. 

Using the measured FRF of the MIMO system, the parameters 
are calibrated following the optimization procedure illustrated 
in Figure 5. In this iterative optimization procedure, the gradient 
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of the FRF with respect to each parameter is used to determine 
the parameter update direction. This gradient is determined 
using the perturbation method [6], where, per iteration, for all 
50 parameters the FRF of the model with one perturbed 
parameter is compared with the FRF of the unperturbed model. 
Per iteration this yields 50+1 computed model FRFs to be 
computed, which is computationally very expensive when using 
the full order model of (1) with 50 000 states. To speed up the 
process, we propose to use the parametric model-order 
reduction technique of [7], which is an extension of the 
commonly used Arnoldi reduction technique [8], to obtain a 
parametrized reduced order model (of 500 states) that needs to 
be computed only once, outside the iterative loop. The 
calibration of the 50 parameters of the 12x12 MIMO system 
takes only ten minutes using Matlab on a Lenovo P52 with Intel 
Xeon E-2176M processor. 
 

 
Figure 5. Outline parameter calibration procedure. The dashed arrows 
represent an iterative loop that stops when the desired accuracy is 
achieved. 

 
The observer to estimate 𝑑 is a Kalman filter [9] based on a 

reduced order version (500 states) of the model (1), obtained 
using the reduction method of [7]. Since the disturbance 𝑤 
cannot be modelled by white noise (one of the requirements for 
using a Kalman filter), the system dynamics are augmented with 
a dynamical model of the disturbance to map a white noise input 
𝑤𝑤ℎ𝑖𝑡𝑒 ∈ ℝ100 to 𝑤 used in (1), i.e. 
  

�̇�𝑤 = 𝐴𝑤 𝑥𝑤 + 𝐵𝑤 𝑤𝑤ℎ𝑖𝑡𝑒 ,  

       𝑤 = 𝐶𝑤𝑥𝑤, 

 
(3) 

 
with 𝑥𝑤 ∈ ℝ100. An integrator model is considered sufficient 
for the problem at hand, so 𝐴𝑤 = 𝑂 and 𝐵𝑤 = 𝐶𝑤 = 𝐼. The 
augmented Kalman filter is then expressed by 
 

[ �̇̂�
�̇�𝑤

] = [
�̂� �̂�2𝐶𝑤

𝑂 𝐴𝑤
] [

�̂�
𝑥𝑤

] + [�̂�1

0
] 𝑢 +  𝐿 (𝑦 − �̂�), 

         �̂� = [�̂�𝑦 𝑂] [
�̂�

𝑥𝑤
],  

         �̂� = [�̂�𝑑 𝑂] [
�̂�

𝑥𝑤
], 

 
 
 
(4) 

 

with ( ̂ ) an estimate of the actual matrices (obtained after 
parameter calibration) and signals. The Kalman gain 𝐿 is 
obtained by solving a Riccati equation with a disturbance 
covariance matrix 𝑄𝑤 and measurement noise covariance matrix 
𝑅 = 𝛾𝑟𝐼, 𝛾𝑟 = (10−4)2 K2. Due to the nature of the disturbance 
(in particular effect  in Figure 2), 𝑤 is strongly correlated. The 
correlation of 𝑤 is included in 𝑄𝑤 as illustrated by the matrix 
structure in Figure 6. 

 
Figure 6. Structure of the covariance matrix 𝑄𝑤, illustrating the 
correlation of elements in 𝑤 (an uncorrelated signal is represented by a 
diagonal structure). The lines standing out are related to locations where 
water is extracted from the EC at the bottom of the disk. Here, the 
evaporative load is larger compared to the other EC elements. 

 

3.2. Feedback control design 
Due to the large number of  input signals (12 heater powers) 

and performance variables (100 deformations), manually 
designing and tuning a feedback controller is too cumbersome. 
Instead, a Linear-Quadratic Regulator (LQR) [9] is used as MIMO 
controller. LQR is a state-feedback controller that computes the 

input 𝑢 based on the estimated states �̂� via 
 

𝑢 =  −𝐾�̂� =  −𝐾𝐶𝑦�̂�, (5) 

with 𝐾 ∈ ℝ12×500, and �̂� the estimate state from the observer 
(4). The matrix 𝐾 follows from solving a Riccati equation to 
minimize the following  cost function 

𝐽 =  ∫ (�̂�𝑇𝑄𝑑�̂� + 𝑢𝑇 𝑢  )

∞

𝑡=0

 𝑑𝑡, 
 
(6) 

which is modified to drive �̂� to zero, instead of �̂�. Here, 𝑄𝑑 =
 𝛾𝑑𝐼, 𝛾𝑑 being a positive scalar to tune the aggressiveness of the 
controller. 
 
3.3. DBC implementation 

The total DBC consists of the observer (4) and the controller 
(5), indicted by the dashed box in Figure 3, and has 500 states. 
This controller is too expensive to compute in real-time. 
Therefore, the DBC controller with 12 controller inputs 𝑦 and 12 
controller outputs 𝑢 is reduced to only 100 states using a closed-
loop model order reduction technique (see [10, 11, 12]). 

4. Experimental results   

The DBC of Section 3 is implemented on the experimental 
system described in Section 2 and the estimated deformations 
are compared to the estimated deformations obtained when 

using a standard PID temperature controller 𝑢 = (𝐾𝑝 + 𝐾𝑑𝑠 +
𝐾𝐼

𝑠
) (𝑦𝑠𝑒𝑡 − 𝑦), where 𝑠 is the Laplace variable, 𝑦𝑠𝑒𝑡  is the 

temperature setpoint and 𝐾𝑝, 𝐾𝑑  and 𝐾𝐼 are the proportional, 

derivative and integral gains, respectively. Both controllers were 
tuned for maximal performance, with similar robustness 
margins. 

During both experiments, the controller was implemented 
with a 200 Hz sampling frequency. The Kalman filter was 
implemented in parallel to estimate the deformations in real-
time during both experiments. The x-component of these 
estimated deformations is shown in Figure 7 (the y-component 
shows similar results).  

The left plot shows the deformations when using the 
temperature controller. The temperature error 𝑦𝑠𝑒𝑡 − 𝑦 < 5 mK 
throughout the whole experiment, but because the temperature 
gradient in-between the sensor locations is not controlled, this 
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results in a too large thermal deformation for the specific 
process in the lithography machine.  

The right plot of Figure 7 shows that with DBC the 
deformations are suppressed to 40 % compared to the 
temperature controller, which is considered a huge 
performance gain for a software solution. Finally, note that with 
DBC not all deformations can be controlled to zero, because the 
system is underactuated (nr. of actuators << nr. deformations to 
control), but the average can be steered to zero. 

    

 
Figure 7. Real-time estimated deformations (x-component, normalized) 
of the 50 points at the top edge of the disk under closed-loop 
temperature control (left) and DBC (right). With DBC, the deformations 
are reduced to 40 %. 

5. Conclusion and recommendations 

In this work, we have shown for a temperature controlled 
thermo-mechanical system subject to unpredictable thermal 
disturbances that the performance, in terms of thermal 
deformations, can be improved significantly with a deformation-
based controller. The advantage of the DBC controller is that it 
uses the same thermal actuators and sensors as the 
temperature controller, so no hardware changes are required. 
We have given a framework for the DBC and illustrated how to 
use parameter calibration, based on the measured FRF of the 
system, to obtain a high accuracy thermo-mechanical model, 
how to include disturbance information in the observer and how 
to design a MIMO controller to minimize the thermal 
deformations. Finally, we have demonstrated on an 
experimental system with unpredictable evaporation 
disturbances a performance improvement of 60 %, in terms of 
thermal deformations, over a standard temperature controller. 

Future work focusses on developments towards an efficiently 
automated calibration and tuning of the DBC to be robust for 
variations in dynamics and disturbance loads between different 
systems. 

 
References  

[1] DSPE Mikroniek 2019 Vol 59 Issue 2 Eindhoven, the Netherlands 
[2] Bikcora C, Weiland S and Coene W M J 2014 Thermal deformation 

prediction in reticles for extreme ultraviolet lithography based on a 
measurement-dependent low-order model IEEE Tr. on 
Semiconductor Manufacturing 27(1) p 104–117 

[3] Habets M, Merks R, Weiland S and Coene W 2015 A multiphysics 
modelling approach for thermal aberration prediction and control 
in extreme ultraviolet lithography Imaging and Applied Optics p 
AOM4B.2, Washington D.C., USA 

[4] nutils.org/en/latest 
[5]  Pintelon R and Schoukens J 2012 System identification: A frequency 

domain approach Wiley-IEEE Press 2nd edition 
[6] Spall J C 1992 Multivariate stochastic approximation using 

simultaneous perturbation gradient approximation Tr. on 
Automatic Control  p 332-341, 37(3) 

[7] Lou D and Weiland S 2018 Parametric model order reduction for 
large-scale and complex thermal systems IEEE 2018 European 
Control Conference p 2593-2598 June 12-15 2018, Limassol, Cyprus 

[8] Arnoldi W E 1951 The principle of minimized iterations in the 
solution of the matrix eigenvalue problem Quart. Appl. Math. P 17–
29, Vol 9 

[9] Skogestad S and Postlewaite I 2005 Multivariable feedback control 
– Analysis and design, Chapter 9 John Wiley & Sons, Inc., Chichester, 
West Sussex, England 

[10] Wortelboer P 1994 Frequency-weighted balanced reduction of 
closed-loop mechanical servo systems: Theory and tools. Ph.d. 
dissertation, Delft University of Technology 

[11] Wortelboer P, Steinbuch M and Bosgra O H 1999 Iterative Model 
and Controller reduction using closed-loop balancing, with 
application to a compact disc mechanism Int. J. of Robust and 
Nonlinear Control, p 123-142, 9(3) 

[12] Merks R 2019 Towards control relevant system design and 
constrained order controller synthesis: with a thermal control 
application in immersion lithography Ph.d. dissertation, Eindhoven 
University of Technology 

 
  
 
 

 

101



 

 

 

  

102



 

  

103



 

 

  

104



 

  

105



 

106



 

          
 
 

Special Interest Group Meeting on Thermal Issues 
Laboratory for Machine Tools and Production Engineering (WZL) of 

RWTH Aachen, Germany, February 2020 
www.euspen.eu  

Molecular heat transfer in rarefied gas: experimental determination of thermal 
accommodation coefficients 
 
Joris P. Oosterhuis1, Mohammadreza Gaeini1, Petra van den Heuvel-Bijl1 
  
1 Philips Innovation Services, Mechatronics department, Eindhoven, The Netherlands 
 
joris.oosterhuis@philips.com 

  
Abstract 
Molecular heat transport in rarefied gas can be a significant factor in the thermal system performance of vacuum applications. An 
experimental setup is realized to measure the relation between gas pressure and heat transfer coefficient, which is determined by 
the thermal accommodation coefficient. The influence of surface contamination on the thermal accommodation coefficient is 
investigated and found to be of significant impact on the heat transfer performance. 
 
 
Thermal accommodation coefficient, vacuum, Sherman-Lees, rarefied gas, surface adsorption, monolayers, heat transfer coefficient 

 

1. Introduction 

Thermal management under vacuum conditions can be crucial 
in the performance of high-precision equipment. Two heat 
transfer mechanisms play a role in heat transport through a 
vacuum: thermal radiation and molecular heat transport. 
Especially at ambient temperatures (or lower) and when there is 
a considerable amount of gas (few Pascal and higher), the 
molecular heat transport will dominate the overall heat transfer 
rate. 

Unlike in continuum conditions, the heat transfer coefficient 
in the free molecular regime is dependent on the gas pressure 
as well as on various gas and surface properties. This heat 
transfer process is illustrated in Figure 1: an incident gas 
molecule with temperature Ti interacts with a solid surface with 
(constant) temperature Ts, thereby exchanging energy such that 
the temperature of the reflecting molecule has changed to Tr. 

 
Figure 1. Illustration of molecular heat transfer process. 

The efficiency of this molecular heat transport is expressed by 
means of the thermal accommodation coefficient 𝛼: 

𝛼 =
𝑇𝑟 − 𝑇𝑖
𝑇𝑠 − 𝑇𝑖

 

The thermal accommodation coefficient is an important model 
parameter to predict the heat transfer rate. For two parallel 
solid plates with an intermediate gas medium, a commonly used 
model that describes the relation between heat transfer 
coefficient and gas pressure is the so-called Sherman-Lees 
relation [1], [2]: 

1

ℎ𝑔
=
𝑑𝑔

𝜆𝑔
+
2 − 𝛼

𝛼
⋅

√
𝜋𝑀𝑔𝑇
2𝑅

(1 +
𝜁
4
) 𝑝
                   [Eq. 1] 

with ℎ𝑔 the heat transfer coefficient between the two parallel 

plates, 𝑑𝑔 the distance between the plates, 𝜆𝑔 the continuum 

gas conductivity, 𝑀𝑔 the gas molecular mass, 𝑅 the universal gas 

constant, 𝜁 the atomic degrees of freedom of the gas, 𝑇 the gas 
temperature and 𝑝 the gas pressure. Figure 2 shows an example 
result of the Sherman-Lees relation for nitrogen and a 300 μm 
gap size with pressure on the horizontal axis and gap heat 
transfer coefficient on the vertical axis. Note that the heat 
transfer coefficient approaches a constant value for pressures 
inside the continuum regime whereas in the free molecular 
regime a clear pressure dependency can be observed. 
 

 
Figure 2. Result of Sherman-Lees relation for nitrogen at a 300 μm gap 
size. 

It is apparent that knowledge on the thermal accommodation 
coefficient 𝛼 is essential to predict the relation between heat 
transfer coefficient and gas pressure. However, 𝛼 is dependent 
on both gas and surface characteristics such as surface material, 
surface roughness, gas composition, cleanliness of the surface 
(i.e., adsorped monolayers) and much more. In literature, some 
generic values 𝛼 can be found for limited cases. For instance, 
comparable work has been performed at Sandia National 
Laboratories [3]. For practical applications where accurate 
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thermal modelling is required, the thermal accommodation 
coefficients needs to be determined for each specific situation. 
 

The current work describes the development of an 
experimental setup at Philips Innovation Services to determine 
the thermal accommodation coefficient for different solid 
surfaces under a controlled gas composition and gas pressure. 
The focus is to achieve high accuracy on reproducibility (typically 
1 %3σ) to be able to perform comparative measurements. In 
Section 2 the measurement principle and realized experimental 
setup is described. Section 3 is devoted to a brief discussion on 
measurement results. Finally, some conclusions are drawn in 
Section 4. 

 

2. Experimental setup  

An experimental setup is designed to realize and measure a 
steady-state heat flow in a slit between two parallel surfaces 
while controlling the gas conditions in the slit. The measurement 
principle is shown in Figure 3. The heat flow between the 
surfaces is induced by the temperature difference of the 
plenums that are water-conditioned at 35˚C and 15˚C. On the 
centre axis of each plenum, two temperature sensors 
(Amphenol SC30 NTC’s) are embedded (T1, T2 and T3, T4).  

 
Figure 3. Schematic of measurement principle. 

From the measured temperature difference, the mutual 
distance of the temperature sensors, and the thermal 
conductivity of the plenum material, the heat flux �̇� through a 
plenum is calculated. Under the assumption of a purely one-
dimensional heat flux (see Section 2.3), the heat transfer 
coefficient through the gap hg can be calculated from: 

ℎ𝑔 =
 �̇�

𝑇𝑠,𝑡𝑜𝑝 − 𝑇𝑠,𝑏𝑜𝑡
                   [Eq. 2] 

with 𝑇𝑠,𝑡𝑜𝑝 and 𝑇𝑠,𝑏𝑜𝑡  the surface temperatures of the top and 

bottom plenum, respectively. These temperatures are obtained 
through extrapolation from the measured temperatures. This 
measurement is carried out at two different pressure set points, 
typically at 50 Pa and 13000 Pa (see Section 2.2). As such, the 
thermal accommodation coefficient can be derived independent 
of the actual gap height (see Eq. 1). 
 
2.1. Sample measurement 

So far, this explains the measurement principle for a single gap 
(plenum-to-plenum). In order to examine various surface 
materials, a sample can be placed in between the two plenums 
(as depicted in Figure 3) and is typically spaced at 400 μm with 
respect to the plenum surfaces using ceramic studs (light green 
in Figure 3) and stainless steel spacers with a variable thickness. 
The gap height is a trade-off between temperature signal and 
mechanical tolerances. Consequently, two slits exist on either 
side of the sample and the Sherman-Lees relation can be 
extended accordingly to: 

1

ℎ𝑔
= 2 ⋅

(

 
𝑑𝑔

𝜆𝑔
+
𝛼𝑝 + 𝛼𝑠 − 𝛼𝑝𝛼𝑠

𝛼𝑝𝛼𝑠
⋅

√
𝜋𝑀𝑔𝑇
2𝑅

(1 +
𝜁
4
) 𝑝
)

 +
𝑑𝑠
𝜆𝑠
         [Eq. 3] 

with 𝑑𝑠 and 𝜆𝑠 the thickness and thermal conductivity of the 
sample, respectively. The plenum-to-plenum thermal 
accommodation coefficient 𝛼𝑝 is used as an input to finally 

derive the thermal accommodation coefficient for the sample, 
𝛼𝑠. 
 
2.2. Gas control 

The setup as shown in Figure 3 is placed inside a vacuum vessel 
(CF DN160 6-way cross) that is equipped with a pump set 
(Pfeiffer HiPace80 turbo-molecular pump and Adixen ACP15 
pre-pump). Two pressure sensors are mounted on the vessel, 
each covering a different measurement range (MKS Baratron 
0 – 133 Pa and 0 – 13300 Pa). The 13000 Pa pressure set point is 
realized by filling the vacuum vessel with a carrier gas and then 
carrying out the temperature measurement. For the 50 Pa set 
point, a continuous flow of carrier gas is provided to the vacuum 
vessel and pumped away through the pumping system at 
approximately 190 mLn/min. The flow rate is controlled using a 
mass flow controller (Bronkhorst F-201CV-200) and regulated 
using a control feedback loop with the pressure sensors to 
maintain a constant pressure throughout the measurement.  

Next to the carrier gas flow, also traces of different 
components can be added to the gas stream in order to 
investigate the effect of surface monolayer adsorption on the 
thermal accommodation coefficient. Liquid substances (such as 
water) are evaporated using a Bronkhorst CEM system prior to 
mixing-in. A simplified flow diagram of the gas supply system is 
shown in Figure 4. To realize a dynamic range of partial pressure 
from 1·10-4 – 1 Pa at a total pressure of 50 Pa, an optional 
dilution step is added (MFC2 in Figure 4) while the remainder of 
the mixed gas flow is vented. 

 

 
Figure 4. Simplified flow diagram of gas supply system. 

2.3 Parasitic heat fluxes 
The measurement principle is based on the assumption of one-
dimensional heat flux through the plenums and no cross talk 
with other parts of the experimental setup. In reality, there will 
be a certain amount of heat transfer between the plenums and 
the vacuum vessel walls. This does result in an offset in the 
temperature difference measurement from both plenums. To 
minimize the impact of environmental temperature variations 
on the measurement reproducibility, the vacuum vessel walls 
are water-conditioned at 25 °C. As the residual parasitic heat flux 
to both plenums is comparable, the influence on the heat 
transfer measurement is largely mitigated by averaging the heat 
flux measurements from the top and bottom plenums. 
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3. Results and discussion 

As a first step in order to quantify the setup measurement 
reproducibility, five consecutive measurements on the same 
sample are performed over a time span of two weeks (including 
sample mounting and removal) using nitrogen as a carrier gas. 
The relative difference in 𝛼𝑠 with respect to the average value is 
depicted in Table 1. This results in a determined measurement 
reproducibility of 1.1 %3σ. 
 
Table 1 Variation in 𝜶𝒔 for five consecutive measurements using 
nitrogen. 

Number 𝚫𝜶𝒔 [%]  

1 0.07 % 

2 0.13 % 

3 -0.51 % 

4 -0.27 % 

5 0.58 % 

 
One of the key questions in this research is the impact of 

surface cleanliness on the thermal accommodation coefficient. 
As such, the difference between various metal engineering 
samples “as received” and after an additional cleaning 
procedure is measured, both using nitrogen as carrier gas. The 
cleaning procedure constitutes of a wipe with iso-propanol 
followed by a vacuum bake-out procedure of 24hr at 120 °C. 
Afterwards, the sample is transported from the collocated 
bake-out facility to the measurement setup. An in-situ bake-out 
would be more effective in removing water monolayers from 
the sample, but is not possible due to temperature limitations 
on the sensors in the setup.  

Table 2 shows the change in thermal accommodation 
coefficient before and after this cleaning procedure. In general, 
there is a clear decay in 𝛼𝑠 visible. This can potentially be 
attributed to the removal of hydrocarbons from the sample 
surface, originating from coolants used in machining steps. The 
impact of cleaning is very variable for the different samples, 
probably due to differences in the manufacturing processes. 

 
Table 2 Change in 𝜶𝒔 after performing cleaning procedure on metal 
samples. 

Sample 𝚫𝜶𝒔 [%]  

A -8.1 % 

B -12.4 % 

C 0.5 % 

D -1.5 % 

E -4.1 % 

F -2.3 % 

 
The previous investigation shows the vulnerability of the 

thermal accommodation coefficients to adsorped monolayers 
on the surface and is in line with prior research [3], [4]. In order 
to investigate this in a more controlled manner, a pre-defined 
concentration of traces is added to the vacuum. This allows in-
situ monitoring of a change in heat transfer coefficient due to 
monolayer formation. One example of such an experiment is 
depicted in Figure 5. Here subsequently 0.6 Pa, 2.4 Pa, 4.2 Pa, 
and 5.5 Pa of water is added to a 50 Pa total pressure of 
nitrogen. Measured impact of adding water on the heat 
transfer coefficient is up to 4.0 % compared to the case where 
no additional water is added.  

Note that this not necessarily resembles a change in the 
thermal accommodation coefficient as adding water to the 
carrier gas also changes the overall gas properties. Moreover, it 
is very likely that this result is influenced by initial monolayers 

of water being adsorbed on the sample surface while 
transporting from the vacuum bake-out facility towards the 
measurement setup. In order to examine this further, different 
trace gases and / or an in-situ water desorption facility needs 
to be realized.  

 

 
Figure 5. Impact of adding water on heat transfer coefficient in gap using 
nitrogen as carrier gas. Error bars indicate ±1σ on measurement data. 

4. Conclusions 

An experimental setup is realized to measure the thermal 
accommodation coefficient in rarefied gas conditions. From this 
coefficient, the pressure dependent heat transfer between two 
solid surfaces can be calculated using the Sherman-Lees relation. 
The measurement reproducibility of the setup is shown to be in 
the order of 1 %3σ. From the impact analysis on the cleaning 
procedure, it can be derived that it is crucial to apply a vacuum 
bake-out in applications where a predictable thermal 
accommodation coefficient is required. Future research will 
focus on gaining better physical understanding of the effect of 
surface cleanliness on the thermal accommodation coefficient. 
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Abstract 
Temperature might be the most sensitive influence for dimensional measurements in industrial production because of thermal 
expansion of most materials used. Therefore, the temperature environment conditions and the workpiece temperature need to be 
observed carefully. The observation results are used to correct the thermal expansion of the workpiece considering certain constrains 
and to assure that the environment temperature does not exceed these constrains. Active climatization of workpieces helps to 
accelerate the measurement of work pieces heated by manufacturing. 
 
Dimensional Metrology, Temperature Metrology, Climatization 

 

1. Introduction 

Temperature might be the most sensitive influence for 
dimensional measurements in industrial production because of 
thermal expansion of most materials used. The standards for 
Geometrical Product Specification define in ISO 1 the standard 
reference temperate to 20°C [1]. Most production facilities do 
not provide an environment with a constant temperature of 
20°C. Furthermore, manufacturing processes heat up the 
product to be measured. Therefore, dimensional measurements 
are perfumed at temperatures that are different to 20°C and 
results must be corrected depending on temperature and 
thermal expansion. 

 
Figure 1. Correction and its uncertainty for measuring 1m length on a 
steel workpiece with different scale materials at 22 and 30°C 

 
Most corrections are made based on a linear expansion model. 

The details of the correction calculation considering also the 
expansion of the used scale are describe in ISO/TR 16015 [2]. 
Moreover, this standard includes the determination of the 
corresponding uncertainty for the correction. Figure 1 shows 
example values of correction and uncertainty for measuring 1 m 

length on a steel workpiece (Coefficient of Thermal Expansion 
CTE=11.5*10-6 /K) with different scale materials considering 
information from [2-5]. 

The corrections for steel scales are the lowest one because 
thermal expansion of scale and workpiece compensate each 
other. Nevertheless, the lowest uncertainty is achieved using 
temperature insensitive material made of glass ceramic like 
Robax or Zerodur from Schott AG, Germany. 

A closer look on the distributors to the uncertainty of the 
correction shows the dominating impact of workpieces’s 
thermal expansion. The contribution of the scale in case of 
insensitive material is close to zero except for Robax scale due 
to its uncertain CTE (Figure 2) [6]. 

 
Figure 2. Uncertainty of correction for measuring 1m length on a steel 
workpiece with different scale materials at 22 and 30°C (The uncertainty 
is calculated from the square root of the linear combination of the 
different component’s variances [2, 7]. Therefore, the variances are used 
here for the presentation of component’s contribution in the bars.) [6] 
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2. Supervision of Temperature Conditions 

Nevertheless, the performance of complex measuring systems 
for dimensional measuring tasks like Coordinate Measuring 
Machines (CMMs) cannot be described by the scale expansion 
only. Therefore, the manufacturers specify operating conditions 
for their system. In case of CMMs a temperature range and limits 
for spatial and temporal thermal gradients are defined. The 
supervision of these operating conditions requires a 
temperature measuring system with several sensors that 
combines the results from the different sensors to determine 
the gradients. The installation setup of the sensors depends on 
the individual CMM location and its environment conditions. 
Recommendations for the setup are available in German 
guideline VDI/VDE 2627 [8, 9], which also classifies the 
environment in relation to the temperature stability. The data 
from the sensors are recorded and a dashboard presents the 
results and indicates warnings in case of limit violations (Figure 
3). 

 

 
Figure 3. Dashboard of the temperature supervision system TEMPAR 
from ZEISS with visualisation of temperature and temperature gradients 

 

3. Workpiece Temperature Recording and CTE Calibration  

A prerequisite for correction of length temperature is the 
precise determination of workpiece’s temperature. Different 
types of contact sensors are used for that purpose. Pallet 
integrated sensors with spring force contact are used for 
automatic loading. Also, the CMM itself can carry an automatic 
changeable temperature sensor instead of the dimensional 
sensor (Figure 4).  

 

 
Figure 4. Sensors for workpiece’s temperature recording 

 
The recorded temperature data are used for correction as 

described above. This correction is a static correction and does 

not consider any gradients. This is an issue for measuring 
systems like CMMs that measure characteristics consecutively. 
The implementation of a dynamic correction does not seem 
possible due to the complex relationship between the 
consecutively measured characteristics and corresponding 
dates. 

Beside the precision of workpiece’s temperature 
measurement, the CTE (Coefficient of Thermal Expansion) 
influences the uncertainty of thermal expansion correction 
significantly. The variation of CTE among several heat 
treatments of the same steel reaches up to 10% [2]. Therefore, 
the calibration of CTE (Figure 5) may reduce the uncertainty of 
the thermal correction. 

 

 
Figure 5. Calibration for coefficients of thermal expansion (CTE) at 
ZEISS’s calibration lab 

 

4. Active Climatization for Workpieces 

Workpieces that come directly from machining are often 
heated up by the process. Afterwards they cool down and adapt 
to the ambient temperature. The cooling process can take 
several hours (Figure 6). 

 

 
Figure 6. Cooling curves with and without active air conditioning 

 

112



  

 

If a largely constant temperature is not reached measuring is 
not possible, because the dimensions of the workpiece are 
constantly changing, which cannot be compensated with static 
corrections. This delays rapid feedback to manufacturing. Using 
an active climate chamber (Figure 7) this time can be reduced 
dramatically. The coloured lighting shows workpiece’s 
temperature gradient. Green indicates that the workpiece is 
ready to measure. 

 

 
Figure 7. Active climatization for workpieces (“Zeiss TEMPAR active”) 

 

5. Summary and Outlook 

The magnitude of workpieces’ thermal expansion in industrial 
production reaches typical tolerances. Therefore, precise 
thermal expansion correction plays an important role in 
measuring dimensional characteristics. Beside accurate 
measurement of workpiece’s temperature, calibration of 
workpiece’s CTE and supervision of environment temperature to 
assure of specified operating conditions for measuring system, 
active workpiece climatization can accelerate the dimensional 
measurement process. 

New ideas for more accurate thermal expansion correction 
may improve the accuracy of the correction [10]. But the effort 
increases dramatically. 
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Abstract 
The demands for increased productivity and manufacturing accuracy mean that the relevance of thermally induced displacements 
of the TCP on machine tools is constantly increasing. 
In order to avoid errors in the resulting workpiece geometry, the SFB/TR 96 "Thermo-energetic design of machine tools" develops 
various solutions for correction and compensation.  
This work presents a comprehensive assessment method of these solutions. In addition to the purely technical aspects, economic 
factors are also taken into account in order to be able to assess the solutions holistically. The aim is to classify the entire 
implementation effort and the benefits of the solutions. 
With the help of this method it is possible to offer potential users an optimal selection taking into account their operational 
requirements and their requirements for the correction or compensation procedure. 
 
 
Evaluation, Knowledge management, Methodology, Thermal error   

1. Introduction      

In order to increase the productivity of machine tools, it is 
often necessary to increase the drive power. The associated 
power losses lead to increased thermally induced deformation. 
With the simultaneous demand for increased manufacturing 
accuracy, the resulting displacement of the TCP can lead to 
relevant errors in the workpiece geometry. 
The aim of the project SFB/TR 96 “Thermo-energetic design of 
machine tools” is to research and develop compensation and 
correction procedures in order to solve the conflicting goals of 
energy input, precision and productivity within the chipping 
production. Within this project, a holistic evaluation of the 
developed procedures will be conducted, which considers both 
technical and economical aspects. A suitable valuation metric 
should take into account the thermo-energetic efficacy of each 
procedure, its applicability for defined use scenarios, as well as 
the impact on the amount of resources needed. To address the 
complexity of such a valuation method, an approach is being 
conducted that, on the one hand, evaluates the applicability of 
each procedure for predefined operational scenarios through 
measurements and, on the other hand, captures the 
procedure’s impact on all phases of the product life cycle by 
conceptual semi-formal modelling.  
In the following section, the method of assessing the overall 
effort and costs for each solution procedure will be displayed. In 
section 3, the approach for the assessment of the efficiency will 
be explained. Furthermore, a concept of a rule-based 
recommender-tool will be presented in section 4, which will 
make the designed valuation method available. In the end, an 
outlook will be given on future work that needs to be conducted. 

2. Assessment of the overall effort      

In order to carry out a detailed and transparent assessment of 
the costs and effort, each developed solution procedure is being 
modelled with the Business Process Model and Notation 
(BPMN). BPMN is a modelling language for the representation of 
business processes and allows the illustration of actions, 
responsibilities, decision processes and artefacts such as 
documents or resources. The BPMN was chosen since it is 
broadly accepted in research and industry [1] and, moreover, 
allows a light-weighted definition of language extensions, which 
facilitates the representation of artefacts that are specific for the 
project context. For the inquiry of the process steps, an 
interview is being conducted with one expert each of the 
according solution procedure. For each process step, the 
material and immaterial resources needed are being displayed, 
as well as eventual related risks. Figure 1 illustrates an extract of 
a modelled procedure.  
Furthermore, each expert is being asked to estimate the life 
cycle costs of the method examined. Therefore, the costs given 
in the VDMA guideline 34160:2006 are being used, which are 
subdivided into the phases installation and implementing, 
operations and recycling and dismantling [2]. Thus, the 
modelling of processes has two objectives. On the one hand, the 
procedures are made comprehensible and on the other hand, 
the estimated effort and costs become transparent and 
reasonable. Next to the assessment of effort, the interviews 
should enable a statement to be made about the flexibility and 
long-term behavior of the procedures. The estimations 
conducted in one-on-one interviews will be evaluated with an 
expert panel according to the Delphi method, if necessary in 
several runs [3].  
Since the procedures that are to be examined are part of a 
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Figure 1. Extract of a modelled solution procedures 

project which is still running, they are still in the research process 
and not fully developed, yet. Therefore, the estimated  
effort may change as the research goes on. In order to address 
this within the valuation metric, the concept of the technology 
readiness level (TRL) [4] will be utilized and included in the 
evaluation by considering the potential for improvement a 
higher level of technological readiness can entail.  

3. Assessment of the efficiency      

In addition to the experts’ assessments from the interviews, 
an exemplary comparative measurement is necessary to prove 
the effectiveness and the evaluation of the working accuracy. 
As described in [5], the relevant drives are loaded by cyclically 
executed traversing regimes without cutting process. 
The regimes are designed in such a way that they represent the 
already defined technological applications as well as possible. 
The  thermally induced displacement of the TCP is determined 
with the developed test piece. With this method, the time 
course of the thermally induced displacement of the TCP in x, y 
and z direction relative to the initial state can be measured [6]. 
The test is carried out and the measurement results evaluated 
in accordance with the specifications of ISO 230-3 [7]. 
By comparing the results for the machine with and without the 
implemented solution method, the improvement of the 
accuracy in x, y and z direction can be evaluated. 
The process stability is determined by multiple repetitions of 
these measurements. 

4. Conception of a recommender tool 

The results of the effort analysis and the measurements for 
the suitability assessment will now be used to carry out a 
comparative evaluation of the solution procedures. This will be 
done by using a multiple-criteria decision analysis method 
(MCDA). The rules of decision logic on which the method is 
based are to be implemented in a software-based tool. The 
evaluation is implemented on a case by case basis. That means 
that  the available solution procedures are compared with an 
initial scenario defined by the user and examined for their 
solution potential. As a result, a selection of the procedures is 
issued that are suitable to address the initial problem, stating 
the expected effort and benefit. This may also include a 
combination of procedures. So, in the end the user can choose 
between a set of procedures, that are all suitable to solve the 
defined problem and build the decision according to personal 
preferences  upon the expected efforts displayed. 

5. Conclusion and outlook      

This paper describes a method to evaluate and characterize 
different correction and compensation procedures for thermally 
induced defects on machine tools. 
In addition to solely technical aspects, such as positioning 
accuracy and process stability, economic aspects are also 
considered in order to estimate the implementation and 
maintenance effort. Expert interviews and comparative 
measurements build the basis for this. 
Based on these findings, a recommender tool will be developed. 
Potential users will be able to select a correction or 
compensation procedure that optimally suits their capabilities 
and needs. The characterization provides a better overview of 
the effort and benefits of a solution and thus, helps to reduce 
the inhibition threshold for its implementation. 
The methods and procedures presented are still in the 
development stage and therefore, no definite results can be 
presented at this point. 
In the future, it will be necessary to extend the recommender 
tool by further correction and compensation methods and to 
make them available to potential users. In this way, weak points 
and missing aspects will be revealed in the evaluation, which will 
have to be corrected and added. 
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Abstract 
The temperature field of machine tool structures change constantly in response to external and internal heat changes, as do the 
thermal deviations of the TCP. This leads to inaccuracy of machined work pieces. Therefore it is necessary to minimize the occurring 
thermal errors of machine tools. This paper shows, that for accurate thermal error models based on input-output behaviour, a 
dynamic modelling approach is necessary to capture the time dependent thermal errors. It is shown, based on a simple thermo-
mechanical FEM model, that the ARX model structure outperforms static as well as other dynamic models. 
 
Thermal errors, modelling, dynamic, FEM   

 

1. Introduction 

In this work, a time series modelling approach of thermal 
errors based on the system identification theory is presented. 
System identification is the subject of constructing or selecting 
models of dynamical systems to serve certain purposes. This 
modelling approach is capable of describing the non-
instantaneous relationship of input and output based on the 
dynamic nature of thermo-mechanical systems. The aim of the 
model is to predict thermally induced errors of machine tools in 
dependency of varying thermal loads.  

2. Models of Time-Invariant Systems 

The relationship between temperature data and the thermal 
position and orientation errors at the TCP can be described by a 
linear time-invariant dynamic system. As explained by Tangirala 
[1] the output of such systems can be expressed as weighted 
sum of a finite number of past inputs 𝑢 and outputs 𝑦 as well as 
a disturbance term 𝑒. The additive disturbance term 𝑒 is 
introduced to describe modelling uncertainties, such as, 
modelling approximation, unrecognized and not modelled 
inputs, and noise-corrupted measurements. According to Ljung 
[2] a linear time-invariant system can be written in a general 
form as follows: 

𝐴(𝑞)𝑦[𝑘] =
𝐵(𝑞)

𝐹(𝑞)
𝑢[𝑘] +

𝐶(𝑞)

𝐷(𝑞)
𝑒[𝑘]   (1) 

 
𝐴(𝑞), 𝐵(𝑞), 𝐶(𝑞), 𝐷(𝑞) and 𝐹(𝑞) denote five different 

polynomials influencing the input 𝑢[𝑘], the output 𝑦[𝑘] as well 
as the disturbance term 𝑒[𝑘]. With the use of different 
combinations of these five polynomials, 32 unique model sets 
can be created. The structure of Equation (1) is too general for 
most practical purposes. One or several of the five polynomials 
can be fixed to unity in most applications. Additionally the time-
shift operator 𝑞 is used as follows: 

𝑞 ⋅ 𝑢[𝑘] = 𝑢[𝑘 + 1]   𝑎𝑛𝑑    𝑞−1𝑢[𝑘] = 𝑢[𝑘 − 1] (2) 
 

2.1. Autoregressive Model with Exogenous Inputs 
The linear difference Equation (1) maps the past input and 

output data into the current output and provides a parsimonious 

system description. According to Mayr et al. [3] the input output 
description of thermo-mechanical systems can be written as: 

𝐴(𝑞)𝐸[𝑘] = 𝐵(𝑞)𝑢[𝑘] + 𝑒[𝑘]   (3) 
 
where 𝐸[𝑘] are the thermal position and orientation errors at 

the TCP. Such a model is called ARX, where AR refers to the 
autoregressive part 𝐴(𝑞)𝐸[𝑘] and X to the extra input 
𝐵(𝑞)𝑢[𝑘], also called the exogenous input. A unique feature of 
this approach is the possibility to analytically estimate the model 
parameters with the least-squares estimator. 

3. Simulation      

The temperature field of the machine tool structure changes 
constantly in response to external and internal heat changes, as 
do the thermal deviations at the TCP. As pointed out by Yang and 
Li [4] the unmodelled dynamic characteristics of temperature 
variables and thermal errors are the major causes of inaccurate 
and non-robust thermal error modelling using a static modelling 
approach. 

 

 
Figure 1. 3D FEM model of simplified machine tool structure. Indication 
of heat sources, Q1 and Q2, temperature recording spots, S1 and S2, as 
well as thermal deviation measurement points, T and W. 
 

In this section, a comparison of different static and dynamic 
modelling methods are used to verify this theory. With the use 
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of a simulation framework the performance of the different 
models are compared. A three dimensional FEM model of a 
simplified machine tool structure is built as shown in Figure 1. 
The modelled machine consists of three bodies, base, column 
and spindle. All bodies are modelled with the same material. The 
FEM model is used to simulate both the transient temperature 
field as well as the thermo-mechanical deviations using the 
commercial FEM software MORe [5]. 

The machine model has two independent heat sources. Heat 
source Q1 is located at the front end of the base, the heat source 
Q2 is located at the top of the spindle body. In order to monitor 
the heat flux inputs of the two independent heat sources, two 
virtual temperature sensors S1 and S2 are located close to the 
heat sources. The relative drift between the points T and W is 
considered as the three dimensional thermal deformation, X, Y 
and Z direction, of this machine structure. 

The model parameters and material properties are shown in 
Table 1. All material property coefficients are considered 
temperature independent, since the range of temperature is 
small. 

 
Table 1. Material properties and model parameters of FEM model. 
 

Thermal conductivity k 60.5 W/mK 

Specific heat capacity c 434 J/kgK 

Thermal expansion coefficient 𝛼 12 µm/mK 

Convection coefficient h 5 W/m2K 

Environmental temperature 𝑇𝐸𝑛𝑣 20 °C 

Density 𝜌 7850 kg/m3 

Length 𝐷𝐿 1 m 

Width 𝐷𝑊 0.8 m 

Height 𝐷𝐻 1.4 m 

 
To excite a broad spectrum of dynamics of the system, the 

heat flux data is generated in a random pattern for a total of 
48 hours. Two sets of input data for the two heat sources are 
generated, as shown in Figure 2. One is used for model training, 
while the other is used for model validation. To simplify the 
problem, the heat loads are switched and scaled for the 
validation data set, as can be seen in Figure 2. 

 

 
Figure 2. Heat flux input data for model training (top) and model 
validation (bottom). 
 

The corresponding temperature values of the two virtual 
measurement points S1 and S2 are shown in Figure 3. These 
temperatures will be used in the following sections to model the 
thermal deviations. In Figure 1 the points T and W depict the 
location of the surfaces used to evaluate the relative deviation 
between tool and workpiece. The deviations in X-, Y- and Z-
direction are depicted in Figure 4. The thermally induced 
deviations in X-direction are neglectable small, due to the 
symmetry of the modelled machine in the YZ-plane. A negative 
deviation in Z-direction occurs, when the distance between T 
and W is reduced, as it happens, when for example the spindle 
body is heated up. 

 

 
Figure 3. Temperature data for model training (top) and model 
validation (bottom). 
 

 
Figure 4. Relative deviations between T and W for model training (top) 
and model validation (bottom). 
 

3.1. Static Modelling 
The static modelling approach is widely used in industry to 

compensate thermal deviations of machine tools. The approach 
is based on the assumption of direct correlation between the 
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structural temperatures and the occurring deviations at the TCP. 
As shown by Yang and Li [4], the phenomena of pseudo-
hysteresis can have a negative effect on the robustness and the 
compensation quality of such static models. To further proof 
these difficulties a static model based on FEM simulations of the 
simplified machine tool shown in Figure 1 is computed. 

As seen in Figure 4 the deviations in X-directions are 
neglectable small and will not be considered for the modelling 
process. Therefore, only the deviations in Y- and Z-direction are 
modelled. As inputs for the regression model the virtually 
measured temperatures close to the two heat sources are used. 
This 2-input 2-output MIMO system can be partitioned into two 
2-inputs 1-output MISO systems. The parameter estimation is 
performed on the training data set with the linear least squares 
criterion and results in the following equation: 

𝐸𝑌 = 0.1976 + 3.3654 ⋅ 𝑇𝑆1 − 0.4747 ⋅ 𝑇𝑆2

𝐸𝑍 = 1.1052 + 1.1560 ⋅ 𝑇𝑆1 − 1.4357 ⋅ 𝑇𝑆2
  (4) 

 
The estimation model of each direction consist of two 

temperature inputs, 𝑇𝑆1 and 𝑇𝑆2, as well as the corresponding 
weighting parameters and the intercept term. Figure 5 shows 
the simulated and the modeled deviations of the FEM model in 
Y-direction. One can see, that the fit for the training as well as 
for the validation data set is satisfactory. The limitations of the 
static modelling method are obvious, when comparing the 
modelled and simulated deviations in Z-direction. Figure 6 
shows that the model is not capable of capturing the thermal 
behaviour in Z-direction, neither in the training nor in the 
validation data set. This can be explained by looking at the 
underlying physical phenomena that leads to this deviation in Z-
direction. The heat conduction into the column of the machine 
has a significant influence on the deviation but is due to the time 
delay of the conduction not covered by the static modelling 
approach. Therefore, the model can capture the fast and direct 
thermal responses of the system, as can be seen in Y-direction, 
but lacks of robustness when it comes to time delayed effects. 

 

 
Figure 5. Simulated deviations and estimation for Y-direction using a 
static multivariable regression method for (dashed lines) model training 
and (solid lines) model validation. 
 

 
Figure 6. Simulated deviations and estimation for Z-direction using a 
static multivariable regression method for (dashed lines) model training 
and (solid lines) model validation. 
 
 
 
 

3.2. FIR Modelling 
Since thermo-mechanical deviations show a time dependent 

behaviour with certain time delay effects a dynamic modelling 
approach is investigated in more detail. 

The only difference between the Finite Impulse Response (FIR) 
model and the static multiple regression model is, that also past 
inputs are considered to compute the occurring thermal 
deviation. In the following the time-shift operator 𝑞 is used, 
where for example 𝑞−2 denotes that the input is shifted by two 
sample time instances. For the post-processing of the FEM 
model a sampling time of 5 minutes is chosen. Since the amount 
of considered past inputs is strongly influencing the prediction 
accuracy and the robustness, an optimum has to be found. This 
can be done with the Minimum Description Length (MDL) 
criterion introduced by Rissanen [6]. The MDL criterion 
evaluates the prediction quality and penalizes high model 
orders. Therefore an overfitting of the training data can be 
avoided and the model order is kept as small as possible. 

The optimal input order for the deviations in Y-directions for 
the training load case was found to be 𝑛𝑏,𝑆1 = 2 and 𝑛𝑏,𝑆2 = 4. 

Therefore, the resulting model equation is as follows: 
𝐸𝑌 = 0.2249 + (−20.5312 + 23.8548𝑞−1) ⋅ 𝑇𝑆1 +

(2.8056 − 4.2741𝑞−1 + 5.9252𝑞−2 − 4.8674𝑞−3) ⋅ 𝑇𝑆2 
 (5) 

 

The chosen input order for the FIR model of the deviations in 
Z-direction is 𝑛𝑏,𝑆1 = 10 and 𝑛𝑏,𝑆2 = 10, the model equation 

representation is omitted here. Based on the fact, that the order 
of 𝑛𝑏 is limited to 10, the fit quality would improve even more, 
for higher orders of 𝑛𝑏. Since the number of considered past 
inputs is influencing the number of total modeling parameters, 
the variable 𝑛𝑏 has to be limited to shorten the amount of data 
and therefore time needed for training of the model. 

 
Figure 7. Simulated deviations and estimation for Y-direction using 
dynamic FIR method, 𝑛𝑏,𝑆1 = 2 and 𝑛𝑏,𝑆2 = 4,  for (dashed lines) model 
training and (solid lines) model validation. 
 

 
Figure 8. Simulated deviations and estimation for Z-direction using 
dynamic FIR method, 𝑛𝑏,𝑆1 = 10 and 𝑛𝑏,𝑆2 = 10,  for (dashed lines) 

model training and (solid lines) model validation. 
 

The resulting model estimation for the training and the 
validation data sets are depicted in Figure 7. and Figure 8. The 
estimation quality in Y-direction is satisfactory, both in the 
training as well as in the validation data set. The fit shows peaks 
at instances where the heat load drastically changes. 
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The model estimation for the deviations in Z-direction show an 
increased quality compared to the static model, see Figure 6. It 
can be seen, that the goodness of fit decreases from the training 
to the validation data set and that in both cases distinct peaks 
after load changes appear. Additionally, certain dynamics are 
not captured by the FIR model. 

 
3.3. ARX Modelling 

The ARX model considers past and present system inputs as 
well as past system outputs to compute the prediction for the 
current system output. According to Equation (3) a SISO system 
can be described as follows: 

𝐸[𝑘] = −𝑎1 ⋅ 𝐸[𝑘 − 1] − ⋯ − 𝑎𝑛𝑎
⋅ 𝐸[𝑘 − 𝑛𝑎] + 𝑏0 ⋅ 𝑢[𝑘] +

𝑏1 ⋅ 𝑢[𝑘 − 1] + ⋯ + 𝑏𝑛𝑏
⋅ 𝑢[𝑘 − 𝑛𝑏] + 𝑒[𝑘]  (6) 

 
Since the relative TCP deviation can in an industrial application 

not be measured in the same frequency as the used sample rate 
of 5 minutes not the real deviations but the predicted ones are 
fed back into Equation (6) So past predictions are used in 
combinations with temperature measurements to predict the 
current deviations. 

 

 
Figure 9. Simulated deviations and estimation for Y-direction using 
dynamic ARX method, 𝑛𝑎 = 1, 𝑛𝑏,𝑆1 = 2 and 𝑛𝑏,𝑆1 = 4, for (dashed 
lines) model training and (solid lines) model validation. 

 

 
Figure 10. Simulated deviations and estimation for Z-direction using 
dynamic ARX method, 𝑛𝑎 = 1, 𝑛𝑏,𝑆1 = 10 and 𝑛𝑏,𝑆1 = 10, for (dashed 
lines) model training and (solid lines) model validation. 
 

To model the Y- and Z-deviations with an ARX model an order 
for the considered past outputs (𝑛𝑎) is necessary. For the sake 
of simplicity and practical reasons, an order 𝑛𝑎 = 1 is chosen. 
The optimal input order for the deviations in Y-directions are the 
same as for the FIR model, 𝑛𝑏,𝑆1 = 2 and 𝑛𝑏,𝑆1 = 4. Therefore 

the resulting ARX model equation is as follows: 
𝐸𝑌 = −0.0106 − 0.9395𝑞−1 ⋅ 𝐸𝑌 + (0.9658 − 0.7359𝑞−1) ⋅

𝑇𝑆1 + (0.0990 + 0.0376𝑞−1 − 0.0610𝑞−2 − 0.1236𝑞−3) ⋅ 𝑇𝑆2

      (7) 
The chosen input order for the ARX model of the deviations in 

Z-direction is the same as for the FIR model, 𝑛𝑏,𝑆1 = 10  and 

𝑛𝑏,𝑆2 = 10, the model equation representation is omitted here. 

Same as before, the order of 𝑛𝑏 is limited to 10 and therefore 
the fit quality would improve even more, for higher orders of 𝑛𝑏. 
Since the number of considered past inputs is influencing the 
number of total modeling parameters, the variable 𝑛𝑏 has to be 

limited to shorten the amount of data and therefore time 
needed for training of the model. 

The corresponding fits for the training and the validation data 
sets are depicted in Figure 9 for the Y-deviations and in Figure 10 
for the Z-deviations. The fits for both directions in the training 
data set are nearly perfect. The prediction for the validation data 
sets are also very satisfactory for both directions. 

 
3.4. Comparison  

For the purpose of a quantitative comparison of the prediction 
quality of the three models, a certain metric is necessary. A 
literature study performed by Botchkarev [7] showed, that in the 
field of regression analysis no distinct performance metric is 
used. Since every measure of the prediction error has its benefits 
and disadvantages this thesis utilizes the most commonly used 
prediction metrics and certain additional quality indicators that 
have a relation to the actual quality of the manufactured 
workpieces. The used indicators are, Root Mean Square Error 
(𝐸𝑅𝑀𝑆), Symmetric Mean Absolute Percentage Error (𝐸𝑆𝑀𝐴𝑃), 
peak to peak improvement (𝐸𝑃𝑉) and the 99th Percentile (P99). 
Blaser et al. [8] describe these quality indicators in detail. 

Since an evaluation of the training data is biased, only the 
validation data is used for this evaluation. Table 2 shows the 
results of this analysis. It can be seen, that the ARX model 
outperforms the other models in all categories. It can also be 
seen, that the Static and the FIR model both perform similar and 
that no real improvement is achieved by using only past and 
present temperature inputs. Only in combination with past 
predictions, the full potential can be tapped. 

 
Table 2. Quality indicators for the different prediction models for the 
validation load case. The smaller the value the better the fit. 

 Y Z 

 Static FIR ARX Static FIR ARX 

𝐸𝑅𝑀𝑆 
[µm] 

2.3 1.6 1.0 4.3 4.5 3.5 

𝐸𝑆𝑀𝐴𝑃 
[%] 

9.1 6.9 4.3 48.4 49.8 41.9 

𝐸𝑃𝑉 [%] 39.4 41.8 13.0 101.8 160.0 62.3 

P99 
[µm] 

5.1 4.1 2.0 10.8 13.2 7.4 
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Abstract 
Thermally induced errors are dominant sources of inaccuracy and are often the most difficult types of errors to reduce today. 
Software compensation of thermally induced displacements at the TCP is a widely employed technique to reduce these errors due 
to its cost-effectiveness and minimal demands for additional gauges. Compensation models for machine tool thermal errors were 
successfully applied on various kinds of machine tool structure and implemented directly into their control systems. The aim of this 
research is to evaluate an enhancement of vertical turning lathe accuracy by minimising of thermal errors. Thermal errors caused by 
rotary table speed are nonlinear and a dependency on the workpiece clamping diameter has to be taken into account. Calibration of 
a reliable compensation model is a real challenge resulting in demands of a dependable verification approach. Techniques using 
international standard testing and manufacturing of testing workpiece were considered in the research for verifying a practical 
applicability of the compensation model. 
 
Thermal error, Accuracy, Compensation, Finishing cutting conditions 

 

1. Introduction 

The heat generated by moving axes and machining processes 
creates thermal gradients, resulting in the thermal elongation 
and bending of machine tool (MT) elements, which substantially 
deteriorate MT accuracy. Thermal errors cannot be sufficiently 
reduced by design concepts and/or by temperature control 
without significant additional costs. On the contrary, indirect 
(software) compensation of thermal errors at the tool centre 
point (TCP) is one of the most widely employed reduction 
techniques due to its cost-effectiveness and ease of application. 

Ordinarily, approximation models are based on measured 
auxiliary variables [1] (temperatures, spindle speed, etc.) used 
to calculate the resulting thermally induced displacements at 
the TCP. Many strategies were investigated to establish the 
models, e.g. multiple linear regressions (MLR) [2], artificial 
neural networks [3], transfer functions (TF) [4], etc. (for more 
detail see also [5]). 

Although real-time software compensation approaches for 
thermal errors exist, these compensation approaches have a 
number of serious drawbacks. In the work [6] a promising 
approach to thermal error minimisation of spindle unit is 
introduced but the model was verified within calibration 
conditions resulting in a small value added compared to MLR 
simple modelling approaches; an interesting application of 
thermal error reduction is presented in [7] providing a solution 
only for thermo-mechanically steady states of tested device; a 
sophisticated apparatus used for MT surrounding impact 
simulation is topic of research [8] considering a limited 
conditions of real MT working cycles though. 

An approach to thermal error modelling of a rotary table 
activity of a vertical turning lathe is proposed in this research. 
The compensation model based on TFs was directly 
implemented into MT control system and internal information 
(temperatures measured close to heat sources) were used as 

model inputs. A nonlinear MT thermal behaviour during turning 
operations was observed and workpiece clamping diameter had 
to be considered as additional model input parameter. The 
approach practical verification according to international 
standards ISO 230-3 [9] (using displacement probes) and using 
testing workpiece manufactured within finishing cutting 
conditions were considered to prove compensation model 
industrial applicability. A comparison of the applied 
compensation method outcomes with original (uncompensated) 
state of the machine is presented. 

2. Modelling of thermo-mechanical behaviour 

The chosen compensation strategy is based on TFs; a dynamic 
method with a physical basis. The difference form (suitable for 
programing languages e.g. Python) of the TF in the time domain 
is introduced in eq. (1), 

 

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

𝑏0

−
𝑦(𝑘 − 𝑚)𝑏𝑚 +⋯+ 𝑦(𝑘 − 1)𝑏1

𝑏0
, 

(1) 

 
where u is the TF input vector, y is the output vector, k-n (k-m) 
signifies the n-multiple (m-multiple) delay in sampling 
frequency. Linear parametric models of ARX (autoregressive 
with external input) or OE (output error) identifying structures 
were used to set TF calibration coefficients an and bm [10]. 

 
2.1. Experimental set-up 

All of the experiments were performed on a vertical turning 
lathe with a maximal clamping diameter of 3,000 mm and 
maximal rotary table speed of 200 rpm. The MT is composed as 
multifunctional and is capable of two full-bodied technologies: 
turning and milling. The milling operations are not considered in 
the article. 

120

http://www.euspen.eu/


  

Eddy current sensors (PR6423) firmly clasped in a thermal 
stable frame are employed for noncontact sensing of 
displacements between the TCP position and the rotary table 
(regular position of a workpiece). Other information (rotary 
table bearing temperature Tbearings, column temperature Tcolumn 
and rotary table speed) are taken directly from the MT control 
system. Thermal stable frame assembled from carbon fibre bars 
was fixed in headstock tool holder as depicted in Figure 1. The 
frame is divided into two arms of the same length 1,500 mm. 
Both arms carry connectors for noncontact displacement 
sensors. Displacement sensors measured thermal displacement 
of the rotary table in three positions (0, 1,500 and 3,000 mm) 
defined by measuring artefacts. Sensors in 3,000 mm position 
are doubled (one for each end of the frame arm) to ensure the 
symmetricity of the rotary table thermal errors. 
 

 
 

Figure 1. Experimental set-up for calibration measurement 

 
All of the results and conclusions are closely associated with 

the following experiment conditions: load-free (without a 
cutting process in calibration part of experiments); testing in one 
MT axis configuration (with a reference to Positionally-
dependant errors given only by thermal stable frame use); 
deformations in Z direction only were taken into account 
(without any reference to table diameter changes); the 
compensation model is implemented directly into MT control 
system and the MT multifunctionality is not considered so far. 

 
2.2. Calibration 

The calibration measurement consist of transient behaviour 
between two thermodynamic equilibria (MT in approximate 
balance with its surroundings and MT steady state during heat 
source activity). 

Calibration measurement of rotary table thermal behaviour is 
divided into two cyclically repeated parts. The first part 
“loading” means 10 min of table rotation on constant rpm. The 
second part “measuring” means 10 s of measuring thermal 
deformations in Z direction between thermal stable frame and 
artefacts (see Figure 1). Rotary table thermal behaviour 
calibration and TF modelling result is shown in Figure 2.  
 

 
 

Figure 2. Calibration and modelling of rotary table thermal behaviour 

The graph on the left in Figure 2 shows the input into the 
thermo-mechanical system and the graph on the right shows the 
measured and simulated outputs. Only heating phase is taken 
into account. The diameter of 1,500 mm is considered in 
modelling process (bold blue curve right in Figure 2). Other 
clamping diameters are solved as magnitude of the calibration 
curve with good resolution. The approximation of thermal 
deformations between headstock and rotary table is expressed 
by eq. (2), 

 
𝑧𝑠𝑖𝑚. = [(∆𝑇𝑏𝑒𝑎𝑟𝑖𝑛𝑔𝑠 − ∆𝑇𝑐𝑜𝑙𝑢𝑚𝑛) ∙ 𝜀1] ∙ 𝑔, (2) 

 
where Δ𝑇𝑏𝑒𝑎𝑟𝑖𝑛𝑔𝑠 is the table bearing temperature difference, ɛ1 

represents the transfer function approximating thermal errors 
due to table rotation (for TF calibration coefficients see Table 1) 
and g represents the gain factor dependant on workpiece 
clamping diameter (see right part in Figure 2). Temperature 
behaviour Δ𝑇𝑐𝑜𝑙𝑢𝑚𝑛 is the base temperature difference 
reflecting to changes in ambient temperature. The influence of 
the ambient temperature on thermal error is not fully 
considered due to its modelling difficulties [8] and is scheduled 
as future work. 
 
Table 1 Coefficients of identified transfer functions 
 

TF coefficients 

1 

a0 a1 a2 a3 

-82.41672 82.41479 0 0 

b0 b1 b2 b3 

1 -0.64533 0.10375 -0.45835 
 

2.3. Verification 
Following experiment has been designed to verify the validity 

of the compensation model. The verification test consists of rpm 
spectra with no record of cooling phase. 

Figure 3 shows thermo-mechanical system temperature input 
during verification test and also depicts ambient temperature 
and table speed behaviours. 
 

 
 

Figure 3. Verification test set-up, conditions and model input behaviours 

 
Figure 4 shows outputs from the thermo-mechanical system 

as measured (left part in the figure) and simulated (the right 
part) thermal error during table rotation impact verification test. 
 

 
 

Figure 4. Measured (right; uncompensated state) and simulated (left; 
after applied compensation) thermal errors during verification test 
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The conditions of verification test differed from calibration 
measurement in positions of the artefacts (0, 1,200, 2,000, 
3,000 mm). The compensation model was applied offline on 
measured uncompensated data and MT state after 
compensation was computed by difference of measured and 
simulated behaviours. The results in different artefact positions 
(1,200 and 2,000 mm) were obtained by multiple of linear 
interpolation of gain factor g in the compensation model. 

Compared to the uncompensated state, the improvement of 
the thermo-mechanical state during the rotary table activity was 
65% in 0 and 1,200 mm diameters and 84% in 2,000 and 
3.000 mm diameters. 

The verified compensation model was converted to Step7 
code as machine controller Siemens allows for direct 
implementation. The compensation is executed in a frequency 
of one per second via an offsets setup on linear axis Z. 

3. Testing workpiece manufacturing 

Another verification test is further introduced due to 
authentication of a practical applicability of the compensation 
model: during a real finishing machining; out of the model’s 
calibration range. 

The testing workpiece is presented in Figure 5. The workpiece 
consists of four circular areas 1 (8), 2 (7), 3 (6) and 4 (5) meant 
for manufacturing and measuring in Z direction respectively. The 
workpiece clamping diameter was 1,200 mm and model gain 
factor to g = 0.76 had to be adjusted. The workpiece was placed 
on accurately polished underlies (for potential measurement on 
CMM machine) and fixed to the rotary table by clamps. 
 

 
 

Figure 5. Testing workpiece 

 
The manufacturing process of the testing workpiece during 

verification test within finishing cutting conditions is depicted 
left in Figure 6. Measuring principle of manufactured areas is 
shown right in the same figure.  
 

 
 

Figure 6. Testing workpiece manufacturing (left) and measuring (right) 

 
The testing workpiece manufacturing process was carried out 

as fallow. First circular area 1 (8) was manufactured by 

prescribed finishing cutting conditions (Table 2). Then steady 
cutting tool waited 1.5 hour between areas 1 (8) and 2 (7). 
Rotary table was active on constant rpm. Second area 2 (7) was 
manufactured after the pause and so on until the tool reached 
the middle of the workpiece and experiment was ended. 

Two contact displacement probes were mounted on 
headstock tool holder to measure the workpiece deformations 
after MT cooled down. The two points were measured in all 
measuring positions (1 to 8). Table was repositioned five times 
(in 45°) and all positions measured for statistical data; evaluation 
uncertainty of Type A. 
 
Table 2 Cutting parameters 
 

table speed 
[rpm] 

depth of 
cut [mm] 

feed rate 
[m∙min-1] 

pitch 
[mm∙rpm-1] 

variing (see Fig. 7) 0.2 120 0.15 
 

Two experiments were carried out (with and without thermal 
error compensation active in MT control system) to evaluate MT 
accuracy enhancement. The measured model input behaviours 
and table speed during both tests with cutting process are 
depicted in Figure 7. 
 

 
 

Figure 7. Cutting test set-up, conditions and model input behaviours 

 
From measurements the arithmetical mean of thermal 

deformations was calculated in all measuring positions. The 
measured deformations in Z direction with active compensation 
are depicted left in Figure 8. Deformations without 
compensation are shown right in Figure 8. Since the experiment 
set-ups are similar both MT thermo-mechanical states are 
possible to easily compare. 
 

 
 

Figure 8. Measured deformations with compensation (left) and without 
compensation (right) during the finishing cutting tests. 

 
The improvement of the thermo-mechanical state is 

estimated 7-fold (87%) in the Z direction compared to the 
uncompensated state. Additionally the testing workpiece 
thermal errors were measured by a precision level and on CMM 
machine with similar results. 

4. Conclusions 

The main objective of the scientific investigation presented in 
this extended abstract is enhancement of MT accuracy by 
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minimising thermal errors and evaluation of practical 
applicability of implemented (directly in MT control system) 
compensation model within finishing cutting conditions. The 
role of main thermal source, elimination of its influence on MT 
typical operations, workpiece clamping diameter consideration 
and minimal increase of the MT costs all represent basic 
requirements placed on specific compensation methods and TFs 
seem to be a suitable apparatus. 

The tested machine was a vertical turning lathe. Calibration 
experiments were carried out under specific conditions: no 
cutting process was involved and were performed along the one 
MT axes configurations. The developed compensation model 
approximates undesirable thermal errors caused by the rotary 
table activity. Compensation was taken into account for linear 
deformations in Z direction and along the whole table diameter 
(measured with the help of thermal stable frame). The 
approximation quality of the model based on TFs was compared 
to uncompensated MT state within finishing cutting conditions 
with result of 87% of MT thermo-mechanical behaviour 
improvement. 

The follow-up research will focus on MT thermo-mechanical 
behaviour regarding its multi-functionality (milling operations) 
and model transferability to other machines of the same 
construction but different size. 
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Abstract 
 
X-ray computed tomography (XCT) is rapidly becoming the measurement tool of choice in a wide variety of industrial sectors where commonly used 
measurement techniques aren’t optimal, typically when internal features of parts / assemblies need to be inspected. There are several key limiting 
factors when XCT is used as a metrology tool, such as relatively long measurement time, problems related to measurement of multi-material 
components, or insufficient energy to penetrate high-density materials while maintaining high resolution. One of the largest issues is the question of 
traceability of measurement results; due to very large number of influences on measurement uncertainty, it is currently not possible to establish a 
classical uncertainty budget and declare a priori measurement uncertainty of XCT results. 
Influence of temperature on dimensional measurements is well known, and is usually relatively easy either to correct it, or to calculate its influence 
on the uncertainty of measurement. However, a typical industrial XCT scanner poses additional challenges: having several heat sources in a thermally 
well-insulated chamber and having a metrology loop in which thermal displacements cause several different errors. In this paper, we discuss one 
possible approach to this problem which is based, first and foremost, on extensive temperature measurement of the entire XCT metrology loop. These 
results are then used as ground truth for verification of simulation models, based on Finite Element Analysis (FEA), needed to establish temperature 
and displacement fields of XCT scanner geometry for the entire range of usable X-ray power levels. Finally, temperature measurements and FEA 
results are also used for verification of a simplified analytical model which could be useful in robust expression of measurement uncertainty.  
 
Keywords: Accuracy, Dimensional, Measurement, X-ray computed tomography   

 

1. Introduction 

Defining thermal influences in an XCT scanner should begin 
with a systematic approach to measurement of temperature in 
various parts of XCT metrology loop. In order to acquire reliable 
results, preliminary investigation was made using a thermal 
imaging camera while X-ray power was kept at 45 W (Figure 1). 

 

 
Figure 1. Image of X-ray source assembly (top) and its thermal image 

(bottom). 

 

While this method couldn’t be reliably used to measure 
absolute temperatures, it did provide valuable insight into 
existing temperature field distribution. Based on this, eight 
thermistor probes were traceably calibrated (U = 10 mK, k = 2) 
and placed at locations within the XCT scanner cabinet shown in 
Figure 2. 

 

 
Figure 2. Schematic representation of the XCT scanner and location 

of installed temperature sensors. 
 

Acquisition of temperature measurement using these sensors, 
performed over a time period of approx. 2 hours at X-ray power 
of 45 W, is shown on Figure 3. Measurement results clearly show 
significant variation of temperature, especially at the X-ray 
source and X-ray tube assembly. This change of temperature 
results with thermal expansion of the X-ray source and tube 
assembly, which in turn changes the position of the X-ray focal 
spot relative to the measurement object and the X-ray detector. 
Since these relative positions create the metrology loop, any 
undetected change has direct consequences on the accuracy 
and measurement uncertainty of XCT results. 
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Figure 3. Temperature measurement results for 45 W X-ray power level. 
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Abstract 
The thermal behavior has a significant effect on the manufacturing accuracy. For many machining tasks, the use of cooling lubricant 
is essential in order to achieve possible cooling and lubricating effect in the cutting zone. Its reduction due to resource-efficient or 
ecological efforts has an impact on the temperature field in the machining tool, which affects the thermal behavior of the frame 
structures and can cause machining inaccuracies. This article describes the CFD-model for simulation multi-phase flow of liquid 
coolant around the cutting tool and the prediction of the temperature field. With experimental investigations, the simulation model 
is verified and checked for plausibility. 
 
Keywords: CFD-Simulation, thermal investigation, machine tools, tool cooling simulation, multi-phase simulation   

 

1. Introduction 

The accuracy of metal cutting machine tools is essential for 
most of the industrial production. The majority of materials used 
for machining application are negatively affected by 
temperature in terms of both tool life and manufacturing 
accuracy. Coolants are very common in this field but according 
to an industry survey, at least 50 % of enterprises also use dry 
machining [1]. Previous studies on effects of air cooling on the 
tool structure [2,3] shows that the temperature field in the tool 
with air cooling can be reduced by up to 50% in comparison to 
machining without any coolant. But for many manufacturing 
operations are coolant lubricants are still indispensable, as they 
provide not just a cooling effect in the cutting zone, but also less 
friction and adhesion between tool and workpiece during 
cutting operations. Delivery of the liquid coolant into the inner 
part of tool teeth and the cutting zone can be difficult due to 
high pressure and high rotational speed of tool as consequence 
of highspeed machining. Moreover, depending on the tool 
rotation speed, a significant concentration of fog particles can 
be evaporated into the environment, which can increase health 
risks [4] and dangerous for the environment. Therefore, the 
investigation with focus on their effect and efficiency is 
necessary. 

This work describes the multi-phase simulation model for 
system consisting of restricted area and machining parts around 
the cutting zone. This simulation-based investigation was carried 
out on the rotary milling tool. A numerical model approximates 
the flow of liquid coolant around the milling tool and makes it 
possible to evaluate the efficiency of the use of coolant lubricant 
in order to specific working conditions. Further part concerns 
with the investigation of heat fluxes through the cutting tool, 
which is essential to be able to evaluate the cooling effect of the 
liquid coolants on the cutting tool. 

2. The Simulation model      

A cutting tool is assembled of many different parts. As the 
numerical methods for computational fluid dynamics (CFD) are 
highly demanding on time and computational performance, it is 
necessary to use area, which is closed to the point of 
investigation. In this case, only the parts immediately nearby to 
the cutting zone were chosen and modelled. The 3D CAD model 
therefore consists of simplified chuck and the four blades cutting 
tool. The virtual space represents the environment around the 
tool and its chuck and there is a nozzle for liquid coolant supply. 
Both the meshing and the calculation were carried out in Ansys 
Workbench by using CFX. 

 
Figure 1. 3D CAD model of the system 

For numerical calculation of fluid dynamics, every part of 
simulation model must be defined as a domain and the 
connection between them is described as an interface. Both the 
domains and the interfaces must be set up with its properties, 
such as Domain Type, Material, Heat transfer, etc., as they 
describe the interaction and function of the simulation system. 
This simulation model consists of six domains and 9 interfaces. 
There are three solid domains representing milling tool, tool 
chuck and nozzle for coolant supply. Domains for tool and its 
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chuck are set as rotary with defined rotational speed 
corresponding to speed used in real experiments. For these two 
domains is also specified Heat Transfer for option Thermal 
Energy, which enables further evaluation of cooling effect. Other 
three domains are then described as Fluid, respectively in multi-
phase system representing air and the liquid coolant, with 
corresponding Surface Tension Coefficient between these two 
phases. The first Airvolume represents the volume space in 
restricted area of the simulation model. Although it is modelled 
as a restricted area, it is defined as an open system, so the 
exchange is enabled with its surrounding environment. Because 
it is impossible to rotate domain, which is not symmetric and 
perpendicular to the direction of rotation, there was second 
Airvolume 2 developed. This was created as a shape of cylinder, 
which fills the space of inner part of tool teeth. Third Airvolume 
3 then represents a small space between the cutting tool and 
tool chuck. The flow of air and coolant in the simulation is 
turbulent, these Fluid domains are calculated with the shear 
stress transport (SST) turbulence model. In these domains, the 
option Total Energy was used for the Heat Transfer. Buoyancy 
was applied for simulate of the gravitational force causing 
curving of coolant flow. The schematic built, which shows 
individual domains and their connections with a 3D model of its 
real equivalent, is showed in Figure 2. 

 

Figure 2. Scheme of domains of the system 

3. Evaluation of simulation     

To be able to verify the simulation model, the experimental 
investigations were carried out on a test stand specified 
particularly for thermal analyses. The tool and the chuck were 
mounted in a motor spindle. This spindle is fixed on a machine 
tool table with supporting element. Testing stand has also 
enclosure shields, so it is possible to isolate working space from 
its environment and secure better temperature measurement 
conditions. For recording the coolant flow, there was used a 
camera with two positions, above the tool and from top to the 
cutting edges of the tool. 

The results of experimental investigation in Figure 3 shows the 
differences of the liquid coolant flow around the cutting tool for 
different conditions. Starting with the tool without rotational, a 
main part of coolant flows around the tool and continues further 
under curvature caused by gravitational force. There are also 

other flows, which direction varies by the time. With rotation 
tool in small rotational speeds, there can be seen change of flow 
to the field of droplets departing by centrifugal force. With 
increasing the rotational speed of the tool, the field of droplets 
changes into the fog of small coolant particles. 

 

Figure 4. Comparison of real and simulated coolant flow 

These instabilities show difficulties of simulation. As it is 

impossible to predict the direction of some parts of coolant 

flow after the contact with tool, such as field of droplets, the 

results of CFD simulation does not fully correspond with the 

real experiments. Also, the simulation cannot show particles 

smaller that the dimension of mesh. This can be influenced by 

changing the dimension of mesh, but it would also rapidly 

increase calculation time. The point of interest is therefore 

focused on the main flow. As shows the Figure 4, there can be 

seen slight inequalities, which can be caused by many reasons, 

such as small change of physical properties of liquid coolant 

cause by absorption of air humidity, difference between the 

surface tension of dry and wet surface or problems with 

convergency of turbulent models. On the other hand, these 

slight inequalities should have not an impact on the simulation 

of cooling effect. 

4. Thermal simulation     

For the evaluation of heat transfer, it is necessary to define 
material and thermodynamic properties of every domain. There 
must also be defined two heat transfer variables. First take its 
position as the tool chuck is clamped into the spindle. It is 
provided on the surface of ISO Taper cone with value already 
found in previous studies. The second important definition is the 
heat source in this system. There was used a simplified surface 
of the cutting edges with value corresponding with the induction 
system, which was carried out in the experimental 
measurement. The value was therefore set as Heat Flux variable 
into the simplified surface of cutting edges as shows Figure 5. 

 Figure 3. Coolant flow around the cutting tool. 

 

0 rpm 500 rpm 1000 rpm 3000 rpm 6000 rpm
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Figure 5. Temperature field of the tool with heat source 

For the validation of temperature field through the tool, 
there was carried out the experiment with the composition of 
temperature sensors and induction system described in [5]. 
The temperature results of the simulation coincident with 
slight differences to the measured values on real milling tool. 
There are also many factors, which influence calculated 
temperature field in tool and its chuck. The significant role 
plays the accuracy of turbulence and flow of the coolant and 
also the fact, that sensors placed on the surface of cutting tool 
are not isolated from environment and can therefore measure 
some inequalities while contact with liquid coolant, which has 
significantly higher value of Specific Heat Capacity than 
material of the milling tool itself. 

 

Figure 6. Temperature fields from experiment and simulation at 

3000rpm  

5. Summary and outlook      

Numerical flow simulations provide a better understanding of 
how the coolant flows around the cutting tool and its effect on 
the temperature field in the tool. Simulating coolant flow around 
a rotating tool reveals difficulties caused mostly by turbulence 
and dispersion of fluid into the environment as a function of 
rotational speed of the cutting tool. Taking into account the 
simulation of small particles of liquid spreading into the 
environment is therefore difficult and increases demands on 
computational power and accuracy of the simulation itself. 
However, it is still possible to simulate the temperature field 
caused by the heating of the cutting surfaces with certain 
precision and to make the use of coolant more efficient. 
There is still a need of research into the fluid flow around the 
rotating tool and thus refining the existing model, which will 
allow a better simulation of the fluid flow and thus a better 
understanding of the cooling of the tools by the use of coolants. 
Further, it is necessary to assess how much liquid actually 

reaches the tool and thus contributes indeed to the actual 
cooling of the tool and not only to cooling the surroundings or 
the chip removal function. In order to refine the evaluation of 
the temperature field in the tool, it is also necessary to 
determine the influence of the isolation of the temperature 
sensor on the surface of the tool against the liquid with a 
significantly higher coefficient of thermal capacity compared to 
the material of the tool itself on the measured values during the 
experiment. 
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Abstract 
Machine tool models play an essential role in the development process and during the whole lifetime of machines. On the one hand, 
they enable the developer to predict the thermo-elastic behavior of a new machine without the necessity for a prototype. Therefore, 
time and money can be spared in the development process. On the other hand, model predictive control can be applied to reduce 
the manufacturing error, induced by the displacement of the tool center point (TCP). 
This paper provides a brief overview of the methodology used and developed in the Collaborative Research Center/Transregio 96 
(CRC/TR 96) to simulate the thermal behavior of complete machine tools. As an illustration, the newly developed approach is used 
to simulate the behavior of a simple test model. The different approaches are compared and a short guideline, which method can be 
used for a given task, will be given. 
 
Thermal Behavior, Simulation, Model Order Reduction (MOR), Finite Element Method (FEM) 

 

1 Introduction 

Saving resources is of increasing importance for sustainable 
production processes. To account for this issue, it is essential 
to reduce the energy consumption of modern machine tools 
by smart cooling strategies, further enhanced construction 
techniques etc., to compensate for an unwanted tool center 
point (TCP) displacement, before it actually appears. 
Furthermore, the simulation of the thermal behavior allows 
model predictive control to reduce the error induced by 
thermo-elastic deformations, which yield an unwanted tool 
center point (TCP) displacement. 

This paper describes an approach to simulate the thermal 
behavior of complete machine tools, which is developed and 
used by projects in the CRC/TR 96. 

First, the general methodology will be introduced and the 
steps to generate a finite element model to calculate the 
thermal field are described. After that, it is shown, how model 
order reduction (MOR) can be used to speed up the 
simulation process. To illustrate the strengths and 
weaknesses of the different approaches, the thermal field of 
a simple test model is calculated. These results are compared. 
To conclude, a short summary of the different approaches will 
be given and the next development steps are outlined. 

2 Modelling of machine tools 

The methodology of modelling the machine tool including 
geometric simplification, the choice of boundary conditions 
and choosing the right mathematical models, plays a 
significant role in the calculation of the thermal behavior. 

2.1 General Considerations 
To model the thermo-elastic behavior of machine tools, two 

different kinds of coupling have to be taken into account: 

 the physical coupling between the heat equation and the 
equations of elasticity, 

 the geometrical coupling between different components 
that can also move relative to each other (contact 
problem). 

These coupling types must be treated with different 
mathematical approaches and have their own challenges. For 
example, the geometrical coupling of the relatively moved 
parts leads to discontinuous sources in space and time. These 
sources can be modelled with functions on the part interface, 
which depend on different temperature fields. 

2.2 CAD-Model 
The starting point of all simulations is a CAD-Model of the 

investigated system. The model must contain all the 
geometric details which are relevant for the simulation. Small 
features of the geometric model like fillets, bevels or drillings 
should only be kept in the model, if the behavior at those 
items is of interest. A simplified geometry can reduce the 
effort for the next modelling steps significantly. For the given 
examples, the CAD-Software SolidWorks® was used. 

2.3 FE-Model 
After generating a sufficiently detailed geometric model of 

the system, a finite element (FE) model must be created. 
Therefor the CAD-Model is imported into the FE-Tool and 

the simulation domain is discretized into finite elements. The 
material parameters like specific heat capacity or thermal 
conductivity, are set for each individual material of all parts of 
the model. 
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The boundary conditions take a special role in the modeling 
of the machine behavior. To calculate the thermal field as 
accurate as possible, the process heat, the cooling system, the 
environment interaction, the heat fluxes from the axis drives 
and the friction losses of the bearings and linear guides have 
to be taken into account. Modelling of those boundary 
conditions plays a significant role in the CRC/TR 96. Models 
for e. g. the dissipative heat of the cutting process or friction 
losses in linear guides are incorporated into the model. For 
the presented methodology and workflow, ANSYS 
Mechanical as an industry-standard computer aided 
engineering (CAE)-Tool is used to generate the FE-Model. 

The equation that describes the thermal field is 
 

 
and is discretized by using the FE-method. 

For simplicity, constant, isotropic, material properties are 
assumed in this presentation. The material coefficients are 
the specific heat 𝑐, the density 𝜌 and the thermal conductivity 
𝜆. 𝑇 is the temperature at the given material point, 𝑞 can be 
any heat source and the variable 𝑡 signifies the time. 

Applying the FE method and using equation (1) leads to the 
following system equation to calculate the discrete 
temperature vector 𝑻 at the FE nodes 

 
 𝑀�̇�(𝑡) + 𝐷𝑻(𝑡) = 𝒒(𝑡) (2) 
 
of one continuous part, with the matrices 𝑀 (capacity matrix), 
𝐷 (conductivity matrix) and the time dependent load 
vector 𝒒. 

To model thermal coupling by the exchange of heat 
between multiple parts, different approaches [8][3][11] can 
be incorporated into the vector 𝒒. 

The calculation of the transient behavior of machines 
modeled by the FE-Method can be very time consuming, 
because a fine discretization, resulting in lots of degrees of 
freedom (DOF), is needed for a good approximation of the 
real field. To use model predictive control systems for real 
time error correction and for parameter and design studies to 
optimize the machine design during the development, the 
simulations must be carried out faster, while maintaining the 
accuracy of the FE-Model. 

Model order reduction (MOR) becomes crucial to reduce 
the simulation time for those models. To build those reduced-
order models, by the class of methods addressed in the CRC/ 
TR96, it is necessary to transform the FE-Model into a so 
called input-output-model (IO-Model). 

2.4 IO-Model 
All the data necessary to generate IO-Models are extracted 

from ANSYS Mechanical, written into an open source, 
machine-readable description format and processed in 
specialized software tools and algorithms, developed as part 
of the research in CRC/ TR96, afterwards. 

The formerly described FE-Model is transformed into a 
model in generalized state space form 

 
 𝐸�̇�(𝑡) = 𝐴𝒙(𝑡) + 𝐵𝒖(𝑡) 

   𝒚(𝑡) = 𝐶𝒙(𝑡). 
(3) 

 
 
The system (3) represents a linear time-invariant (LTI) 

system with the state 𝒙 𝜖 ℝ𝑛, the input 𝒖 𝜖 ℝ𝑝 and the output 
𝒚 𝜖 ℝ𝑚. The matrices 𝐸 𝜖 ℝ𝑛 x 𝑛, 𝐴 𝜖 ℝ𝑛 x n , 𝐵 𝜖 ℝ𝑛 x 𝑝 and 
𝐶 𝜖 ℝ𝑚 x 𝑛 characterize the system. Note that for the here 

considered thermal simulation of machine tools and their 
subsystems, the vectors 𝒙 and 𝒚 represent the nodal 
temperatures 𝑻 and the model output temperatures in points 
and faces of interest, e.g. at sensor positions and the TCP. 

To generate the IO-form of the model from the data 
extracted from the ANSYS-FE-Model, the open source FE-
Toolbox DUNE [6] is used. DUNE provides a modularized 
software framework, which allows for different mesh 
structures, different basis functions, including discontinuous 
functions, several mesh operations, in particular mesh 
intersections and an interface to sophisticated linear solver 
libraries like SuiteSparse [7] or PETSc [2] in an exchangeable 
manner. 

For the generation of the IO-system, we implemented the 
computation of the coefficient matrices in a general way, such 
that different coupling strategies are easier to extend to 
newly developed coupling strategies. 

2.5 Reduced IO-Model 
After the IO-generation, there is the possibility to reduce 

the high-order IO-Model (3) to a low-dimensional surrogate 
model that approximates the dynamical behavior of the 
original model by means of MOR. Several projection-based 
techniques [1], including balanced truncation, moment 
matching and the iterative rational Krylov algorithm (IRKA) 
are implemented in a CRC/TR 96-tailored MOR-tool in 
MATLAB®. 

During this reduction process, projection matrices 𝑉 and 
𝑊 𝜖 ℝ𝑛 x 𝑟 are computed and the reduced system of order 
𝑟 ≪  𝑛 is obtained by 

 
 𝑊𝑇𝐸𝑉�̇�𝑟(𝑡) =  𝑊𝑇𝐴𝑉𝒙𝑟(𝑡) + 𝑊𝑇𝐵𝒖(𝑡) 

             𝒚𝑟(𝑡) = 𝐶𝑉𝒙𝑟(𝑡). 
(4) 

 
The vectors 𝒙𝑟  and 𝒚𝑟 denote the state vector and the 

output vector of the reduced model. 
The MOR tool, further, incorporates treatment of 

inhomogeneous initial conditions, following [4] and allows for 
the preservation of physical parameters in the surrogate 
models via adapted MOR-techniques [5]. 

2.6 Time Integration Step 
The different machine tool models are used to calculate the 

transient temperature field. 
To compute the FE-solution, ANSYS and DUNE are used. The 

IO- and the reduced IO-Models are integrated with the 
second-order Rosenbrock-2 method [9]. This particular 
method belongs to the subclass of W-methods, which means 
we can use a fixed Jacobian over some time steps without the 
loss of too much accuracy. Furthermore, our experiments 
showed, that the method also remained stable with the 
explicit coupling terms. 
  

 
𝑐𝜌

𝜕𝑇(𝑡)

𝜕𝑡
− ∇⃗⃗ ∙ (𝜆∇⃗⃗ 𝑇(𝑡)) =  𝑞(𝑡). (1) 
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3 Example Machine Results 

The CAD model along with the used boundary conditions 
and probe positions to illustrate the workflow and to compare 
the results is shown in Figure 1. 

 

 
 

Figure 1. Example Machine and Boundary Conditions 

 
A simplified machine tool, consisting of a machine bed and 

three sledges is simulated. All parts consist of the same, 
isotropic material with constant thermal properties. The 
connection between those components is realized by linear 
guides, consisting of rails and guide-wagons. 

A constant temperature at the ground (293,15K) and two 
heat flux boundary conditions are applied. No relative 
movement of the parts is modeled, which means that all parts 
are fixed. 

The model outputs for the reduced model are defined as 
the average temperatures of the faces that are subject to heat 
flux boundary conditions. 

The coupling between the parts is realized by a simple 
output coupling using the averaged temperatures on the 
surfaces in contact. 

The described model is used to calculate the thermal field 
with all four approaches. The reduced model was generated 
using Balanced Truncation. Figure 2 shows the results of the 

calculation after a transient simulation of 80 000s (500s steps) 
real time. 

Therefor, the reduced state vector 𝒙𝑟  is expanded to obtain 
an approximate solution �̂� for the full model, using the 
relation �̂�(𝑡) = 𝑉𝒙𝑟(𝑡). Note that this approach should be 
used with care. MOR aims at finding a good approximation of 
the output 𝒚, but not necessarily the whole high-dimensional 
state 𝒙. Hence, the outputs of the IO-Model should be 
selected with regard to the desired application of the reduced 
model. 

The solutions of ANSYS, Dune and the IO-Model are nearly 
identical. As expected, the expanded solution of the reduced 
model shows differences in areas away from the defined 
model outputs. To illustrate this statement, Table 1 shows the 
calculated temperatures at the points marked in Figure 1. The 
ANSYS solution was used as the benchmark for the calculation 
of the absolute errors. 

 
Table 1 Probe temperatures and errors in Kelvin 

 
 ANSYS DUNE IO Red-IO 

Probe 1 298,729 298,733 298,733 298,582 
Δ Probe 1 - 4,00E-03 4,00E-03 1,47E-01 
Probe 2 305,621 305,623 305,623 305,623 
Δ Probe 2 - 2,00E-03 2,00E-03 2,00E-03 
Probe 3 293,162 293,162 293,162 293,419 
Δ Probe 3 - 0,00E+00 0,00E+00 2,57E-01 
Probe 4 293,324 293,32 293,32 293,334 
Δ Probe 4 - 4,00E-03 4,00E-03 1,00E-02 
Probe 5 295,661 295,659 295,659 295,657 
Δ Probe 5 - 2,00E-03 2,00E-03 4,00E-03 

 

The biggest observed error between the full and reduced 
model for those representative points is approximately 
0,15 K. 

The model orders used to calculate those solutions are 
listed in Table 2. By further increasing the order of the 
reduced model, a better approximation at the cost of higher 
simulation times is possible. 

 
 

 
Figure 2. Thermal field of the four different simulation technologies a) ANSYS, b) DUNE, c) IO-Solution and d) Reduced IO-Solution 
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Table 2: Comparison of model size and simulation times in s 

 
 Tool/ 

Model 
Complete Model-

setup 
Integration 

Rough – DOFs 
(Full 45260, 
 Reduced 174) 

ANSYS 53,4 7,10 46,30 
DUNE 52,16 31,03 21,13 
IO 27,03 9,15 18,88 
Red-IO 5,91 5,84 0,07 

Fine – DOFs 
(Full 167121, 
Reduced 183) 

ANSYS 193,66 16,94 176,72 
DUNE-FE 224,56 115,23 109,33 
IO 130,09 35,24 94,85 
Red-IO 21,94 21,84 0,1 

 

A comparison of the simulation times for the different 
approaches shows a remarkable reduction of the computation 
time by using MOR(Table 2). By reducing the model order of the 
rough mesh to 0,38 % of the full model, the simulation time to 
calculate the thermal field can be reduced by 78.14 % with 
respect to the full IO-Model. The integration step of the reduced 
model is 270 times faster. 

For those Timings, ANSYS 19.2 and DUNE in version 2.4.1 were 
used. The integration of the Models uses SuiteSparse (5.6.0 - 
UMFPACK) with the BLAS-Libraries OpenBLAS (0.3.7 for DUNE) 
and the intel MKL (2019.4.245) together with MTL in svn revision 
9592 for the IO-Models. All computations were carried out on a 
Windows-PC with Intel Core i5-6500 processor. 

4 Summary and Outlook 

In this paper, a new workflow to calculate the transient 
behavior of machine tools was introduced. It consists of the 
usual modeling of a finite element model with subsequent steps 
to generate a state space (IO-) model and a machine-readable 
description of the finite element model. 

The main advantage in the open format is the exchange with 
other software tools enabling their features to the standard 
engineering workflow. Further extensions include problem-
tailored time integration methods, which make use of the 
different time scales between the heat conduction and the 
relative moving components.  

The IO-Model can easily be replaced by a much smaller 
surrogate model, generated by MOR-techniques, within the 
same workflow.  

The potential for the usage of MOR for different use cases was 
shown by comparing simulation times and accuracy of the 
results against the results obtained by using the state of the art 
FE-tool ANSYS. Significant amounts of computational effort can 
be spared. 

Concerning the ongoing advancement of the modeling 
techniques and the intended extension to the consideration of 

uncertain and nonlinear effects in the model, further methods 
for MOR will be included. Furthermore, the presented workflow 
will be extended to calculate the deformation of machine tools. 
This will enable the user to investigate the whole thermo-elastic 
functional chain of machine tools during machine development 
and usage. 

The shown workflow is wrapped into an ANSYS Mechanical 
ACT Extension and is used by multiple subprojects of the 
CRC/TR 96. 
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Abstract 
 

Uncontrolled environmental conditions often impact manufacturing processes and lead to product quality fluctuations. For machine 
tools, thermal influences are a major limitation to the volumetric performance. Climate controls for the shop floor, machines or 
thermally stable structural designs are often economically not feasible, promoting control-based compensation as a possible solution. 
Since the relationship between disturbing quantities and effects are complex and specific to each machine, appropriate modelling is 
a critical requirement.  
 
The rigid body model, prevailing in various mathematical formulations [1], is currently a frequently used kinematic model for 
controller-based compensation of geometric errors and is computationally evaluable on the controller itself. One drawback of this 
model is that typically the compensation is based on static error tables and the variability of geometric errors is not taken into 
account. It is therefore the subject of many research activities to consider the variability of geometric errors within extended model 
approaches or alternatively to record them process parallel [2–4]. In general, the statement can be made that the more information 
is available on the geometric state of the machine, the less complex models are required. The same applies vice versa. In the context 
of digitalization, the availability of process-parallel data increases, but still the direct process-parallel recording of the volumetric 
error is technically unsolved. By recording and knowing the temperature and force distribution on the machine structure, it is 
possible, for example, to predict the deformation using FEM models, and hence predict the resulting volumetric error. However, this 
also requires precise information on the geometric structure of the machine and its material composition.  The problem that arises 
is on the one hand the high computational effort that results from the division into finite elements and on the other hand the high 
initial effort required for the geometry and material modelling. The effort for creating the model is not scalable to different machine 
types and must be done individually. 
 
Instead of classic FEM the authors pursue a new modeling concept for the elastic structure deformations, which is based on the 
approximation of typical deformation modes based on Bézier curves. Spline-based deformation modelling is described in various 
literature as particularly computationally efficient, with only small approximation errors compared to FEM [5–7]. 
Since this method is not based on basic physical assumptions, it is necessary to specify sensible preforming modes for machine tool 
structure components based on expert or experimental knowledge. The authors use additional machine tool integrated inclination 
and interferometric sensors to define actual deformation constraints. Preliminary tests are performed to compile a catalog of 
deformation modes, of which the best fitting ones are selected. 
The spline information is stored in a JSON (JavaScript Object Notation) file, which also contains the machine tool structural loop as 
well as rough structure component dimensions an positions. The authors call this abstracted physical body model. The foundation 
on JSON allows for arbitrary enrichment of the dataset with additional keys and objects, so that also static deformation data 
(geometric errors according to ISO 230-1:2012) can be stored. The authors developed the software VoluSoft which can read and write 
these files as well as calculate and visualize the machine deformation and the resulting volumetric error at arbitrary machine positions 
[8]. With this concept the authors try to overcome the drawbacks of FEM-based machine tool structure modelling and develop a 
solution, which is highly adaptable to different machine tool types even if no detail Information about machine geometry and material 
is available. 
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Figure 1 Visualization of a spline-based abstracted physical body model of a FYXZ serial machine tool kinematic. The shown deformation can occur 
by unsymmetrical deformation of the gantry-axis (Y). 

 
Figure 2 Comparison of FEM-based model (left), rigid-body model for linear axes (right) and spline-based abstracted physical body model (middle) 
of the exact same machine 
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Abstract 
Due to the increasing demand on more accurate products without losing high rates of productivity, the control of thermal induced 
errors in machine tools is still a relevant issue. To compensate the errors from thermal deformation, the temperature field in the 
machine needs to be known. In order to reproduce thermal fields, accurate models are needed, but not only that, apart from 
accurate, models are required to be of low computational effort. To overcome the issue of high time-consuming models, model order 
reduction techniques have been applied to thermos-elastic models. Moreover, it is necessary to obtain the maximum information as 
possible from experimental tests. Reduced order models are useful for this too. For all the aforementioned, this work proposes a 
methodology to evaluate the capabilities and limitations of two model order reduction techniques (thermal modal analysis and 
proper orthogonal decomposition) and their application to optimal sensor positioning and their robustness considering different load 
cases and conditions. 
 
Thermal modal analysis, Proper Orthogonal Decomposition   

 

1. Introduction 

Controlling errors due to thermal deformations is one of the 
biggest issues in machine tools due to the demand of more 
accurate products (straighter tolerances and better quality) and 
keeping high productivity [1].  

In order to predict the thermal induced errors, it arises the 
need of reproducing the thermal field. To do that, from 
experimental test it is necessary to acquire the maximum 
amount of information as possible with the minimum number of 
inputs. To do that, reducer order models are really useful.  

Some works have already been published dealing with model 
reduction techniques and methods for optimal temperature 
sensor placement. Koevets et al. [2] proposed a methodology 
based on comparing the optimal sensor positioning using nodal 
and modal compensation methods. Benner et al. [3] compared 
several model order reduction methods to find an optimal 
sensor positioning. In these works, thermal modal analysis and 
proper orthogonal decomposition methods are used.  

There are several mathematical methods to find the optimum 
sensor positions for thermo-elastic models. Research on thermal 
modal analysis has been performed on modelling of machine 
tools [4], on thermal error compensation on machine tools [5] 
and other applications [6], since its content on physical meaning 
helps to characterise well a thermo-elastic system. Proper 
orthogonal decomposition is a pure mathematical method [7,8] 
that works well when the conditions are well-known but does 
not extract all the physical content of the thermo-elastic system.   

In this work, a theoretical example of a 2D plate is proposed to 
compare the reduction methods of thermal modal analysis and 
proper orthogonal decomposition. The aim of the proposed 
study is to compare both methods and understand their 
capabilities and limitations by means of a sensitivity analysis. 
The objective is to understand in which applications or cases is 
more suitable each method. This builds a step towards a further 

analysis on optimal sensor positioning by means of these 
methods. 

2. Thermal modal analysis and Proper Orthogonal 

Decomposition for thermo-elastic models      

The case of study in this work is a square 2D plate fixed in one 
side, represented in Figure 1. The dimensions of the 2D plate are 
250mmx250mm, and two load positions are proposed for 
evaluation. 

 
Figure 1. Case study: square 2D plate fixed in one side    

The equation for calculating the thermal field may be written 
as 

𝑪𝒕�̇�(𝑡) + 𝑲𝒕𝜽(𝑡) = 𝒒(𝑡) (1) 

Where 𝑪𝒕 is the specific heat or thermal inertia matrix, 𝑲𝒕 is 
the conductivity matrix, 𝒒(𝑡) is the thermal load vector and 𝜽(𝑡) 
is the temperatures vector. The equation that couples the 
thermal with the elastic behaviour, when there are not included 
mechanical loads may be represented as 

𝑲𝒖𝒖(𝑡)  + 𝑲𝒖𝒕(𝜽(𝑡)  −  𝜽𝒓𝒆𝒇) = 𝟎 (2) 

where 𝑲𝒖 is the stiffness matrix, 𝑲𝒖𝒕 is the thermoelastic 
stiffness matrix, 𝒖(𝑡) is the displacements vector, 𝜽(𝑡) is the 
temperatures vector and 𝜽𝒓𝒆𝒇 is the initial temperature vector. 

Then the equation for a coupled thermoelastic analysis which 
results as combination of the Eqs. (1) and (2), may be written in 
matrix form as: 
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[
𝟎 𝟎
𝟎 𝑪𝒕] [

�̇�(𝑡)

�̇�(𝑡)
] + [𝑲𝒖 𝑲𝒖𝒕

𝟎 𝑲𝒕 ] [
𝒖(𝑡)
𝜽(𝑡)

]

= [
𝑲𝒖𝒕𝜽𝒓𝒆𝒇

𝒒
] 𝒛(𝑡) 

(3) 

where 𝑪𝒕 is the specific heat or thermal inertia matrix, 𝑲𝒕 is 
the conductivity matrix, 𝑲𝒖 is the stiffness matrix, 𝑲𝒖𝒕 is the 
thermoelastic stiffness matrix, 𝒒 is the thermal load vector,  𝒖(𝑡) 
is the displacements vector and 𝜽(𝑡) is the temperatures vector. 
Since the quantity of interest are the thermal deformation, the 
solution results as 

𝒚(𝒕) =  [
𝑶𝒖 𝟎
𝟎 𝑶𝒕] [

�̇�(𝒕)

�̇�(𝒕)
] (4) 

where 𝑶𝒖 and 𝑶𝒕 are the matrices that link the temperature 
and the displacement with the state-space output vector.  

Eqs. (3) and (4) may be re-written in state-space form as 
follows 

{
�̇�(𝒕) = −𝑪−𝟏𝑲𝒙(𝒕) + 𝑪−𝟏𝒇𝒛(𝒕)

𝒚(𝒕) = 𝑶𝒙(𝒕)                                  
 (5) 

where 𝒙(𝑡), 𝒛(𝑡) and 𝒚(𝑡) are the state vector, the input and 
the output respectively. 

2.1. Thermal modal analysis    

The discrete heat equation from Eq. (3) may be derived and 
may be written as 

𝑪𝒕  
𝑑 𝜽(𝑡)

𝑑𝑡
+ 𝑲𝒕 𝜽(𝑡)  =  𝒒(𝑡). (6) 

The system in Eq. (6) is a system of n first order linear 
differential equation with constant coefficients. So, the general 
solution of the system is the sum of the general solution of the 
homogeneous system plus a particular solution of the whole 
system. 

The homogeneous system is  

𝑪𝒕  
𝑑 𝜽(𝑡)

𝑑𝑡
+ 𝑲𝒕 𝜽(𝑡)  =  𝟎 (7) 

whose solutions are 

𝜽(𝑡)  =  𝚽 𝑒−𝜆 𝑡 , (8) 

 replacing them in the homogeneous system, it results 

(𝑲𝒕  − 𝜆𝑪𝒕)𝚽 =  𝟎. (9) 

This system is a generalised problem of eigenvalues and 
eigenvectors. The characteristic equation of this system is |𝑲𝒕  −
𝜆𝑪𝒕| =  𝟎. The solution of the characteristic equation gives n 
eigenvalues 𝜆1, 𝜆2, . . , 𝜆𝑛. The eigenvalues are the inverse of the 
time constantans of each mode 𝜏1, 𝜏2, . . . , 𝜏𝑛. Replacing the 
eigenvalues in the system and solving it is obtained a series of 
eigenvectors 𝚽𝒊 associated to them. So, the general equation of 
the homogeneous system results 

𝜽(𝑡)  =  ∑ 𝑫𝒊

𝑛

𝑖=1
𝚽𝒊 𝑒

−𝜆𝑖 𝑡  (10) 

The particular solution of the whole system depends on the 
shape of the thermal excitations 𝒒(𝑡), and it results 

𝜽(𝑡)  =  𝑲𝒕−𝟏
 𝒒(𝑡)  (11) 

 
thus, the general solution of the system is 

𝜽(𝑡)  =  𝑲𝒕−𝟏
 𝒒(𝑡)  + ∑ 𝑫𝒊

𝑛

𝑖=1
𝚽𝒊 𝑒

−𝜆𝑖 𝑡 (12) 

The study of a discrete thermal system can be reduced to the 
resolution of a classic problem of eigenvalues and eigenvectors 
as  

𝑲𝒕 𝑽𝒊  = 𝜆𝑖   𝑪𝒕 𝚽𝒊   (13) 

The eigenvectors 𝚽𝒊 form a system of n lineally independent 
vectors that constitute a base. The temperature vector 𝜽(𝑡) can 

be expressed related to this base with some new coordinates 
𝝃(𝑡), that is  

𝜽(𝑡)  =  ∑ 𝚽𝒊𝝃𝒊(𝑡)𝑛
𝑖=1 =  𝚽𝝃(𝑡).  (14) 

Replacing Eq. (14) int the original system of Eq. (6) and 

multiplying by 𝚽T 

𝚽𝑻𝑪𝒕𝚽�̇�(𝑡)  + 𝚽𝑻𝑲𝒕 𝚽𝝃(𝑡)  = 𝚽𝑻 𝒒(𝑡), (15) 

then, if 𝚽𝑻 𝒒(𝑡)  =  𝝍(𝑡), Eq. (15) may be re-written as  

�̇�(𝑡)  + 𝛌𝝃(𝑡)  = 𝝍(𝑡), (16) 

since 𝚽𝑻𝑪𝒕𝚽 = 𝟎 and 𝚽𝑻𝑲𝒕 𝚽 =  𝛌 due to the 
orthogonality of the eigenvectors respect to the matrices 𝑲𝒕 and 
𝑪𝒕. As 𝛌 is a diagonal matrix, immediately it is observed that in 
Eq. (16) there is a system of n uncoupled equations with the 
form 

�̇�(𝑡)  + λ𝑖  𝝃(𝑡)  = 𝝍𝒊(𝑡). (17) 

Thus, with 𝝃(𝑡), denominated natural coordinates, the system 
of n differential equations with n variables becomes n equations 
of a single variable.  
The eigenvectors 𝚽𝒊 are the so-called natural thermal modes, 
and the methodology employed for uncoupling equations of 
thermal balance is called Thermal Modal Analysis (TMA). 

2.2. Proper Orthogonal Decomposition      

Proper Orthogonal Decomposition (POD) method is based on 
the SVD computation of a matrix that contains various vector 
results (from simulations or experimental measurements). 
These vectors are denominated snapshots. Considering the 
linear dynamical system in Eq. (5), for a fixed input 𝒛(𝑡), the 
state trajectory 𝒙(𝑡)  at certain instants 𝑡𝑘 is measured as 

𝝌 = [𝒙(𝑡1)  𝒙(𝑡2) …  𝒙 (𝑡𝑛𝑠𝑛𝑎𝑝
)]  ∈ ℝ𝑛×𝑛𝑠𝑛𝑎𝑝 (18) 

being 𝝌 the matrix of snapshots and 𝑛𝑠𝑛𝑎𝑝 the number of 

snapshots, in general 𝑛𝑠𝑛𝑎𝑝 ≥ 𝑛. The singular value 

decomposition of 𝝌 is performed and if the singular values of 
this matrix fall off rapidly, a low-order 𝑘 approximation of this 
system may be computed 

𝝌 = 𝑼𝑺𝑽∗ ≈ 𝑼𝒌𝑺𝒌𝑽𝒌,    𝑘 ≪ 𝑛. (19) 

The eigenvalues of 𝝌 typically decay exponentially for 
snapshots drawn from the heat equation. The truncation 
threshold to obtain 𝑘 is chosen such that the ratio of the 
energies contained in the bases of the reduced and full models 
is near 1, that is, 

∑ 𝜆𝑖
𝑘
𝑖=1

∑ 𝜆𝑖
𝑛𝑠𝑛𝑎𝑝𝑠ℎ𝑜𝑡𝑠

𝑖=1

=  
∑ 𝜆𝑖

𝑘
𝑖=1

𝑡𝑟𝑎𝑐𝑒(𝑺)
≈ 1, (20) 

being 𝜆𝑖 the i-th component of the diagonal of the matrix 𝑺. 
Then the model reduction is applied to the state space 𝒙(𝑡) as 

follows 

𝒙(𝑡) ≈ 𝑺𝒌�̂�(𝑡) (21) 

where 𝑺𝒌 ∈ ℝ𝑛×𝑘 and �̂�(𝑡)  ∈ ℝ𝑘. 
The main problem of this method is that the resulting 

simplification depends on the initial excitation imposed to the 
system, the obtained singular values are not system invariants. 
The main advantage arises from the applicability to high-
complexity linear and nonlinear systems. 

 

3. Methodology        

In this section, a methodology to find the optimum sensor 
placement for the mathematical methods of thermal modal 
analysis and proper orthogonal decomposition is proposed. The 
presented methodology considers physical meaning and 
practical/operational viability. 
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3.1. Modes comparison 

In order to stablish a reasonable criterion for both methods, 
the thermal modes of thermal modal analysis are compared with 
the modes of the base 𝑺𝒌 from proper orthogonal 
decomposition method. 

The main difference between the modes from thermal modal 
analysis 𝚽𝒊 and the ones from POD 𝑺𝒌𝒊 is the physical meaning 

or content. In the case of thermal modal analysis, the thermal 
modes contain information from the physical system and are 
independent from the thermal load imposed to the system. In 
the case of POD, the thermal modes depend on the matrix of 
snapshots 𝝌.  

In Figure 2 are shown the first four modes of thermal modal 
analysis (a) and from POD (b). As it may be observed, the modes 
shape is completely different. In Figure 2 (b) it is seen that the 
modes shape of POD depends on the input load.   

  
(a) (b) 

Figure 2. First four thermal modes from thermal modal analysis (a) and 
from POD (b).   

Figure 3 shows the thermal growth that corresponds to the 
modes in both cases thermal modal analysis (a) and POD (b). As 
in the case of the thermal modes the growth behaviour for this 
case of study for POD Figure 3 (b) depends on the input load 
location, not like in the thermal modal analysis Figure 3 (b) case 
that depends on the system. 

  
(a) (b) 

Figure 3. First four growth modes from thermal modal analysis (a) and 
from POD (b).   

The shape of the thermal modes is going to be used to select 
the sensor position, in order to optimise the quantity of 
information acquired. 

3.2. Base reduction and number of sensors     

The number of relevant modes or order to reduce the base 
depend on the method. In the case of proper orthogonal 
decomposition, the reduction is related with the truncation 
condition in Eq. (20). In the case of thermal modal analysis, the 
modes are order considering the value of the time constants of 
each mode 𝜏𝑖. 

3.3. Sensor position selection      

Since in real physical systems there exists limitations, (due to 
shapes, functionalities, …) the first consideration to be made it 
is to impose limits to the possible sensor locations. To do that, 
the first step is to divide the body into cells where there could 
exist the possibility to place the sensors. The sensor location is 
going to be selected where the maximums or minimums of the 
most significant modes are located. This would give some 
physical meaning and content to the problem. Figure 4 shows an 
example of how the sensor placement pre-selection would be.   

 

 
Figure 4. Available positions for sensor location and sensor position 
location based on absolute maximums of the modes.    

For each mode a certain number of absolute maximums is 
needed, that would mean number of sensors by mode, and the 
quantity of modes to be used has to be defined or selected. To 
do so, the information that contains each node and its weight 
has to be evaluated. 

4. Results and analysis 

In order to evaluate the capabilities of thermal modal analysis 
and proper orthogonal decomposition methods, two sensitivity 
analysis are proposed. The first one is focused on the modal base 
reduction and the second one with the optimal sensor 
positioning. 

To perform the sensitivity analysis, the load position of case 1 
from Figure 1 with a step input is selected to create the base of 
both methods. From the base obtained with this analysis, 
several load cases (unit step, sinusoidal) will be evaluated 
performing variations on amplitudes and frequencies. 
Moreover, the accuracy of the reduced models when the load 
position is modified will be evaluated. 

In the case of optimal sensor positioning, a comparative 
analysis of optimal sensor placement will be performed. The 
objective of this analysis is to understand which method (POD or 
TMA) is more adequate depending on the case under study.   

As a result of the methodology proposed in Section 3, the 
capabilities and limitations of thermal modal analysis and proper 
orthogonal decomposition as model order reduction techniques 
are going to be stated. Furthermore, an evaluation of the 
capacities and versatility of both methods regarding optimal 
sensor positioning will be performed. 
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Abstract 
The aim of this work is to develop an optimised design for a machine frame, which minimises thermal expansion. The work presents 
a study of a design concept for a lattice structure with a tailorable coefficient of thermal expansion (CTE). The proposed design is an 
assembly of two parts: a lattice and a cylinder which fits inside the lattice (Figure 1). The two parts are made of different homogenous 
materials with different positive CTEs. Nine different models were investigated and their thermal and structural behaviour analysed 
using a finite element method. The relationship between the size of the cylindrical inner part and the lattice outer part was mapped 
out to understand their relationship and the effects on the CTE. The simulation showed that for a lattice design, using nylon 12 and 

ultra-high-molecular-weight polyethylene, the thermal expansion can be reduced from 109  10-6 K-1 to 12  10-6 K-1. An experimental 
rig was designed to measure the thermal expansion of the model for a range of temperatures. One model has been physically built 
and the CTE was measured experimentally. The lattices were fabricated using powder bed fusion. The dimensions of the built 
specimen were measured using X-ray computed tomography. This paper proves that the combination of design optimisation and 
additive manufacturing can be used to achieve low CTE structures and, therefore, low thermal expansion machine frames at low cost. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. The proposed design. 
 
 
Coefficient of thermal expansion, lattice structure, metrology frame, finite element analysis, powder bed fusion, additive manufacturing  
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Abstract 
Length measurements are to be made at standard temperature 20°C, otherwise errors due to thermal expansion of workpieces and 
scales will occur. In production environments this cannot always be granted. DIN EN ISO 15530-3 describes a technique to correct 
the measurement error by referring to a calibrated reference workpiece. We have investigated this approach theoretically and 
experimentally and present some results.       
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1 Introduction  

Geometric measurements are affected by temperature changes 
because of the material-specific temperature expansion of 
workpiece and instrument. For that reason the environmental 
conditions have to be tightly controlled for precision 
measurements. In real-world applications, especially in 
production environments, it is often not possible or 
economically not affordable to control the environment to the 
standard temperature of 20°C that is required by the relevant 
national and international standards. This problem is even more 
demanding for many developing countries situated in areas with 
hot climate. 

In principle this problem can be solved as far as the temperature 
distribution is known and a model of the measurement system 
is available. However, the complexity of a cmm with 3 axes is 
quite demanding, as 21 degrees of freedom have to be 
controlled. Only the manufacturer of the cmm has access to the 
required data. Software modules for correction of thermal 
errors are available for high-end cmms. 

Our measurement strategy is based on DIN EN ISO 15530-3 [1]  
and can be applied without special mathematical or engineering 
skills. A single selected workpiece is calibrated and applied as a 
reference for checking the conformity of all other produced 
parts of that type. Thermal effects then only affect the 
geometrical difference between the reference part and the 
serial part. This difference typically is much smaller than 1mm 
and only this length difference will change by an index of 
thermal expansion in the order of 10-5 (relative), resulting in an 
absolute deviation in the order of less than 1µm. 

2 Theory 

Let l20 be the length of a workpiece measured at standard 
temperature and l the length of that same workpiece measured 

at some temperature T = 20°C + ΔT. With the coefficient of 

thermal expansion we get equation 1: 

𝑙 = 𝑙20(1 + 𝛼 ∙ ∆𝑇)    (1) 

In general the workpiece and the scale will have different 
temperatures so that we can write equation 1 for both of them, 
identifying them with the index “wp” or “sc”, respectively: 

𝑙𝑠𝑐 = 𝑙20𝑠𝑐(1 + 𝛼𝑠𝑐 ∙ ∆𝑇𝑠𝑐) 

𝑙𝑤𝑝 = 𝑙20𝑤𝑝(1 + 𝛼𝑤𝑝 ∙ ∆𝑇𝑤𝑝) 

This leads to the correction formula: 

𝑙20𝑤𝑝 =  𝑙𝑤𝑝
1+𝛼𝑠𝑐∙∆𝑇𝑠𝑐

1+𝛼𝑤𝑝∙∆𝑇𝑤𝑝
   (2) 

If the temperatures and the coefficients of thermal expansion 
were precisely known, a correction of the thermal error is 
possible. Instead of this we refer to the calibrated workpiece 
with nominally the same geometry, made from the same 
material (Figure 1) and measured under the same non-standard 
temperature and end up with the following simple formula: 

𝑙20 𝑤𝑝 =
𝑙20 𝑟𝑤𝑝 × 𝑙𝑤𝑝

𝑙𝑟𝑤𝑝
 

 With:  l20rwp: known calibration value  

  lrwp: measured value at temperature T 
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 Figure 1. Serial test in production referring to a calibrated reference 
workpiece rwp 

 

3 Experiments and Simulation Calculations 

We tested this approach experimentally with a number of 
workpieces, ranging from simple end gauges to complex shaped 
test workpieces (Figure 2). Using a cmm Werth VideoCheck HR 
without internal temperature compensation for the 
measurements we varied the room temperature between 16°C 
and 24°C. In all cases the resulting errors were in the order of 
only a few µm.  

To overcome the limited variation range of the temperature 
control of the cmm we added an experiment at 40°C, using a 
precision optoelectronic probe (Heidenhain SP25, Figure 3). 
Though the error due to thermal expansion in this case was 
more than 80µm, we were able to correct it to less than 2µm. 

 

Figure 2. Complex shaped test workpieces used for our experiments 

We simulated the temperature distribution resulting from heat 
exchange between workpiece and surrounding air using the 
software ANSYS. Workpieces with complex shape show local 
temperature gradients that lead to inhomogeneous 
deformation. Because of the similarity of reference and serial 
workpiece, however, the difference between both will stay 
small. 

An in-depth error analysis according to GUM can be found in [2].  
Considering realistic assumptions we estimate the expanded 
uncertainty of a length measurement of a workpiece with about 
100 mm length to 5µm. The analysis of the error budget shows 
that the main error contributions are the measurements of the 
actual lengths of workpiece and reference workpiece and 
variations in material properties in serial production.  

 

 

 

Figure 3. SP25 probe with different workpieces 

 

Figure 4. Colour-coded display of the temperature distribution of a 
workpiece caused by heat exchange with the ambient air 

It has to be emphasized that the technique proposed here is 
limited to homogeneous workpieces. Workpieces made from 
multi-materials or showing extreme temperature gradients may 
exhibit large warpage errors that can neither be corrected by our 
simple approach nor by the more sophisticated correction 
modules offered by cmm manufacturers 
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Abstract 
 
The demand for more accurate machine tools is continuously rising.  Therefore, thermal error compensation methods need to get 
more precise under thermo-elastic real time conditions.  This paper introduces a simulation model architecture that combines the 
accuracy of geometric measurements with the adaptability to transient thermal distributions of simulation models.  It is shown, how 
a geometric measurement result can be processed to be fed back into the simulation model to increase its accuracy.   
 
Machine tool, Deformation, Thermo-elastic behaviour, Simulation 

 

1. Introduction  

Machine tools like milling and turning machines have become 
an integral part of the production process.  They must cope with 
continuously rising requirements on workpiece complexity and 
accuracy.  To achieve these requirements, machine tool 
manufacturers are working on reducing potential machine error 
sources to a minimum.  A major part of the total error is the error 
resulting from thermal influences, which can have a share of up 
to 75% on the total error [1].  This high error share is even more 
concerning, when looking at the trend of small batch sizes to 
custom fit products to consumer needs [2].  Since machining 
conditions change more frequently with small batch sizes, the 
machine is constantly in a transient state.  In this transient state, 
thermal compensation methods are less accurate, which leads 
to an increase of the thermal machine error.  To reduce the error 
from this transient machine behaviour, this paper introduces an 
architecture for an FE-model that can simulate the machine 
distortion and the resulting displacement of the Tool Centre 
Point (TCP).  Furthermore, a procedure is shown how the results 
of geometric measurements can be fed back into the model to 
compensate inaccuracies resulting from the model abstraction. 

2. Thermal error machine compensation 

Machine tool manufacturers take different approaches to 
compensate thermal machine errors.  Besides design measures 
to control heat flow in and out of the machine structure to 
homogenize the thermal field in the structure, also Numerical 
Control (NC) based approaches are well established.  
Traditionally, this compensation is implemented by measuring 
the displacement of the TCP in the machining area at one or 
more positions, for example using an ETVE test according to 
ISO 230-3 [3].  The measurement results are used to compute a 
compensation table with which the NC compensates the 
geometric error [4, 5].  Since geometric machine measurements 
tend to be either inaccurate or time consuming, current 
research efforts focus on solving this conflict of objectives.  
Brecher et. al. were able to develop a measurement procedure 
that is able to compute axes errors from a dynamic R-Test 

measurement in under eight minutes [6].  Due to the 
combination of a short measurement time and accurate 
measurement results, the dynamic R-Test is used for the 
geometric measurements in the experiments discussed in this 
paper.  However, all geometric measurements including the 
dynamic R-Test have in common that they only pose a snapshot 
of the machine distortion.  They are valid for as long as the 
thermal distribution in the machine structure is nearly constant.  
For transient machine behaviour the measurement process has 
to be repeated often, reducing the productivity of the machine. 

More recently, there has been a focus on modelling the 
machine tool deformation.  In contrary to a real measurement 
of the machine geometry, modelling of the machine behaviour, 
has the benefit that it can be compensated in real time [7, 8].  
Turek et. al. created a model which includes the whole machine 
structure, but in order to integrate it into the machine they 
needed to simplify the model. This leads to a significant decrease 
in precision [9]. 

In order to use the benefit of the accuracy of geometric 
measurements and the ability to adapt the compensation for a 
transient heat distribution of the simulation, this paper develops 
a model architecture to combine the two methods.  The 
resulting theoretical compensation is depicted in Figure 1.  The 
figure shows the displacement of the TCP of a machine tool.  In 
the example, a geometric measurement is conducted at three 
time points. The TCP displacement at these points is used in a 
traditional compensation method to compensate the TCP 
displacement.  Since this kind of displacement is not adaptive to 
the transient machine distortion, the compensation error 
increases over time.  In contrary to this static approach of the 
traditional machine compensation, the proposed compensation 
method estimates the TCP displacement between two R-Test 
measurements using a white box simulation model.  The results 
of the simulation model can be used to compensate the TCP 
position in between measurements.  When the model 
uncertainty and thus the machine positioning error get too high, 
the R-Test is repeated.  The figure shows how the difference 
between the actual TCP displacement and the compensation 
value is much smaller for the proposed method compared to the 
traditional method, thus decreasing the positioning error.  
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Figure 1. Proposed machine compensation method in comparison to 
traditional method.  

3. Model architecture 

The most important requirement for the model architecture is 
a high computing speed.  The computation time needs to be 
short enough to model in thermal real time, which is considered 
to be one minute.  To achieve a high speed, the simulation will 
have a high degree of abstraction, which inevitably results in a 
larger computing error.  The model architecture, shown in Figure 
2, is designed to cope with this error.  

 

 
Figure 2. Model architecture for a real time machine compensation with 
geometric measurement feedback. 

The basis for the model are the measurements gathered on 
the machine.  Temperature sensors are placed onto multiple 
points of the machine structure.  Together with the NC data, 
which provides information for instance about the introduced 
power, they deliver continuous information about the state of 
the machine.  Next to this continuous data, a dynamic R-Test 
measurement is conducted in regular intervals and provides 
accurate “snapshots” about the machine distortion for the point 
in time of the measurement.  

While the individual axes errors can be computed from the 
geometric measurement directly by a reverse transformation, 
the temperatures and NC data is fed into a thermo-elastic model 
of the machine which calculates the machine deformation.  The 
machine deformation is then analysed to give the axes errors 
which can be used for the compensation of the machine.  At this 
point, the model has two values for axes errors.  One of them 
comes from the geometric measurement and one from the 
simulation of the machine.  The vector between the results is 
calculated and used to increase the accuracy of the simulation 
model. 

4. Summary and outlook 

This paper proposes a model with which it is possible to 
improve the thermal compensation of machine tools.  It is 
presented how the model combines the existing approaches of 
geometric machine measurements and white box simulation 
models.  Furthermore, a model architecture is proposed which 
describes how the method can be integrated into the machine 
compensation procedure. 

In further work, it needs to be explored how precise the model 
can simulate the machine deformation.  Estimating the accuracy 
of the simulation model can give information about when a 
geometric measurement needs to be conducted.  It should be 
investigated how the model accuracy develops and how a 
change of the measurement interval changes the measurement 
effort and accuracy of the model. 
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Abstract 
 
It will not be an exaggeration to state that nowadays the quality control department is one of the most important sections in 
modern production facilities. An effective control department can prevent huge financial losses associated with the waste of means 
of production as well as those resulting from breaching contracts. That explains the high demand for methods and measuring 
techniques which are characterized by both reliability and accuracy. In terms of geometric quantities measurements the solution 
which meet those requirements is the Coordinate Measuring Technique (CMT) which over last several decades became one of the 
most often utilized methods in industrial practice. The main tool of CMT is Coordinate Measuring Machine (CMM). Such machines 
have been developed and modernized for many years, so the problems of classic CMMs are quite well known and successfully 
corrected. One of the most significant factors affecting CMM accuracy is temperature. Measuring instruments and especially CMMs 
are often made of many materials characterized by different coefficients of thermal expansions, which means that appropriate 
constructions and connections of such elements should be used to avoid excessive stresses and torsions of the machine which 
cause deterioration of accuracy. The main kinematic elements of devices intended for work in production halls are made of 
materials such as granite or ceramics which are characterized by a low coefficient of thermal expansion. Such solution allows 
machines to work in a wide temperature range (15-35 °C) without significant reduction of the quality of measurements. 
Additionally, temperature compensation is usually used to ensure stable measurement results. In that case correction can be 
performed for individual kinematic axes and with the use of an additional temperature sensor for the measured part, so the 
measurement results are referred to standard conditions of 20 °C. Modern market requirements force producers to constantly 
strive to reduce the costs associated with the production of the product. Such reduction can be implemented in many ways, one of 
them is minimization of machine downtime and optimization of its worktime. Of course, complete elimination of downtime is 
impossible even because each measuring machine requires periodic inspections by the service and confirmation of its accuracy, 
which is usually carried out by external laboratories. During services, the machine is turned off and, as a result, its operating 
temperature drops, which is why many manufacturers use special programs to warm up the machine before servicing starts. A 
similar situation related to a decrease in the operating temperature of the machine occurs when system of one or two shifts is used 
in the plant, when the machine is turned off or not used until the next shift. Researchers from Laboratory of Coordinate Metrology 
decided to examine whether the problem of using not warm-up machine may cause instability of measurements and whether 
warming-up measurements should be used before the machine would be used for its primary purposes. Additionally, obtained 
results allows estimation of the uncertainty of the temperature sensor applied to the machine parts. Experiments were carried out 
on a Zeiss O'Inspect 442 multisensor measuring machine which is located in a temperature stabilized room T = 20.3 °C ± 0.2 °C. 
Research started with recording the temperature of the measured part on a stopped machine. The machine was then programmed 
and stayed turned on for 46 hours of continuous part measurement. The experiments allowed to identify the time needed for the 
machine to obtain a stable operating temperature as well as its value - Figure 1. 
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Figure 1.  Part temperature changes during 46 hours of measurement. 

 
Additionally, it was checked whether the results collected during temperature stabilization were acceptable and whether they were 
subjected to additional measurement uncertainty.  
The obtained results turned out to be very interesting. The results were divided into two groups: related to machine warming-up 
process and obtained when the machine had achieved temperature stability. The results show that in the first group where it was 
expected to observe the non-stability of the measurements, the results in fact do not show an effect associated with the lack of 
warming-up of the machine, as the first and second group of measurements give comparable results. However, it should be noted 
that the tests were carried out on a relatively small measuring machine and possible measurement instability associated with 
measuring the element immediately after turning the machine on is very small and should not affect the results. In the future, the 
authors plan to repeat the experiment on a machine with a much larger working range.  
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