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Nomenclature 

amb ambient 

AMP another machine producer 

ANN artificial neural network 

ARX Autoregressive model with external input 

an calibration coefficient of the transfer function input [μm2/°C] 

bm calibration coefficient of the transfer function output [μm] 

C corrected thermal compensation model 

cp specific heat capacity [J·kg-1·K-1] 

dyn dynamic 

E excitation of a dynamic system [K] 

ETVE environmental temperature variation error 

FDM finite difference method 

FEM finite element method 

FIT global indicator of approximation quality [%] 

𝑔 correction factor 

in input source of thermal compensation model (temperature sensor) 

𝑙 length of the MT part [um] 

𝑙1 the default length of the MT part [um] 
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LTI Linear Time Invariant 

mea measured 

MLRA Multiple linear regression analysis  

MT machine tool 

N uncorrected thermal compensation model 

OE Output error model 

PTP peak-to-peak method; the worst absolute approximation quality 

R response of a dynamic system [µm] 

RCMT Research Center of Manufacturing Technology 

RES residuum; a local indicator of approximation quality [µm] 

S/N serial number 

stat static 

syst system 

TCP tool centre point 

Tin input in thermal compensation model [K] 

TY,Z dyn sensor on the front side of the ball screw nut in Y, Z direction 

TY,Z stat sensor on bearing house of the bearing screw in Y, Z direction 

TY,Z syst sensor in the motor of linear axis Y, Z 

𝑢(𝑡) the input of the system in the time domain 

XTY deformation in X machine direction during linear motion in Y-axis [um] 
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XTZ deformation in X machine direction during linear motion in Z-axis [um] 

Y input data matrix (temperature, spindle speed, etc.) 

𝑦(𝑡) the output of the system in the time domain 

YTY deformation in Y machine direction during linear motion in Y-axis [um] 

YTZ deformation in Y machine direction during linear motion in Z-axis [um] 

ZTY deformation in Z machine direction during linear motion in Y-axis [um] 

ZTZ deformation in Z machine direction during linear motion in Z-axis [um] 

α coefficient of thermal expansion [K-1] 

𝛽 correction coefficient 

𝛿 thermal error of the e.g. spindle in a definite direction [µm] 

𝛿𝑋 deformation at TCP in X direction [µm] 

𝛿𝑌 deformation at TCP in Y direction [µm] 

𝛿𝑍 deformation at TCP in Z direction [µm] 

Δ𝑇 difference of the (measured) temperature [K] 

𝛿𝑍̅̅̅̅  arithmetic mean at the time of the measured deformation 

휀 transfer function in the time domain [1] 

휀amb transfer function of ambient environment influence [1] 

휀𝑖𝑛
𝑋𝑇𝑌 transfer function of relevant source (input; in) and deformation 

 (XTY,…,ZTZ) [1] 

λ thermal conductivity coefficient [W·m-1·K-1] 
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1 Motivation 

The general motivation of the research is to improve the machine tool (MT) 

accuracy by using methods to minimize its thermal errors. 

The motivation of this thesis is the analysis of different temperature inputs to 

the compensation model that could have a significant impact on the quality of 

thermal errors prediction. 

Further motivation is the study of the possibilities of an industrial application of 

thermal compensation models: significant time and resource savings for MT 

producers could be achieved through model portability. The portability of thermal 

compensation models could lead to wider adoption of software compensation in 

their products. 
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2 Introduction  

One of the primary factors influencing the geometric accuracy of MTs are 

thermal errors [1]. Except for the spindle unit, other elements significantly 

influencing the thermal behaviour of MT are motors of MT linear axes, movement 

mechanisms (bearings, lead screws, etc.), and changes in environmental 

temperature. One approach how to compensate MT thermal error is the use of 

transfer function [2]. The advantage of models based on transfer functions is 

a possibility to solve each heat source influence contributing to overall MT thermal 

error separately. The resulting approximation is then the sum of the solutions of the 

partial influences (single motors of MT linear axes, lead screws, ball screw nuts, 

environment, etc.). The input into the transfer function is the temperature in this 

case. The location where the temperature is measured could significantly influence 

the approximation quality of the predicted thermal error. Therefore, the influences 

of using 3 different inputs to the thermal compensation model on the approximation 

quality of the predicted thermal error were compared. For this purpose, thermal 

error compensation models based on the transfer function principle were calibrated. 

The measurements were performed on a 5-axis milling center of the upper gantry 

type. 

The portability of the thermal compensation models to MTs of similar 

structure and size was further evaluated. The evaluation was performed for 4 MTs of 

the same product line and one MT by another producer. Results of portability within 

target machines and thermal compensation models, possible causes of inaccuracies, 

and impacts on MT producers are discussed in detail. 
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3 The state of the art  

3.1 Deformation of machine tools 

The machining accuracy of MTs, resulting in an inaccuracy of dimensions of 

a machined workpiece, is affected by a number of influences, which can be modified. 

Very important are the influences of the MT itself, which affect the accuracy of 

machining. 

A MT can generally be considered as a rigid system. However, if the MT is in 

the working process, it is loaded by many dynamic and non-stationary influences that 

cause its deformation. 

3.1.1 Deformations caused by MT geometry and kinematics 

Geometric errors in the MT can occur as a result of inaccuracies in assembly 

or by choice of an inappropriate construction design. The suitability and quality of 

the components is also important. Errors can be greatly increased by MT overload. 

Kinematic errors are mainly a consequence of linear or circular interpolations 

and the combined movement of several MT motion axes [3]. 

3.1.2 Static deformation 

Static deformation is related to the static stiffness of MT and its structure, 

including also deformation errors between the tool and the workpiece. This includes 

deformations caused by wear of MT, tool or jig components, tool clamping, incorrect 

jig setting, low tool or jig stiffness, workpiece displacement during the machining, or 

due to the action of the MT own wight [3]. 
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3.1.3 Dynamic deformation 

Dynamic deformations occur during the cutting process. Their size is 

influenced by the dynamic stiffness of the MT itself (especially the base, stand, etc.), 

but mainly by the selected cutting conditions. Their inappropriate choice causes 

vibrations. The accuracy of the MT varies depending on the dynamic stiffness of the 

structure within the specific cutting conditions.[3]. 

3.1.4 Thermal deformation 

Thermal deformations are caused by the effects of temperature on the MT, 

and therefore by a longitudinal expansion of the material due to temperature 

changes [4]. Thermal errors can cause up to 70% of overall MT errors [5]. In detail in 

section 2.2.  

3.2 Heat and thermal deformation in MTs 

Change in the temperature ΔT in the MT space and its parts (∆𝑇) results from 

heat-sharing processes in the MT system and its surroundings. It causes a change in 

the length of the body l; see equation ( 1 ). 

𝑙 = 𝑙1 · (1 + 𝛼 · ∆𝑇) ( 1 ) 

3.2.1 Heat generation in the MT and its transfer 

The MT is a complex system with many components that represent heat 

sources. It is also necessary to consider the thermal influence of the surrounding 

environment. Heat sources can be divided into two basic groups: internal and 

external heat sources [6]. 

- Internal sources 

In general, spindles and motion axes (motors, bearings, ball screws, linear 

guides, clutches, etc.) are considered as dominant heat sources in the MT [7]. An 
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important source of heat generation is also the machining process itself. Most 

mechanical energy needing to separate chips is converted into heat during the 

machining process (about 60% of the heat is stored in the chips) [8].  

A combination of internal and external heat sources occurs during a real 

working process. Internal heat sources affect the surrounding air and distribute heat 

to more distant parts of structures and relatively quickly affect the thermo-

mechanical state of the MT structure [6]. 

- External sources 

Nearby located machines, aggregates, heaters, lights, direct sunlight, etc., are 

considered external heat sources affecting MT structure. An important factor is the 

influence of the ambient air, which can heat or cool the MT due to the difference 

between the value of the ambient air temperature and the temperature of individual 

parts of the MT. The change in the ambient temperature of the MT is influenced, e.g., 

by the opening and closing of gates and windows in the production hall, as well as 

the geographical location of the MT [6]. The importance is also confirmed by the fact 

that ambient temperature influences are part of the tests called ETVE (environmental 

temperature variation error) in the international standard ISO 230-3 [10]. 

The ambient temperature of the MT changes during the day and during 

different year seasons in the non-air-conditioned production hall. The change in the 

ambient temperature of the MT affects both the MT structure and the dimensions of 

the workpiece. The ambient temperature varies over time but may also variate at 

different height layers (especially for large MTs) [6]. 

Heat transfer 

A temperature difference causes heat transfer. Heat transfer is always 

produced from a region of high temperature to another area of lower temperature 
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(as described in the second law of thermodynamics) in three basic modes (see Fig. 1) 

[11]: 

- Conduction – heat transfer occurs across the medium when 

a temperature gradient exists in a stationary medium (which may be solid 

or fluid). 

- Convection – heat transfer that will occur between a surface and a moving 

fluid when they are at different temperatures. 

- Radiation – heat transfer by electromagnetic waves between two surfaces 

at different temperatures. 

 

Fig. 1 Conduction, convection, and radiation heat transfer modes [8]. 

In MT and its modelling, the primary observed influence of heat transfer is 

conduction in the construction and heat transfer by convection. Heat transfer 

generated by radiation can usually be considered insignificant inside the MT [12]. 

However, heat transfer by radiation is relevant in MT, especially in parts reaching 

high temperatures of more than 450K [13] (e.g., the influence of the cutting process 

– heat transfer by radiation to the MT structure from hot chips or tools).  

It is necessary to create for MT a suitable – ideally a temperature-stable 

environment without drafts and direct sunlight. The MTs are often placed in air-

conditioned rooms if requirements for machining accuracy are very high. However, it 

is still important, e.g., to prevent the door from opening in the finishing phase of the 
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machining of precision parts; or to provide full functionality and maximum possible 

efficiency of the transition chambers at the entrances and exits from the production 

room. 

3.2.2 Thermo-mechanical error 

A thermo-mechanical error can be described as a deviation from the planned 

mutual movement of the tool and the workpiece, which was caused by temperature 

changes. It is an undesirable relative movement between the tool and the workpiece 

due to the thermal expansion of the individual parts of the MT [14]. Fig. 2 shows the 

direct dependence of the temperature error at a TCP of the MT on the temperature 

field, directly related to the heat sources [15]. 

 

Fig. 2 Thermo-elastic functional chain [15]. 

There are many different heat sources in MT, e.g., motors, pumps, bearings, 

drives, clutches, gears, guideways, cutting process, chips, external heat sources etc. 

[14]. The effect of these sources is shown in Fig. 3. The diagram divides the overall 

thermal problem into two major categories – the impact of uniform temperatures 

other than 20°C and the effects of non-uniform temperatures [5]. 
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Fig. 3 Diagram of thermal effects on MT [5]. 

The machining accuracy of the MT is given by the volumetric error of the 

MT – a combination of all MT errors (geometric, kinematic, static, dynamic, thermal) 

[16]. Currently, thermal errors are considered to be the most dominant part in the 

volumetric accuracy of the MT [1]. Thermal errors contribute 40-70% to the total MT 

error caused within machining [5]; similar conclusions also are in [6]. An extensive 

survey was attended by 55 manufacturers from Europe and Asia and 20 MT users 

from Germany in 2018. They were asked about the relevance, causes, and 

consideration of thermal errors [17]. The results are shown in Fig. 4. 
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Fig. 4 Assessing the size of the thermal error compared to the total error for all companies [17]. 

Errors caused by thermal deformation are either geometrical or size (linear). 

Squareness, straightness, flatness, and angular motion geometrical errors are caused 

by temperature gradients or non-uniform coefficients of expansion [5]. A simple 

schema explaining the linear and geometrical thermal deformation can be seen in 

Fig. 5. 

 

Fig. 5 Schema of the linear and geometrical thermal deformation [18]. 

The resulting deviations at the TCP are given by several other parameters, 

such as geometric and kinematic construction of the MT, type of materials used in 

the construction, etc. The individual parts of the chain of causes and consequences 
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characterizing the thermal behaviour of the MT are discussed in the next section in 

more detail. 

3.3 Minimization of thermo-mechanical errors of MTs 

Thermo-mechanical errors of MT can be reduced by an appropriate choice of 

the MT structure design, materials used, suitable parts used, or additional cooling at 

proper locations within the MT.  

Methods to reduce thermal errors can be classified into three categories [19]: 

• reduction of changes in the temperature field of the MT 

• reduction of the MT’s sensitivity to changes in the temperature field 

• compensation of the thermal errors 

3.3.1 Reduction of changes in the temperature field of the MT 

There are several ways to reduce changes in the MT’s temperature field. The 

aim is to reduce the heat generated by internal and external heat sources. Possible 

solutions are described below. 

Influence of placement of individual MT parts on heat generation 

A MT with a high requirement for machining accuracy should have heat 

sources (motors, friction clutches, brakes, electric devices, etc.) located as far as 

possible from MT parts whose thermal expansion directly impacts the relative 

position between the tool and the workpiece. It is best to place the heat sources 

completely outside the closed structure of the MT – especially the motors. It is 

necessary to provide cooling to the heat sources – cooler or free air access. Hydraulic 

units and electrical devices have to be located outside the MT. It is recommended to 

replace plain bearings with rolling bearings (rolling resistance is significantly less than 

shear resistance), and it is necessary to use correct beating lubrication [8]. 
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Temperature control by cooling 

• Fluidic tempering of MT frames 

The MT, equipped with fluidic tempering of MT frames technology, has 

cooling inserted directly into its supporting structure. The heat generated from the 

heat sources is immediately and very quickly distributed to other parts of the MT, 

and it supports warm-up balance. Due to the use of a large amount of coolant, the 

negative effect of the operating cycle of the cooling unit is significantly eliminated. 

The big disadvantage of this solution is its technical complexity and high operating 

costs. [20, 21]. 

• Local cooling 

Local cooling is used in areas of significant heat sources, thus mainly for 

spindles, bearings, axes of movement, ball screws, their nuts, and housings. The 

cooling medium is most often directly discharged from where the heat source is 

acting into the external cooling system [20]. 

Methods applied by the user of the MT  

• Warm up cycle of MT 

A warm-up cycle should be performed before further machining, especially 

after a longer period of inactivity of the MT. During this process, the MT heats itself 

to the operating temperature without machining - a state of thermal balance is 

reached. One of the largest sources of heat in the MT is the spindle unit; therefore, 

it is almost always heated with the help of the warm-up process by gradually 

increasing its idle speed. 

• Regulation of the ambient temperature in the production hall 

The influence of the surrounding is in specified geographical conditions (under 

standard conditions) significant. These do not only change within seasons, months, 
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or days but literally also during individual work shifts when the temperature in the 

production hall can change in the order of many degrees during the day. This has 

a negative impact on the quality, accuracy, and repeatability of production during the 

day [6]. 

It is essential to avoid the MT from direct sunlight, temperature influences by 

other machines standing nearby, and drafts. 

It is appropriate to place the MT in an air-conditioned room (or hall) with 

a constant temperature independent of the surrounding environment if there is 

a high requirement for machining accuracy. This measure caused higher 

technological discipline and affected investment, operating, and production costs 

[20]. 

• Reduction of the temperature at the cutting point by cutting fluid 

The MT operator can reduce heat generation (and thus thermal deformation), 

especially by using local cooling at the cutting point. The cutting fluid lowers the 

temperature at the cutting point, cools, and helps to remove hot chips, and lowers 

the temperature of the tool, workpiece, and (partly) the MT. Heat generation can also 

be reduced by an appropriate choice of technology, cutting conditions, and tools. The 

resulting machining accuracy is also affected by the temperature of the semi-finished 

product before machining – it is possible to reduce the resulting size of the machining 

thermal error by tempering the semi-finished product to the ambient temperature 

of the MT before machining.  

3.3.2 Reducing the sensitivity of the MT to changes in the 

temperature field 

The methods described in the previous section only reduce changes in the 

temperature field of the MT, which causes a reduction in the thermal error. However, 

in technical practice, it is almost impossible to eliminate changes in the temperature 
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field completely. This section focuses on reducing the sensitivity of the MT to changes 

in the temperature field and thus reducing the generating temperature deformation. 

Type of used MT structure  

Even during the initial phase of MT construction, the thermo-mechanical 

behaviour of the MT can be significantly improved. The construction of the MT should 

be ideally structurally closed and geometrically symmetrical because, in such 

a construction, the heat is distributed equally. From the point of view of 

a symmetrical thermo-mechanical structure on both sides of the frame and its 

closure, the most appropriate is the use of a portal construction (example in Fig. 6 on 

the left) or a gantry construction. Internal heat sources should also be placed 

symmetrically within the structure. By their suitable location, thermal deformations 

can be directed against each other and thus largely eliminated. In using the concept 

of open construction of the MT (example in the right part of Fig. 6), there is a much 

more significant proportion of angular thermal deformations, which are less 

predictable and difficult to compensate only by software tools [20, 22]. 

Fig. 6 Example of closed (left) and open construction of MT [20]. 

Larger parts of the MT (whose thermal deformations could affect the relative 

position between the tool and the workpiece, e.g., base and columns) should be 
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arranged to allow chips to escape freely from the tool to distant locations to eliminate 

the absorption from the removing material. [8]. 

Another possibility to reduce the sensitivity of the MT to changes in the 

temperature field in the design phase is the use of topological optimization. The 

process of topological optimization simply looks for the ideal distribution of 

construction material in a defined confined space while respecting the specified 

optimization criteria. In the case of thermo-mechanical topological optimization, the 

target is to reduce the sensitivity of the MT to changes in the temperature field. 

Topological optimization is often geometrically very complex structures, which are 

very difficult (often impossible) to produce by conventional production methods. 

Moreover, the prevention of other MT properties from deterioration is necessary. It 

leads to pareto optimisation issues. Therefore, this method is difficult to apply in 

practice. However, with the development of additive technologies, topological 

optimization of the thermal behaviour of MT will probably become more important 

in the near future [23]. 

It is also possible to optimize the design of the MT with regard to the reduction 

of thermal deformation by comparing several different design variants of the MT 

using FEM analysis. As a result, it is possible to determine how much the specified 

part of the MT contributes to the total thermal deformation [24]. 

Type of construction material 

The choice of construction material has a significant influence not only on the 

thermal properties of the MT but also on the static and dynamic stiffness of the MT, 

moments of inertia, the total weight of moving masses, etc. Due to the good weight 

to stiffness ratio and relatively low purchasing costs, the most used materials for MT 

construction are steel and cast iron. The disadvantage of these materials is the high 

value of the coefficient of thermal expansion α. When selecting an appropriate 

material in terms of thermal behaviour, it is necessary to consider specific heat 

capacity and thermal conductivity coefficient [20, 22]. 
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• Coefficient of thermal expansion - a high value of the parameter 

α [K-1] has a very negative effect on the geometric accuracy of the 

MT in terms of thermal deformation. Low α materials are usually 

more expensive than conventional materials used in MT building 

(steel, cast iron). 

• Specific heat capacity - a high value of the parameter cP [J·kg-1·K-1] 

causes greater temperature stability against changes in ambient 

temperature. However, it takes a long time for the MT to return to 

thermal balance after the start of machining – a compromise is 

needed. 

• Thermal conductivity coefficient – the high value of the parameter  

𝜆 [W·m-1·K-1] ensures fast homogenization of the internal 

temperature field of the MT (eliminates asymmetric deformations 

of the MT if selecting an appropriate construction). However, 

undesired heating of the entire MT structure from internal heat 

sources is occurring. Again, a compromise is necessary; with a low 

parameter 𝜆, local heat concentrations occur at the location of the 

internal heat source. 

Due to their high coefficient of thermal expansion, conventional materials 

(steel, cast iron) are not very appropriate for the construction of thermally stable and 

precise MTs. For such MTs are appropriate materials such as granite, polymer 

concrete, natural granite, fibre composites, or sandwich structures with regard to 

a positive impact on thermoelasticity. However, these materials usually have a higher 

purchase price and lower stiffness [20, 22]. 

Type of position measuring used and its location 

The location of the ruler for direct measurement of the position of the MT is 

important. If the ruler is placed near a heat source, it deforms due to the temperature 

gradient, which causes the change of positioning accuracy. It is necessary to pay 
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attention to the location of the direct measuring ruler during the design phase of the 

MT. The advantage of direct measurement is including thermal deformations of the 

MT drive (e.g., deformation of ball screws). 

3.3.3 Compensation of thermal errors 

Another way to eliminate the effect of thermal deformations is by employing 

compensation methods. More details are in the next section. 

3.4 Compensation methods of thermal errors 

It is possible to reduce the size of the MT's thermal errors using methods of 

software compensation of thermal errors. The process of software compensation of 

thermal errors can be summarised in the following points [25]: 

- Identification – analysis of MT structure, the definition of appearing types 

of thermal errors, identification of an appropriate position for 

measurement sensors, measurements of particular component errors in 

various operating conditions, assessment of volume errors or maps of 

geometric volume errors. 

- Error modelling and estimation – elaboration of component error 

models, the inclusion of single error models into a complex MT error 

model, development of error maps, numerical estimation of error values 

in operational conditions. 

- Prediction and compensation – installation of an error compensation 

system, implementation of compensation algorithms or error map to the 

control system.  

Creating an accurate and fast complex numerical thermo-mechanical 

compensation model is difficult, often almost impossible. During creating such 

a thermal compensation model, it is necessary to include the MT itself and its 

interaction with the environment and the influence of the cutting process. Due to the 
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complexity, several experimental and mathematical methods for determining the 

generated thermal deformations at TCP were created. It is possible to compensate 

thermal errors of MT in real-time by using these methods. Based on the form of 

determining the thermal error, the compensation methods are divided into the 

following basic groups [6]: 

- Direct methods 

The size of the thermal deformation is determined by measuring 

using a laser beam source device or special measurement probes. Then, 

based on the detected value, the compensation is implemented into the 

MT control system. This is a fast, accurate, and straightforward way to 

compensate for thermal errors of MT. The installed equipment can also 

be used, e.g., to check the tool for wear or damage. The disadvantage is 

the need to stop the work process during the measurement, the high cost 

of measuring devices, and the possibility of mainly compensating only the 

linear part of thermal errors. 

- Indirect methods 

The values from the calibration measurements are converted to 

the values required for compensation by using approximation 

mathematical models, and these results are then implemented into the 

control system of the MT. It is possible to compensate for both parts of 

thermal errors (linear, angular). The disadvantage is that it is difficult to 

separate the thermal deformations from the other deformations of the 

MT. It is necessary to perform many calibration and verification 

experiments on the MT set to create a mathematical model that would be 

as close as possible to the real MT thermal behaviour. 

 

The basic principle of both groups of thermal compensation methods is shown 

in Fig. 7. 
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Fig. 7 Common compensation strategies [26]. 

Software thermal compensations work with a mathematical model which 

predicts temperature deformation at TCP, based on the measurement of indirect 

quantities (temperatures, powers, electric currents, etc.). Software thermal 

compensations are usually created based on experimental data obtained from 

measurements on a set MT (usually called calibration measurements). The output of 

the empirically constructed thermal compensation model is the size of thermal errors 

at TCP, mostly in the directions of the MT coordinate system (X, Y, Z). The occurring 

errors are then compensated by moving the NC-axes in the opposite direction of the 

arising deformations [27]. A fundamental principle of the indirect compensation 

method is shown in Fig. 8. 
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Fig. 8 Scheme of the indirect compensation method based on thermal transfer function model [28]. 

Some of the used methods of thermal software compensation are listed and 

described in the following sections. 

3.4.1 Multiple linear regression analysis (MLRA) 

Regression analysis uses polynomials to compensate for thermal 

deformations of MT. Polynomials coefficients can be obtained from calibration 

measurements. This method solves the relationship between quantitative variable 

responses and one or more quantitative explanatory variables. The analysis is 

relatively simple and can be easily applied in most modern control systems and. The 

disadvantage of this method is the necessity of a higher number of input variables 

(tending to collinearity) to reach intended accuracy, so results are not easily 

transferable to other MTs. The accuracy depends on the number of temperature 

sensors, their location, the method of calibration of coefficients, and the number of 

calibration measurements [25]. 

One of the most used methods of software compensation of thermal errors 

of MT is Multiple linear regression analysis (MLRA) [29]. The MLRA is used when 

there is more than one variable (e.g., temperatures of different points on the spindle 

unit, spindle speed, etc.). Equation ( 2 ) describes the most used regression model of 

a multilayer temperature error model. 
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𝛿 = 𝑌 ∙ 𝛽 ( 2 ) 

Correction coefficient 𝛽 can be calculated using the equation ( 3 ): 

𝛽 = (𝑌𝑇 · 𝑌)−1 · 𝑌𝑇 · 𝛿  ( 3 ) 

The method can be improved by advanced estimation of correction 

coefficients [30] and mechanisms defining key temperature points to minimise the 

variable input amount and avoid collinearity [31]. 

3.4.2 Finite element method (FEM) 

The finite element method (FEM) or the finite difference method (FDM), or 

a combination of both methods, can be used to model the temperature conditions of 

MT. The wider use of some of these methods for real-time compensation is not yet 

possible due to the long computational time. A partial solution to the issue is the use 

of MOR (model order reduction) with the help of Krylov subspace method. The use 

of MOR reduce computing time significantly, and models are suitable even for real-

time applications. The main obstacle to wider application in real-time compensation 

is the MOR application capability only within one MT configuration [32]. However, 

FEM is very useful in the design phase of MT construction. The complexity of the 

calculation is given mainly by a large number of parameters, boundaries, and initial 

conditions (see Fig. 9). In addition, these parameters cannot often be determined 

exactly [33]. 
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Fig. 9 Links between factors affecting the thermal state of a MT [14]. 

3.4.3 Artificial neural network (ANN) 

A neural network is essentially an instrument of computer data processing. It 

is a “package” of particular points (neurons) interconnected and pass information to 

each other by using transfer functions. The target of ANN is to determine outputs 

based on a large number of simple input operations. The considerable advantage of 

a neural network is the ability to work with broken or incomplete input data. When 

using ANN, it is essential to choose the appropriate learning mode, in which the 

system learns (from temperature sensors data) to predict output vectors 

approximating the temperature behaviour of the MT [29]. However, models based 

on neural networks have a closed structure (also called "black box"), which makes it 

impossible to transfer them between different MTs (including MTs of the same type 

and size), and the model cannot be simply extended by other heat sources than those 
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with which it was calibrated. ANN and derived methods are suitable for MT learning 

principles with a certain potential in intelligent MT concepts. 

3.4.4 Transfer functions 

Transfer functions (TF) can describe the relationship between input 

(excitation E) and output (response R) parameters of a dynamic system 

(equation ( 4 )). 

𝑇𝐹(𝑠) =
𝑅(𝑠)

𝐸(𝑠)
 ( 4 ) 

Transfer functions can be compiled in several ways [34]: 

- Analytically and following calibration of the system – use only for 

geometrically simple tasks; transfer function constants are determined 

during calibration. 

- Estimation and following calibration of the system – an estimate of the 

function from the response measured during unit step function excitation; 

the transfer function constants are determined during calibration. 

- Estimation with following optimization of the system – estimation of the 

function from the response measured during general excitation; transfer 

function constants are determined during optimization. 

The undeniable advantage of the transfer function is that they can solve 

individual heat sources separately (drives, gears, spindle rotation, machining 

process). From these mutually independent functions, it is then possible to compile 

one complex model for compensation of thermal deformations of the MT [34]. 

In [35], Uriarte performs a complete analysis of the mathematical apparatus 

called Thermal Modal Analysis, an analogy to the commonly known Modal Analysis 

of oscillating properties of mechanical systems. The analogy between dynamic and 

temperature analysis is expressed in Fig. 10. 
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Fig. 10 Comparison between temperature and dynamic analysis [2]. 

In [27], transfer functions are used in an adaptive self-learning model 

application (so-called hybrid model; a combination of direct and indirect 

compensation methods) to estimate thermal errors during the long term and various 

MT activity processes with activity within untrained inputs to the thermo-mechanical 

system. 

3.5 Methods of calibration tests for obtaining input data for 

software compensation models of thermal errors of MT 

Calibration measurements are required to obtain input data to the thermal 

compensation model. Some of the ways to perform calibration measurements are 

listed below. 

Basic calibration tests are described in the ISO standard. The ISO 230-3 

standard [36] was created to determine the thermal influences acting on the MT. It 

consists of four types of tests: 

- an environmental temperature variation error (ETVE) test, 

- a test for thermal distortion caused by rotating spindles, 

- a test for thermal distortion caused by moving linear axes, 
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- a test for thermal distortion caused by the rotary motion of components. 

The standard specifies the conditions under which tests should be performed. 

The MT must be functional and fully assembled during the test. It must be set up on 

the base and supplied with energy during the test. The MT and the measuring device 

must be protected against drafts and other external temperature influences. All tests 

are performed under no-load MT operating and using all MT compensation systems. 

The test is performed at a MT ambient temperature of 20 °C, or a nominal differential 

thermal expansion (NDE) correction is used [10]. 

Due to the measurement conditions, it is clear that the test does not include 

the temperature effect of the cutting process of the MT [10]. 

In this work, a test of thermal deformations caused by spindle rotation (also 

known as aircut) is selected to measure calibration tests. The measurement is 

performed using non-contact sensors (inductive, capacitive, or eddy current sensors), 

placed in a stand clamped to the MT table, and measured the position of the rotating 

mandrel clamped in the MT spindle (Fig. 11). 

 

Fig. 11 Test of thermal errors caused by spindle rotation according to the standard ISO 230-3 [10]. 

The disadvantage of the calibration measurement performed by the aircut 

test is that it does not correspond to the real load operating MT (during machining of 

the workpiece) and that it is performed only at one point of the working space of the 
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MT. For this reason, studies of new methods of performing calibration tests 

eliminating the disadvantages mentioned above are the subject of current research. 

This is, for example, a stressing unit connected to the spindle [37] or increasing the 

current load of the spindle by its repeated turning and braking [28]. However, the 

conclusions from [38] show that if the deformation measurement at TCP is not 

performed with the inclusion of a real cutting process, the results generated by the 

thermal compensation model are not acceptable. Some calibration tests, including 

the influence of a real cutting process, are performed in [39, 40] - the real issue is to 

gather reliable information from a measurement of MT deformation at TCP during 

the continuous machining process. Another approach is to machine and subsequent 

measurement of a test workpiece [41].  
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4 Influence of input parameters of thermal 

error model 

Nowadays, thermal errors are the main source of machining errors (as the 

above research shows). One way to reduce them is to use a compensation model. 

Inputs to the compensation model are usually temperatures measured at significant 

heat sources (see section 3.4). Results from previous years [42–44] suggest that some 

temperature inputs might correlate with the thermal behaviour of the MT  structure 

better than the others. In this section, compensation models with 3 different 

temperature sources as inputs will be set up and compared with each other. 

4.1 Experimental set-up 

4.1.1 Target machine 

Measurements were performed on a 5-axis milling center of the upper gantry 

type. The maximum workpiece size that can be clamped to the rotary table is 700 

mm. The MT is placed in the RCMT laboratory. It is an unconditioned room with 

a relatively low ceiling, and the MT is located near an external door (often used for 

ventilation). In total, in terms of temperature stability, it is not an entirely suitable 

space. Other technological equipment of the laboratory is also located near the MT. 

A schema of the basic structure of the target machine with the approximate 

location of the measuring sensors (detailed further in section 4.1.2) is shown in  

Fig. 12.  
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Fig. 12 Schema of the target machine structure with approximate positions of temperature and 

deformation sensors [42]. 

4.1.2 Measurement 

The use of other temperature inputs could lead to an improvement in the 

approximation quality of the model compensating for thermal errors caused by 

motion in the linear axes of the MT [42–44]. Originally, only the temperature input 

from a motion linear axis motor (introduced into the MT control system for diagnostic 

purposes) was used (the temperatures are recorded in 1 K resolution). The measured 

MT was equipped with additional temperature sensors (Pt100, Class A, 3850 ppm/K) 

placed on a bearing house of the ball screw bearing (see Fig. 13). The bearing house 

is a static element; the installation of the sensor is relatively easy.  
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Fig. 13 External temperature sensor placed on the static element (bearing house of the ball screw 
bearing). 

The MT was further equipped with additional sensors to measure the 

temperature at the front side of a ball screw nuts (see Fig. 14). The ball screw nut is 

a moving element; the installation of the sensor is complicated. There is an 

expectation that this temperature could have the best correlation with the thermal 

behaviour of the MT structure when moving in linear axes [43]. 

 

Fig. 14 External temperature sensor placed on the dynamic element (front side of the ball screw nut). 
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Several additional temperature sensors were also placed on the MT; however, 

only the sensor located at the top of the MT frame was used within the thesis. The 

temperature proved to be the most suitable for interpretation of the ambient 

temperature changes. 

All measurements were performed in accordance with the ISO 230-3 standard 

(see section 3.5) without loading the MT with the cutting process. A test mandrel 

(representing a TCP) was clamped in the spindle holder for measurement purposes. 

The deformation at the TCP was measured in 3 linear directions (X, Y, Z – see Fig. 15; 

no angular deformations are considered) using non-contact eddy-current sensors 

PR6423 (Emerson). All measured data during the experiments were acquisitioned in 

CompactRio-9012 diagnostic control panel by National Instruments. 

 

Fig. 15 The position of the deformation measuring sensors at the TCP with the displayed MT 
coordinate system. 
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Table 1 lists all measured variables with a short description of the location of 

sensors (also in Fig. 12) measuring the temperatures and deformations exploited 

within the thesis. 

Table 1 All measured variables with a short description of the location of sensors. 

Measured variables 

temperature [K] deformation [µm] 

TY syst sensor in motor of linear axis Y X 
deformation at TCP  

in X direction 

TZ syst sensor in motor of linear axis Z Y 
deformation at TCP  

in Y direction 

TY stat 
sensor on bearing house of the 
bearing screw in the Y direction 

Z 
deformation at TCP  

in Z direction 

TZ stat 
sensor on bearing house of the 
bearing screw in the Z direction 

- - 

TY dyn 
sensor on front side of the ball 

screw nut in the Y direction 
- - 

TZ dyn 
sensor on front side of the ball 

screw nut in the Z direction 
- - 

Tamb ambient temperature - - 

Table 2 shows all performed measurements. The tests were performed at 

different constant feed rates in the directions of the linear motion axes Y, Z. The 

movement in the linear X-axis is behind the scope of this thesis. 

Table 2 Performed experiments. 

No. Inspected thermal error Heat source 
Feed rate  
[m·min-1] 

1a XTY, YTY, ZTY Y feed drive 10  

1b XTZ, YTY, ZTZ Y feed drive 5 

1c XTY, YTY, ZTY Y feed drive 15 

2a XTZ, YTY, ZTZ Z feed drive 10 

2b XTY, YTY, ZTY Z feed drive 5 

2c XTZ, YTY, ZTZ Z feed drive 15 

It is not possible to move linearly in a specific direction at a constant feed rate 

for a sufficiently long time due to the finite dimensions of the MT. Therefore, the 

measurements were performed by moving the TCP out of the base position (the point 

at which the TCP deformations are measured) and began to move at a constant feed 

rate in a specific direction. After reaching the end position of the MT's workspace, 
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the direction of motion reversed, and the TCP began to move at a given constant feed 

rate in a specific linear direction to the other end position of the workspace. This 

activity (loading phase) continued for 20 minutes. The TCP returned to the base 

position then, where the TCP deformations measurement was performed for 10 

seconds (measuring phase). This whole process (cyclical repetition of loading and 

measuring phases) was performed for 8 hours. This period is called the heating phase. 

After the heating process, the TCP returned to the base position, and then the 

measurement of deformations was performed for 16 hours – it’s called the cooling 

phase. The experiment was considered finish after both the heating and the cooling 

phase were executed. 

Not every measurement contains the cooling phase due to the failure of the 

diagnostic control panel. 

4.1.3 Normalization of measured data 

After the measurements were made, the measured data had to be processed 

and interpreted correctly. This is important for deformations at TCP, not in the case 

of temperatures. In this work, the measured data were interpreted in accordance 

with the MT coordinate system (see Fig. 12). For example, when TCP moves 1 µm 

relative to the initial position (closer to the table) in the MT Z-axis, the change must 

be reflected as a "minus" 1 µm in the measured deformation vector in the same 

direction. 

All measured deformational data were unified in this way. Due to the sensor's 

principle (the closer the measured object is to the sensor, the smaller the voltage 

value is recorded) was necessary to multiply the vector of measured deformations in 

the Y direction by "minus" 1 to align it directionally with the MT coordinate system. 

The location of the deformation measuring sensors at the TCP with the MT 

coordinate system was shown in Fig. 15. 
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Eddy-current sensors have to be calibrated before measurements start 

because the raw measured outputs are voltage. This was performed by the so-called 

"jump" test in the individual linear axes of the MT. For example, the measurement 

for the Z-axis was performed by starting the deformation measurement at the 

diagnostic station. At that moment, the measuring mandrel was in the basic position. 

Then the TCP was moved by 100 µm in the positive direction of the linear Z-axis (using 

a command in the MT control system), and then the measurement was performed 

for 10 seconds. Then the TCP was moved by 100 µm in the negative direction of the 

same axis, and the measurement was performed. Measured data were subsequently 

analysed (based on the knowledge of the position change from the control system) 

to determine the conversion coefficients from the measured voltage change to the 

deformation change in µm. The measured voltage curves from the "jump" tests are 

shown in Fig. 16. 

 

Fig. 16 Measured voltage during "jump" tests. 

4.2 Evaluation of approximation quality 

The approximation quality of the simulated behaviour is expressed by 

equation ( 5 ). This value represents the percentage of the output deviation 
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generated by the model [45]. The evaluation is based on the least squares 

approximation method. The value 100 % expresses the complete agreement of the 

measured and simulated behaviour; the time progress of deformation in this case. 

The FIT value is called a “global” indicator of the approximation quality. 

𝐹𝐼𝑇 = (1 −
‖𝛿𝑍−𝛿𝑍𝑆𝐼𝑀‖

‖𝛿𝑍−𝛿𝑍̅̅̅̅ ‖
) · 100. ( 5 ) 

The vector norm used in equation ( 5 ) is expressed by equation ( 6 ), where 

  is a general vector of length r [45]. 

‖𝛿‖ = √𝛿1
2 + 𝛿2

2 +⋯+ 𝛿𝑟
2 ( 6 ) 

The approximation error is also expressed by a residue value (equation ( 7 )) 

representing a fictive thermal deformation obtained after implementation and 

activation of the compensation algorithm in the MT control system [46]. It is simply 

the difference between measured and simulated deformations. The RES value is 

a “local” indicator of the approximation quality. 

𝑅𝐸𝑆 = 𝛿𝑍 − 𝛿𝑍𝑆𝐼𝑀 ( 7 ) 

There is a difference between these two methods. The FIT method evaluates 

the approximation quality by just one number in percent, while the RES gives 

information about approximation quality at every single point of measured and 

simulated deformations. It can also be applied peak-to-peak method (equation ( 8 )) 

for global evaluation (after using the residuum method), giving information about the 

worst absolute approximation quality from the whole measured or RES vector. 

𝑃𝑇𝑃 = |𝛿𝑍𝑚𝑎𝑥| + |𝛿𝑍𝑚𝑖𝑛|. ( 8 ) 

All calculations and graphical outputs were performed in MATLAB (version 

R2020a). 
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4.3 Calibration of compensation model 

The development of the software indirect thermal compensation model starts 

by performing several measurements. One measurement (called calibration) is used 

to create the compensation model. In general, the compensation model describes 

the link between the input (the temperature change at the heat source in this thesis) 

and the output (the deformation at the TCP). Therefore, the calibration measurement 

is used to "train" the model behaviour in a given dynamic system (a MT in this case). 

Generally, calibration should describe a transient characteristic between two 

thermodynamic equilibria; one with the MT surroundings and one with all active 

thermal sinks and sources meant to be approximated. 

Further is necessary to check whether the "training" was done correctly. In 

other words, if the thermal behaviour of the specific dynamical system is described 

correctly and linearly. For this reason, another measurement (called verification) is 

performed when one of the relevant parameters is changing. Here, the change in the 

feed rate (to check the model's efficiency and define limit parameters to obtain 

sufficient approximation quality) is taken into account.  

Several types of compensation models were described in section 3.4. 

A compensation model based on the transfer functions principle was selected to 

predict and compensate for thermal errors (see section 3.4.4) within the thesis.  

Two of the most common linear parametric models were used; the 

Autoregressive model with external input (ARX) and the Output error model (OE) [47]. 

These methods allow establishing the model parameters from sequences of 

measured input u and output y values. 

The resulting transfer identified by one of the methods (ARX, OE) is described 

in general form by equation ( 9 ). 

𝑦(𝑡) = 휀 · 𝑢(𝑡) ( 9 ) 
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The transfer function in a time-discrete region, where an is the calibration 

coefficient of the transfer function input and bm is the calibration coefficient of the 

transfer function output (obtained by estimating the transfer function using the ARX 

or OE method), is expressed by the following equation ( 10 ): 

𝑦(𝑘) =
𝑢(𝑘−𝑛)·𝑎𝑛+⋯+𝑢(𝑘−1)·𝑎1+𝑢(𝑘)·𝑎0

𝑏0
− (

𝑦(𝑘−𝑚)·𝑏𝑚+⋯+𝑦(𝑘−1)·𝑏1

𝑏0
), ( 10 ) 

where k describes a given time instant, the parameters n and m are orders of 

the transfer functions numerator (n) and denominator (m), and k-n (or k-m) is the 

delay in sampling frequency. The equation ( 10 ) expresses the wanted output y(k) 

and is written in differential form. 

The identification of the transfer functions was performed on calibration 

measurements at a constant feed rate of 10 m·min-1 (1a and 2a in Table 2) in linear 

axes Y, Z. The deformations in the X, Y, and Z directions were measured at TCP. The 

calibration was done only within the heating phase. A possible simplification and 

time-saving are the main reasons. Furthermore, it was not possible to measure the 

cooling phases within all measurements. Future research work (over the scope of this 

thesis) deals with this phenomenon in proper detail. 

Three temperature inputs to the compensation model were available (Tsyst, 

Tstat, Tdyn; see Table 1) for the activity of each thermal source (movement in a linear 

axis).  Compensation models per each combination of inputs and outputs were built 

up. Calculations of simulated deformations for specific directions, temperature 

inputs, and tests are given in equations ( 11 ) to ( 15 ), where in = syst (Tsyst), 

stat (Tstat), dyn (Tdyn). 

𝑋𝑇𝑌𝑖𝑛 = 𝛥𝑇𝑖𝑛 · 휀𝑖𝑛
𝑋𝑇𝑌  ( 11 ) 

𝑋𝑇𝑍𝑖𝑛 = 𝛥𝑇𝑖𝑛 · 휀𝑖𝑛
𝑋𝑇𝑍  ( 12 ) 

𝑌𝑇𝑌𝑖𝑛 = 𝛥𝑇𝑖𝑛 · 휀𝑖𝑛
𝑌𝑇𝑌  ( 13 ) 

𝑍𝑇𝑌𝑖𝑛 = 𝛥𝑇𝑖𝑛 · 휀𝑖𝑛
𝑍𝑇𝑌  ( 14 ) 
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𝑍𝑇𝑌𝑖𝑛 = (𝛥𝑇𝑖𝑛 − 𝛥𝑇𝑎𝑚𝑏) · 휀𝑖𝑛
𝑍𝑇𝑌 + 𝛥𝑇𝑎𝑚𝑏 ∙ 휀𝑎𝑚𝑏⏟        

𝑍𝑎𝑚𝑏

  ( 15 ) 

𝑍𝑇𝑍𝑖𝑛 = (𝛥𝑇𝑖𝑛 − 𝛥𝑇𝑎𝑚𝑏) · 휀𝑖𝑛
𝑍𝑇𝑍 + 𝛥𝑇𝑎𝑚𝑏 ∙ 휀𝑎𝑚𝑏⏟        

𝑍𝑎𝑚𝑏

  ( 16 ) 

Models were extended to description of thermal error at TCP caused by 

ambient temperature changes. For this purpose, a measurement with no active 

internal thermal source over 26 hours was performed. The thermal compensation 

model (Zamb) concerning the influence of the ambient temperature in the Z direction 

was set up. The influence of the ambient temperature on the thermal error in the 

X and Y directions at TCP is minor and not include in compensation efforts. 

Using the transfer function with a maximum order of 4 (the maximum value 

of the parameters m, n) is a recommendation of the thesis supervisor. All ARX and OE 

functions were generated (with the help of Matlab Identification Toolbox [48]) for 

a mutual combination of m and n parameter values from 1 to 4. The function with 

the best-obtained approximation quality value (FIT in this case) compared to the 

others is selected into the modelling process. Coefficients (an, bn) of the identified 

transfer functions describing Y and Z axis movement influence on a thermal error in 

the X, Y, and Z directions of MT are stated in Annex 1. 

Behaviours of measured temperatures (models XTYin,…,ZTZin inputs), feed 

rates, measured and simulated deformations (outputs) in the directions of the MT 

coordinate system (X, Y, Z) for tests No. 1a and 2a are shown in Fig. 17 to Fig. 22. 

Interrelated input-output pairs are drawn in the same colour (Tsyst and XTYsyst, 

XTZsyst, YTYsyst, YTZsyst, ZTYsyst, ZTZsyst in red; Tstat and XTYstat, XTZstat, YTYstat, 

YTZstat, ZTYstat, ZTZstat in green; Tdyn and XTYdyn, XTZdyn, YTYdyn, YTZdyn, ZTYdyn, ZTZdyn in 

purple). The ambient temperature (Tamb) is drawn in brown and measured (in short 

mea) deformations XTYmea, XTZmea, YTYmea, YTZmea, ZTYmea, ZTZmea in black. Note that 

ZTYmea and ZTZmea deformations are already compensated from the influence of the 

ambient environment by the Zamb model. 
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Fig. 17 Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the X direction (right) during test No. 1a. 

  

Fig. 18 Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the X direction (right) during test No. 2a. 

  

Fig. 19 Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Y direction (right) during test No. 1a. 

  

Fig. 20 Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Y direction (right) during test No. 2a. 
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Fig. 21 Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Z direction (right) during test No. 1a. 

  

Fig. 22 Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Z direction (right) during test No. 2a. 

The following 3 contains information regarding the type and the order of 

transfer functions selected to compensate thermal error along with model input 

temperature and FIT approximation quality value. Note that only the heating phases 

are evaluated. 
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Table 3 Basic parameters of the developed compensation models with FIT and response test 
results. 

Model of thermal error Tin Type Order (m,n) FIT [%] 

XTY 

Tsyst ARX 1,2 29 

Tstat OE 3,3 73 

Tdyn OE 4,4 74 

XTZ 

Tsyst OE 3,2 91 

Tstat OE 2,1 89 

Tdyn OE 2,2 88 

YTY 

Tsyst ARX 1,2 65 

Tstat OE 3,2 76 

Tdyn ARX 1,2 72 

YTZ 

Tsyst OE 3,1 92 

Tstat OE 2,1 94 

Tdyn ARX 2,2 97 

ZTY 

Tsyst ARX 1,2 92 

Tstat ARX 1,2 95 

Tdyn ARX 1,2 95 

ZTZ 

Tsyst ARX 1,2 93 

Tstat OE 3,4 96 

Tdyn OE 4,2 97 

Zamb Tamb ARX 1,4 59 

Checking the stability of the model is also essential during the selection of the 

appropriate transfer function setting. LTI step response test [48], where the input 

variable (in this case, the temperature) is a unit change, was used. The resulting 

behaviour of the output variable in the step response test should not be oscillated 

and should return to the original value (zero in this case).  The LTI tests charts for 

each identified transfer function are shown in Annex 1. 

It can be seen that there is no significant difference between the inputs of the 

calibrated functions. 

4.4 Verification of compensation model 

Verification is an important and necessary part of developing a thermal 

compensation model. It is used to examine as many possible states that can occur 

during the operation of the described source or heat sink [2]. The verification tests 
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are used to examine the linear behaviour of described (active) thermal sources. For 

these purposes, measurements were performed during the MT linear motion axis 

activity at feed rates of 5 and 15 m·min-1 - tests 1b, 1c, 2b, and 2c (see Table 2). 

Models developed in section 4.3 are applied on verification measurements in 

the following sections 4.4.1 and 4.4.2. 

4.4.1 Test 1b and 2b 

Behaviours of measured temperatures (models XTYin,…,ZTZin inputs), feed 

rates, measured and simulated deformations (outputs) in the directions of the MT 

coordinate system (X, Y, Z) for tests No. 1b and 2b are shown in Fig. 23 to Fig. 28. 

Note that ZTYmea and ZTZmea deformations are already compensated from the 

influence of the ambient environment by the Zamb model. 

  

Fig. 23 Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the X direction (right) during test No. 1b. 

  

Fig. 24 Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the X direction (right) during test No. 2b. 
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Fig. 25 Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Y direction (right) during test No. 1b. 

  

Fig. 26 Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Y direction (right) during test No. 2b. 

  

Fig. 27 Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Z direction (right) during test No. 1b. 

  

Fig. 28 Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Z direction (right) during test No. 2b. 
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4.4.2 Test 1c and 2c 

Behaviours of measured temperatures (models XTYin,…,ZTZin inputs), feed 

rates, measured and simulated deformations (outputs) in the directions of the MT 

coordinate system (X, Y, Z) for tests No. 1c and 2c are shown in Fig. 29 to Fig. 34. Note 

that ZTYmea and ZTZmea deformations are already compensated from the influence of 

the ambient environment by the Zamb model. 

  

Fig. 29 Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the X direction (right) during test No. 1c. 

  

Fig. 30 Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the X direction (right) during test No. 2c. 

  

Fig. 31 Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Y direction (right) during test No. 1c. 
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Fig. 32 Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Y direction (right) during test No. 2c. 

  

Fig. 33 Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Z direction (right) during test No. 1c. 

  

Fig. 34 Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Z direction (right) during test No. 2c. 

An evaluation of the approximation quality of applied compensation models 

on verification measurements is presented in Table 4. The FIT and PTP methods are 

used. The PTP value is evaluated using the PTP of measured and residual (RES) 

deformations. 



 

Master’s thesis 
Department of Production  
Machines and Equipment 

 

-57- 

Table 4 Evaluation of the approximation quality for verification tests.  

Thermal 
error 

model 

5 m·min-1 15 m·min-1 

PTP [µm] FIT 
[%] 

PTP [µm] FIT 
[%] Mea. RES Mea. RES 

XTYsyst 4,4 3,8 0 3,2 7 0 

XTYstat 4,4 3,6 0 3,2 5,7 0 

XTYdyn 4,4 3,5 0 3,2 5,3 0 

XTZsyst 9,2 3 63 19,7 4,2 35 

XTZstat 9,2 3 54 19,7 3,4 52 

XTZdyn 9,2 2,9 62 19,7 2,9 72 

YTYsyst 5,1 4,4 0 28,8 23,7 21 

YTYstat 5,1 4,3 0 28,8 23,7 21 

YTYdyn 5,1 4,4 0 28,8 24,1 18 

YTZsyst 12,4 4,4 69 36,9 5,2 83 

YTZstat 12,4 4 75 36,9 4,1 76 

YTZdyn 12,4 3,8 75 36,9 4 66 

ZTYsyst 8,4 3,1 46 15,5 14,4 33 

ZTYstat 8,4 3,1 43 15,5 14,1 36 

ZTYdyn 8,4 3 49 15,5 13,3 38 

ZTZsyst 16,4 4,7 46 37 3 94 

ZTZstat 16,4 3,2 43 37 3,6 91 

ZTZdyn 16,4 3 52 37 4,6 83 

From the presented results, it can be seen that for motion in the direction of 

the MT linear axis Y, it is unnecessary to compensate for thermal error in the 

X direction (XTY) because of its small size (small effect on the production accuracy). 

For motion in the direction of the MT linear axis Z, the prediction of thermal error in 

the X direction (XTZ) has a better approximation quality of the cooling phase for the 

Tsyst input and the prediction of thermal error in the Z direction (ZTZ) has a better 

approximation of the cooling phase with the Tstat or Tdyn input. In general, it is not 

possible to determine which temperature input is the most suitable in terms of the 

approximation quality. However, it can be stated that the basic input Tsyst is not 

significantly worse (in terms of approximation quality) in predicting the TCP 

displacement (in the heating phase) than the additional temperature inputs Tstat and 

Tdyn (in some cases can provide better prediction quality; these cases cannot be 

generalised). 
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5 Portability of the thermal error 

compensation model 

This chapter focuses on the portability of thermal compensation models to 

other MTs of the same (or very similar) type and size. The motivation for using one 

compensation model across the MT production line is to save resources in the 

product finishing phase, e.g., reduction of time necessary to calibration 

measurements, modelling effort, simplification of model implementation into control 

system etc. Creating a new thermal compensation model is challenging and 

extensive, as shown in the previous chapter. It is necessary to perform many time-

consuming measurements on the finished MT to thermal compensation model 

successful development and verification. Transfer of a thermal error compensation 

model structure (with a simple adjustment of model parameters) results in time-

saving for the MT producer in the finishing phase before the expedition to 

a customer. 

Based on the previous paragraph was decided that a portability rating would 

be done by sorting the models into three basic groups: 

- Portable without correction of model parameters 

- Portable with necessary corrections 

- Non-portable (need to build up an entirely new model) 

5.1 Target machines 

Additional sets of measurements from the other 3 MTs of the same product 

line were provided for the thesis purposes. The MTs are 5-axis milling centres of the 

upper gantry type as well (basic structure of the MT shown in Fig. 12). At first glance, 

the MTs differ only in the serial number (further in short S/N): 138, 118, 103, and 79. 

Please note that the compensation model introduced in chapter 4 was calibrated on 
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the target machine 138. However, there are some differences between the target 

machines with direct or indirect impacts on thermal issues. The differences are 

summarised in Table 5. There are differences between the target MTs in preload of 

the ball screws, the lubrication used, the cooling of the motion axes, the placement 

of MTs, and periods of measurements. The target machine 138 is used for the 

production (however, in a laboratory) similarly to the target machine 118. Target 

machines 103 and 79 were placed in similar MT producer’s show rooms and regarded 

as brand new. The target machine 118 is placed in a common production hall. 

Table 5 Description of target machines differences. 

MT 
Preload of Y and 

Z axis ball-
screws [kN] 

Lubricant 
for axes 

Cooling of 
feed drives 

Placement 
Date of 

experiments 

138 2,1 

NLGI 00 

12 kW 
(spindle and 

A axis – 
compressor 

cooler) 

Laboratory 2021/03 

118 

1,7 

8 kW (A axis – 
compressor 

cooler), 
0.56 kW/K 
(spindle – 

surge cooler) 

Production 
hall  

2019/07 

103 Show room 2019/06 

79 
ISO VG 

100 
Show room 2015/07 

Measurements from a 5-axis MT of similar size to the target machines 138, 

118, 103, and 79 but different producer (in short AMP, another machine producer) 

are also available, with the MT differ a little by the structure and kinematics of the 

motion axes (see Fig. 35 for more detail). 
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Fig. 35 Schema of basic structures of the target machine by AMP. 

5.2 Measurement set-ups 

All measurements listed here were performed similarly to the target machine 

138 as described in section 4.1.2. Compared to the target machine 138, the other 

MTs were not identically sensory equipped. Table 6 shows the differences in the 

sensor placements of each target machine. A full black circle means that the MT is 

equipped with the specified sensor. Otherwise, an outlined white circle is shown in 

the case the MT is not equipped with a specific sensor. 

Table 6 Differences in the equipment of target machines with temperature sensors.  

MT 
sensor               

S/N 138 S/N 118 S/N 103 S/N 79 AMP 

Tsyst      
Tstat      

Tdyn at motion 
in Y-axis tests      

Tdyn at motion 
in Z-axis tests      
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The following table contains all experiments performed and used to evaluate 

the portability of the thermal compensation model. 

Table 7 Performed experiments for all target machines used for portability examination. 

No. MT Inspected thermal error Heat source 
Feed rate  
[m·min-1] 

3 79 XTY, YTY, ZTY Y feed drive 15 

4 79 XTZ, YTY, ZTZ Z feed drive 15 

5 103 XTY, YTY, ZTY Y feed drive 8 

6 103 XTZ, YTY, ZTZ Z feed drive 8 

7 118 XTY, YTY, ZTY Y feed drive 15 

8 118 XTZ, YTY, ZTZ Z feed drive 15 

9 AMP XTY, YTY, ZTY Y feed drive 8 

10 AMP XTZ, YTY, ZTZ Z feed drive 8 

5.3 Inspection of portability of thermal error compensation 

model 

The portability of the thermal compensation model developed on the target 

machine 138 will be evaluated in this section. The compensation model is specific for 

the three different temperature inputs regarding the approximation of movements 

in Y and Z MT linear axes. It is possible to continue evaluating the influence of the 

used inputs on the approximation quality in the case of another target machines. 

The approximation quality (or model efficiency in other words) is evaluated 

using the FIT and PTP methods (introduced in section 4.2) and additionally by 

a magnification of the model by correction factors. The correction factor is 

determined by comparing the measured and simulated deformation values at the 

end of the heating phase. In other words, if the simulated deformation vector is 

multiplied by the correction factor, the value of the new corrected simulated 

deformation vector will be equal to the measured vector at the end of the heating 

phase.  

Calculations of simulated deformations for specific directions, temperature 

inputs, tests, and with the correction factor (g) applied are given in equations  
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( 17 ) to ( 22 ), where in = syst (Tsyst), stat (Tstat), dyn (Tdyn); S/N = a serial number 

of measured target machine; 138 = the serial number of target machine used for 

compensation model build-up. 

𝑋138 𝑇𝑌𝑖𝑛
𝑆/𝑁

= 𝛥𝑇𝑖𝑛 ∙ 휀𝑖𝑛
𝑋𝑇𝑌 ∙ 𝑔𝑖𝑛

𝑆/𝑁
 ( 17 ) 

𝑋138 𝑇𝑍𝑖𝑛
𝑆/𝑁

= 𝛥𝑇𝑖𝑛 ∙ 휀𝑖𝑛
𝑋𝑇𝑍 ∙ 𝑔𝑖𝑛

𝑆/𝑁
 ( 18 ) 

𝑌138 𝑇𝑌𝑖𝑛
𝑆/𝑁

= 𝛥𝑇𝑖𝑛 ∙ 휀𝑖𝑛
𝑌𝑇𝑌 ∙ 𝑔𝑖𝑛

𝑆/𝑁
 ( 19 ) 

𝑌138 𝑇𝑌𝑖𝑛
𝑆/𝑁

= 𝛥𝑇𝑖𝑛 ∙ 휀𝑖𝑛
𝑌𝑇𝑌 ∙ 𝑔𝑖𝑛

𝑆/𝑁
 ( 20 ) 

𝑍138 𝑇𝑌𝑖𝑛
𝑆/𝑁

= ((𝛥𝑇𝑖𝑛 − 𝛥𝑇𝑎𝑚𝑏) · 휀𝑖𝑛
𝑍𝑇𝑌 + 𝛥𝑇𝑎𝑚𝑏 ∙ 휀𝑎𝑚𝑏⏟        

𝑍𝑎𝑚𝑏

 ) · 𝑔𝑖𝑛
𝑆/𝑁

 ( 21 ) 

𝑍138 𝑇𝑍𝑖𝑛
𝑆/𝑁

= ((𝛥𝑇𝑖𝑛 − 𝛥𝑇𝑎𝑚𝑏) · 휀𝑖𝑛
𝑍𝑇𝑍 + 𝛥𝑇𝑎𝑚𝑏 ∙ 휀𝑎𝑚𝑏⏟        

𝑍𝑎𝑚𝑏

 ) · 𝑔𝑖𝑛
𝑆/𝑁

 ( 22 ) 

The complete graphical outputs from applying the compensation models on 

the measured data are presented in Annex 2. Selected graphs with significant 

outcomes are also used in chapter 6 at the end of the thesis to support discussed 

results. 

Table 8 shows the correction factors per individual temperature inputs for 

each target machine. Unavailable measurements (the temperature inputs were 

missing) are signed with "x". The measurements where the correction factor could 

not be determined are signed by "-".  
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Table 8 Correction factors (𝑔𝑖𝑛
𝑆/𝑁

) for defined temperature inputs of each target machine for 

the model build-up on the target machine S/N 138. 

Thermal 
error 

model 

S/N of the target machine 

79  103  118  AMP 

Input temperature (Tin) 

Tsyst Tstat Tdyn Tsyst Tstat Tdyn Tsyst Tstat Tdyn Tsyst Tstat Tdyn 

𝑋𝑇138 𝑌𝑖𝑛
𝑆/𝑁

 1,71 x x 3,1 5,35 3,1 - - - 1,27 1,16 1,09 

𝑋𝑇138 𝑍𝑖𝑛
𝑆/𝑁

 1,5 x x 2,25 2,86 x 1,66 2 x 0,3 0,24 0,28 

𝑌𝑇138 𝑌𝑖𝑛
𝑆/𝑁

 3,34 x x 4,29 5,7 4,74 - - - - - - 

𝑌𝑇138 𝑍𝑖𝑛
𝑆/𝑁

 1,12 x x 1,33 1,7 x - - x 4,83 4,06 4,88 

𝑍𝑇138 𝑌𝑖𝑛
𝑆/𝑁

 1,2 x x 1,72 2,84 1,69 1,89 2,74 2,8 0,89 1,2 1,34 

𝑍𝑇138 𝑍𝑖𝑛
𝑆/𝑁

 0,8 x x 0,85 1,05 x 1,7 2,08 x 0,93 0,78 0,91 

Table 9 (for target machines 79, 108) and Table 10 (for target machines 118, 

AMP) show the results of the approximation quality evaluation by the FIT method. 

The assessment was performed both for the uncorrected model application (columns 

named “N”) and for the simulated deformation by the adjusted model with the help 

of correction factor (columns named “C”). Please note that only the heating phases 

are considered in the evaluation. 

Table 9 Results of the approximation quality evaluation by the FIT method for target 
machines 79, 103 for the model build-up on the target machine S/N 138. 

Thermal 
error 

model 

S/N of the target machine 

79 103 

Input temperature (Tin) 

Tsyst Tsyst Tstat Tdyn 

N C N C N C N C 

𝑋𝑇138 𝑌𝑖𝑛
𝑆/𝑁

 0 0 0 0 0 0 0 25 

𝑋𝑇138 𝑍𝑖𝑛
𝑆/𝑁

 5 38 0 57 0 66 x x 

𝑌𝑇138 𝑌𝑖𝑛
𝑆/𝑁

 0 0 0 0 0 0 0 0 

𝑌𝑇138 𝑍𝑖𝑛
𝑆/𝑁

 24 0 16 77 0 77 x x 

𝑍𝑇138 𝑌𝑖𝑛
𝑆/𝑁

 40 63 0 56 0 50 0 33 

𝑍𝑇138 𝑍𝑖𝑛
𝑆/𝑁

 27 89 47 87 81 90 x x 



 

Master’s thesis 
Department of Production  
Machines and Equipment 

 

-64- 

Table 10 Results of the approximation quality evaluation by the FIT method for target 
machines 118, AMP for the model build-up on the target machine S/N 138. 

Thermal 
error 

model 

S/N of the target machine 

118 AMP 

Input temperature (Tin) 

Tsyst Tstat Tdyn Tsyst Tstat Tdyn 

N C N C N C N C N C N C 

𝑋𝑇138 𝑌𝑖𝑛
𝑆/𝑁

 - - - - - - 0 0 0 0 4 4 

𝑋𝑇138 𝑍𝑖𝑛
𝑆/𝑁

 20 47 0 73 x x 0 0 0 0 0 0 

𝑌𝑇138 𝑌𝑖𝑛
𝑆/𝑁

 - - - - - - - - - - - - 

𝑌𝑇138 𝑍𝑖𝑛
𝑆/𝑁

 - - - - x x 0 69 0 63 0 60 

𝑍𝑇138 𝑌𝑖𝑛
𝑆/𝑁

 0 48 0 44 0 24 27 14 12 21 0 2 

𝑍𝑇138 𝑍𝑖𝑛
𝑆/𝑁

 28 53 2 65 x x 5 0 0 0 0 0 

Table 11 (for target machines 79, 108) and Table 12 (for target machines 118, 

AMP) show the results of the approximation quality evaluation by the PTP method. 

There are always 2 numbers in table cells: the upper number represents the PTP value 

of the measured deformation, the lower value represents the PTP value of the 

residual deformation. 

Table 11 Results of the approximation quality evaluation by the PTP method for target 
machines 79, 103 for the model build-up on the target machine S/N 138. 

Thermal 
error 

model 

S/N of the target machine 

79 103 

Input temperature (Tin) 

Tsyst Tsyst Tstat Tdyn 

N C N C N C N C 

𝑋𝑇138 𝑌𝑖𝑛
𝑆/𝑁

 
7,9 
7,2 

7,9 
10,2 

8,4 
5,8 

8,4 
6,6 

8,4 
6,9 

8,4 
3,7 

8,4 
5,7 

8,4 
4 

𝑋𝑇138 𝑍𝑖𝑛
𝑆/𝑁

 
34,5 
17,7 

34,5 
16,8 

28,3 
16 

28,3 
8,8 

28,3 
18,6 

28,3 
8,5 

x x 

𝑌𝑇138 𝑌𝑖𝑛
𝑆/𝑁

 17,5 
15,3 

17,5 
23,6 

10,7 
8,9 

10,7 
8,8 

10,7 
9,2 

10,7 
7,1 

10,7 
9 

10,7 
8,9 

𝑌𝑇138 𝑍𝑖𝑛
𝑆/𝑁

 57,9 
37,9 

57,9 
43 

24,6 
8,6 

24,6 
5,2 

24,6 
10,7 

24,6 
3,7 

x x 

𝑍𝑇138 𝑌𝑖𝑛
𝑆/𝑁

 23,6 
5,6 

23,6 
6 

15,7 
6,6 

15,7 
4,8 

15,7 
10,2 

15,7 
4,6 

15,7 
7 

15,7 
5,7 

𝑍𝑇138 𝑍𝑖𝑛
𝑆/𝑁

 32,5 
10,4 

32,5 
3,9 

17 
5,3 

17 
3,2 

17 
1,8 

17 
2 

x x 
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Table 12 Results of the approximation quality evaluation by the PTP method for target 
machines 118, AMP for the model build-up on the target machine S/N 138. 

Thermal 
error 

model 

S/N of the target machine 

118 AMP 

Input temperature (Tin) 

Tsyst Tstat Tdyn Tsyst Tstat Tdyn 

N C N C N C N C N C N C 

𝑋𝑇138 𝑌𝑖𝑛
𝑆/𝑁

 - - - - - - 
9,7 

11,2 
9,7 

11,2 
9,7 
9,6 

9,7 
9,6 

9,7 
9,4 

9,7 
9,4 

𝑋𝑇138 𝑍𝑖𝑛
𝑆/𝑁

 
37,8 
20,7 

37,8 
12,3 

37,8 
21,7 

37,8 
8,7 

x x 
8,7 

16,6 
8,7 
6,9 

8,7 
19,2 

8,7 
6,5 

8,7 
16,1 

8,7 
6,6 

𝑌𝑇138 𝑌𝑖𝑛
𝑆/𝑁

 - - - - - - - - - - - - 

𝑌𝑇138 𝑍𝑖𝑛
𝑆/𝑁

 - - - - x x 
117,7 
94,2 

117,7 
30,2 

117,7 
90,5 

117,7 
23,7 

117,7 
94,6 

117,7 
21,5 

𝑍𝑇138 𝑌𝑖𝑛
𝑆/𝑁

 38 
19,6 

38 
11,3 

38 
25,4 

38 
11,4 

38 
25,3 

38 
15,1 

10,3 
7,7 

10,3 
7,7 

10,3 
6,9 

10,3 
6,7 

10,3 
7,7 

10,3 
7,7 

𝑍𝑇138 𝑍𝑖𝑛
𝑆/𝑁

 59,7 
27,3 

59,7 
17 

59,7 
31 

59,7 
14,5 

x x 
27,1 
12,7 

27,1 
11,5 

27,1 
17,4 

27,1 
12,7 

27,1 
15,4 

27,1 
13,7 

5.3.1 Results 

The division of the models into 3 basic groups was established in terms of their 

portability evaluation at the beginning of chapter 5. The results are summarised in 

Table 13.  The portability efficiency of the model to the AMP MT was not considered 

in Table 13. The portability of the thermal error compensation model between 

different MT producers is not (and probably never will be) a real practice. However, 

surprisingly high approximation quality in ZTY and ZTZ seems to be the good results, 

may be the result of chance. 

The model has to meet the requirement of correction factor equal to 1±0.1, 

FIT greater than 80 %, and PTP of measured deformation greater than PTP of 

simulated deformation (by uncorrected model) to be included in the resulting group 

"Portable without correction". The simulated deformation has to follow a curve of 

the same order as the measured deformation, and it can be proved by FIT and PTP 

methods. 

The model with correction factor less than 0.33 or with correction factor 

greater than 3 or with FIT less than 20 % (for corrected model) or with PTP of 
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measured deformation less than PTP of simulated deformation (by corrected model) 

was included in the resulting group “Non-portable”. 

Table 13 The resulting evaluation of the portability of each compensation model for each 
target machine and temperature input. 

Motion in 
linear axis 

Portable without 
correction  

Portable with 
necessary correction 

Non-portable 

Y - 

𝑍𝑇138 𝑌𝑠𝑦𝑠𝑡
79  

𝑍𝑇138 𝑌𝑠𝑦𝑠𝑡
103  

𝑍𝑇138 𝑌𝑠𝑦𝑠𝑡
118  

𝑍𝑇138 𝑌𝑠𝑡𝑎𝑡
103 

𝑍𝑇138 𝑌𝑠𝑡𝑎𝑡
118 

𝑍𝑇138 𝑌𝑑𝑦𝑛
103 

𝑍𝑇138 𝑌𝑑𝑦𝑛
118 

𝑋𝑇138 𝑌𝑠𝑦𝑠𝑡
79  

𝑋𝑇138 𝑌𝑠𝑦𝑠𝑡
103  

𝑋𝑇138 𝑌𝑠𝑦𝑠𝑡
118  

𝑋𝑇138 𝑌𝑠𝑡𝑎𝑡
103 

𝑋𝑇138 𝑌𝑠𝑡𝑎𝑡
118 

𝑋𝑇138 𝑌𝑑𝑦𝑛
103 

𝑋𝑇138 𝑌𝑑𝑦𝑛
118 

𝑌𝑇138 𝑌𝑠𝑦𝑠𝑡
79  

𝑌𝑇138 𝑌𝑠𝑦𝑠𝑡
103  

𝑌𝑇138 𝑌𝑠𝑦𝑠𝑡
118  

𝑌𝑇138 𝑌𝑠𝑡𝑎𝑡
103 

𝑌𝑇138 𝑌𝑠𝑡𝑎𝑡
118 

𝑌𝑇138 𝑌𝑑𝑦𝑛
103 

𝑌𝑇138 𝑌𝑑𝑦𝑛
118  

Z 𝑍𝑇138 𝑍𝑠𝑡𝑎𝑡
103  

𝑋𝑇138 𝑍𝑠𝑦𝑠𝑡
79  

𝑋𝑇138 𝑍𝑠𝑦𝑠𝑡
103  

𝑋𝑇138 𝑍𝑠𝑦𝑠𝑡
118  

𝑋𝑇138 𝑍𝑠𝑡𝑎𝑡
103  

𝑋𝑇138 𝑍𝑠𝑡𝑎𝑡
118  

𝑌𝑇138 𝑍𝑠𝑦𝑠𝑡
103  

𝑌𝑇138 𝑍𝑠𝑡𝑎𝑡
103  

𝑍𝑇138 𝑍𝑠𝑦𝑠𝑡
79  

𝑍𝑇138 𝑍𝑠𝑦𝑠𝑡
103  

𝑍𝑇138 𝑍𝑠𝑦𝑠𝑡
118  

𝑍𝑇138 𝑍𝑠𝑡𝑎𝑡
118  

𝑌𝑇138 𝑍𝑠𝑦𝑠𝑡
79  

𝑌𝑇138 𝑍𝑠𝑦𝑠𝑡
118  

𝑌𝑇138 𝑍𝑠𝑡𝑎𝑡
118  
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6 Summary and discussion 

The inputs to the introduced thermal compensation models are measured 

temperatures. The choice of a suitable temperature input is important for the 

approximation quality of the simulated thermal error. The research was conducted 

to compensate for the thermal errors caused by motion in the MT linear axes Y and 

Z (movement in the X-axis was not considered in the thesis to reduce the breadth of 

work). The target machines were 5-axis milling centres of the upper gantry type. The 

MTs are standardly equipped with temperature sensors in the feed drive motors for 

diagnostic purposes (Tsyst). The MTs were further equipped with additional 

temperature sensors Tstat (placed on the bearing houses of the ball screw bearings) 

and Tdyn (placed on the front sides of the ball screw nuts). 

Thermal error compensation models based on the principle of transfer 

functions were calibrated on measurements at a feed rate of 10 m·min-1. Only the 

heating phases (caused by motion linear axis activity) were considered for modelling. 

All considered temperature inputs into models showed similar approximation quality 

during the calibration measurement and identification process. The model dealing 

with changes in the MT environment was successfully calibrated only for the 

Z direction. 

Measurements at feed rates of 5 and 15 m·min-1 were performed to verify the 

linearity of the calibrated models. No significant differences in the approximation 

quality of the thermal error models have been observed within different temperature 

inputs during the heating phases. The worse approximation quality was determined 

for XTY and YTY thermal errors. The thermal error XTY was minimal compared to the 

others, and no compensation was applied. The temperature input Tsyst reached 

a similar approximation quality to thermal error predictions with temperature inputs 

Tstat and Tdyn. This could be essential information for MT producers. It was not possible 

to unequivocally determine the most suitable temperature input for accurate 

prediction of the thermal error from the results. 
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Interesting differences between the considered temperature inputs were 

noticed during the cooling phases of experiments. However, the evaluation of the 

cooling phase is not the main aim of this thesis; there could be interesting insights for 

future research, e.g., the compensation model with the temperature input Tsyst 

reaches a better approximation quality for XTZ error (see Fig. 36) and contrary, the 

temperature inputs Tstat or Tdyn for ZTZ (see Fig. 37). 

  

Fig. 36 Behaviours of measured and simulated deformations in the X direction  
during tests No. 2b (left) and No. 2c (right). 

  

Fig. 37 Behaviours of measured and simulated deformations in the Z direction  
during tests No. 2b (left) and No. 2c (right). 

 

A "universal" and portable without corrections compensation model for all 

MTs of the same product line would be the best solution for MT producers. However, 

this is not possible due to manufacturing and assembly inaccuracies, MT surrounding, 

thermal behaviour changes during the life cycle of the MT related to wear and tear 

etc. A portable compensation model with simple corrections (with the help of output 

gain) would be a more realistic and also useful solution for the MT producer. In this 

case, it would not be necessary to develop an original compensation model for each 
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MT. Only necessary verification (or tuning) cycles would be performed on each new 

MT to determine the correction factors. 

The evaluations of compensation model portability were performed. 

Compensation models developed on one target machine (S/N138) were evaluated. 

The evaluation was performed for the other 3 MTs of the same product line and 1 MT 

of similar structure and size from another MT producer. Please note that the AMP 

machine was added to the research out of sheer interest (and data were available); 

such possibility (to transfer models between different manufacturers) has no basis in 

reality. 

Models with a simulated curve of a different order than the measured 

deformation were evaluated as non-transferable. Most models were considered as 

transferable with simple correction. The results reflected manufacturing and 

assembly inaccuracies, different ball screws preload, different lubrication, MT 

placement, different MT age and wear. MT from another MT producer achieved 

surprisingly high approximation quality in ZTZ thermal errors. This may indicate 

possible similar thermal behaviour of similar-sized structures (could also be the result 

of chance). 

 

Fig. 38 Behaviours of measured and simulated deformations (by corrected models) in Z direction 
during test No. 10. 

The results concerning the portability also confirm the previous presumption 

of the temperature input Tsyst. This temperature input has a similar potential as the 
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additional temperature inputs Tstat and Tdyn. Therefore, the use of additional 

temperature inputs makes sense, especially for producers of higher-precision MTs 

where the possibility to choose the best temperature input describing the thermal 

behaviour of the MT could be beneficial despite the additional cost. 

Further research on the portability of compensation models of thermal errors 

caused by motion in linear axes should focus on the inclusion of the cooling phases 

into their structure. A major challenge will be to consider a real cutting process. Focus 

on the long-term stability of the models (e.g., by a combination of direct and indirect 

compensation methods) is also very important.  
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7 Conclusions 

Chapter 3 presents state of the art – namely, the deformation of MTs, heat 

generation and its transfer in MT, and thermal error. There are several options to 

reduce the size of the thermal error – reduction of changes in the temperature field 

of the MT, reduction of the MT’s sensitivity to changes in the temperature field, or 

compensation of the thermal errors. In this thesis, a compensation approach is used. 

Therefore, different approaches and methods of compensation are described. The 

input to the thermal compensation function is usually temperature, and the output 

is deformation. For calibration of the thermal compensation function, knowledge of 

both input and output is required. Thus, methods and conditions of measuring the 

input-output variables have been described. 

In Chapter 4, an evaluation of the influence of different input variables (to the 

calibrated thermal compensation models based on the transfer function principle) on 

the approximation quality of the simulated thermal error was performed. The 

temperatures embedded in the feed drive motors, on the bearings houses of the ball 

screw bearing, and on the front sides of the ball screw nuts were used. The evaluation 

was performed for motion in the linear Y and Z axes and the heating phase only. No 

significant difference was found between the different temperature inputs in terms 

of the approximation quality. 

In Chapter 5, an evaluation of the portability of the thermal compensation 

models developed on the target machine described in the previous chapter was 

performed. The evaluation was realised on 4 MTs of the same product line and 1 MT 

of similar size and structure by another MT producer. Most of the compensation 

models are portable completely or with simple correction on other target machines. 

Other compensation models were considered as non-portable due to the different 

thermal behaviour among the tested MTs. The results were further discussed in more 

detail. 



 

Master’s thesis 
Department of Production  
Machines and Equipment 

 

-72- 

Finally, possibilities of future research on the portability of thermal error 

compensation models were introduced. Successful completion of the research could 

bring considerable time and resources savings to MT producers.  
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Annex 1 

LTI response tests and calibration coefficients of the identified 

transfer functions 

Table: Coefficients (an) of the identified transfer functions describing Y and Z axis movement 
influence on the thermal error in the X, Y, Z directions of MT. 

transfer  
function 

an coefficient of transfer functions [μm2/°C] 

a0  a1 a2 a3 

휀𝑠𝑦𝑠𝑡
𝑋𝑇𝑌 0.467234945 -0.467209914 0 0 

휀𝑠𝑡𝑎𝑡
𝑋𝑇𝑌 2.350162704 -4.699029841 2.348867151 0 

휀𝑑𝑦𝑛
𝑋𝑇𝑌 2.990867540 -4.119547491 -0.728143820 1.856823770 

휀𝑠𝑦𝑠𝑡
𝑋𝑇𝑍 0.164570549 -0.316986250 0.152416605 0 

휀𝑠𝑡𝑎𝑡
𝑋𝑇𝑍 1.996092531 -1.996036031 0 0 

휀𝑑𝑦𝑛
𝑋𝑇𝑍 3.645066568 -3.645094161 0 0 

휀𝑠𝑦𝑠𝑡
𝑌𝑇𝑌  -0.264361275 0.264397691 0 0 

휀𝑠𝑡𝑎𝑡
𝑌𝑇𝑌  -0.950216422 1.900341263 -0.950124818 0 

휀𝑑𝑦𝑛
𝑌𝑇𝑌 -0.594271834 0.594340515 0 0 

휀𝑠𝑦𝑠𝑡
𝑌𝑇𝑍  0.491388911 0.054116609 -0.545454296 0 

휀𝑠𝑡𝑎𝑡
𝑌𝑇𝑍  1.650545105 -1.650450704 0 0 

휀𝑑𝑦𝑛
𝑌𝑇𝑍 0.002865645 -0.002865518 0 0 

휀𝑠𝑦𝑠𝑡
𝑍𝑇𝑌  -0.279098394 0.279230573 0 0 

휀𝑠𝑡𝑎𝑡
𝑍𝑇𝑌 -0.552568216 0.552765918 0 0 

휀𝑑𝑦𝑛
𝑍𝑇𝑌 -0.715231622 0.715469368 0 0 

휀𝑠𝑦𝑠𝑡
𝑍𝑇𝑍  -1.213933006 1.213754038 0 0 

휀𝑠𝑡𝑎𝑡
𝑍𝑇𝑍 -0.076699928 0.153322807 -0.076622900 0 

휀𝑑𝑦𝑛
𝑍𝑇𝑍 -11.882078799 31.941525907 -28.239437213 8.179989188 

휀𝑎𝑚𝑏 -1.039701172 1.022109354 -1.091116374 1.108640174 
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Table: Coefficients (bm) of the identified transfer functions describing Y and Z axis movement 
influence on the thermal error in the X, Y, Z directions of MT. 

transfer  
function 

bm coefficient of transfer functions [μm] 

b0  b1  b2  b3 b4 

휀𝑠𝑦𝑠𝑡
𝑋𝑇𝑌

 1 -0.999863728 0 0 0 

휀𝑠𝑡𝑎𝑡
𝑋𝑇𝑌 1 -1.644497476 0.291495051 0.353002514 0 

휀𝑑𝑦𝑛
𝑋𝑇𝑌 1 -0.689710930 -0.984937403 0.046436696 0.628211792 

휀𝑠𝑦𝑠𝑡
𝑋𝑇𝑍 1 -1.990646559 0.990647498 0 0 

휀𝑠𝑡𝑎𝑡
𝑋𝑇𝑍 1 -0.999952847 0 0 0 

휀𝑑𝑦𝑛
𝑋𝑇𝑍 1 -0.195044175 -0.804955647 0 0 

휀𝑠𝑦𝑠𝑡
𝑌𝑇𝑌  1 -0.999840069 0 0 0 

휀𝑠𝑡𝑎𝑡
𝑌𝑇𝑌  1 -1.999227211 0.999227271 0 0 

휀𝑑𝑦𝑛
𝑌𝑇𝑌 1 -0.999860161 0 0 0 

휀𝑠𝑦𝑠𝑡
𝑌𝑇𝑍  1 -0.999984550 0 0 0 

휀𝑠𝑡𝑎𝑡
𝑌𝑇𝑍  1 -0.999975327 0 0 0 

휀𝑑𝑦𝑛
𝑌𝑇𝑍 1 -1.998517447 0.998517475 0 0 

휀𝑠𝑦𝑠𝑡
𝑍𝑇𝑌  1 -0.999863226 0 0 0 

휀𝑠𝑡𝑎𝑡
𝑍𝑇𝑌 1 -0.999873265 0 0 0 

휀𝑑𝑦𝑛
𝑍𝑇𝑌 1 -0.999908838 0 0 0 

휀𝑠𝑦𝑠𝑡
𝑍𝑇𝑍  1 -0.999900035 0 0 0 

휀𝑠𝑡𝑎𝑡
𝑍𝑇𝑍 1 -1.995486679 0.001358248 1.983786331 -0.989657891 

휀𝑑𝑦𝑛
𝑍𝑇𝑍 1 -1.998489623 0.998489932 0 0 

휀𝑎𝑚𝑏  1 -0.999974317 0 0 0 
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Table: Basic parameters of the developed compensation models with FIT and response test 
results. 

Model Tin Type Order 
FIT 
[%] 

Response test 

XTYin 

Tsyst ARX 1,2 29 

 
Fig. Response test for XTYsyst. 

Tstat OE 3,3 73 

 
Fig. Response test for XTYstat. 

Tdyn OE 4,4 74 

 
Fig. Response test for XTYdyn. 

XTZin Tsyst OE 3,2 91 

 
Fig. Response test for XTZsyst. 
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Tstat OE 2,1 89 

 
Fig. Response test for XTZstat. 

Tdyn OE 2,2 88 

 
Fig. Response test for XTZdyn. 

YTYin 

Tsyst ARX 1,2 65 

 
Fig. Response test for YTYsyst. 

Tstat OE 3,2 76 

 
Fig. Response test for YTYstat. 
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Tdyn ARX 1,2 72 

 
Fig. Response test for YTYdyn. 

YTZin 

Tsyst OE 3,1 92 

 
Fig. Response test for YTZsyst. 

Tstat OE 2,1 94 

 
Fig. Response test for YTZstat. 

Tdyn ARX 2,2 97 

 
Fig. Response test for YTZdyn. 
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ZTYin 

Tsyst ARX 1,2 92 

 
Fig. Response test for ZTYsyst. 

Tstat ARX 1,2 95 

 
Fig. Response test for ZTYstat. 

Tdyn ARX 1,2 95 

 
Fig. Response test for ZTYdyn. 

ZTZin Tsyst ARX 1,2 93 

 
Fig. Response test for ZTZsyst. 
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Tstat OE 3,4 96 

 
Fig. Response test for ZTZstat. 

Tdyn OE 4,2 97 

 
Fig. Response test for ZTZdyn. 

Zamb Tamb ARX 1,4 59 

 
Fig. Response test for Zamb. 
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Annex 2 

The graphical part of evaluation portability of the thermal 

errors compensation model set up on target machine 138 

 Results for target machine S/N 118 

The uncorrected (by the correction factor) simulated deformation is marked 

by the left superscript N; see the example of the following equation: 

X138
𝑁 T𝑌𝑖𝑛

𝑆/𝑁
= Δ𝑇𝑖𝑛 ∙ 휀𝑖𝑛

𝑋𝑇𝑌 

  

Fig. Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the X direction (right) during test No. 7. 

  

Fig. Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the X direction (right) during test No. 8. 

  

Fig. Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Y direction (right) during test No. 7. 



 

Master’s thesis 
Department of Production  
Machines and Equipment 

 

 -IX-   

  

Fig. Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Y direction (right) during test No. 8. 

  

Fig. Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Z direction (right) during test No. 7. 

  

Fig. Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Z direction (right) during test No. 8. 

 Results for target machine S/N 103 

  

Fig. Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the X direction (right) during test No. 5. 
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Fig. Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the X direction (right) during test No. 6. 

  

Fig. Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Y direction (right) during test No. 5. 

  

Fig. Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Y direction (right) during test No. 6. 

  

Fig. Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Z direction (right) during test No. 5. 
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Fig. Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Z direction (right) during test No. 6. 

 Results for target machine S/N 79 

  

Fig. Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the X direction (right) during test No. 3. 

  

Fig. Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the X direction (right) during test No. 4. 

  

Fig. Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Y direction (right) during test No. 3. 
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Fig. Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Y direction (right) during test No. 4. 

  

Fig. Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Z direction (right) during test No. 3. 

  

Fig. Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Z direction (right) during test No. 4. 

 Results for target machine AMP 

  

Fig. Behaviours of measured temperatures and X-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Y direction (right) during test No. 9. 
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Fig. Behaviours of measured temperatures and X-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Z direction (right) during test No. 10. 

  

Fig. Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Y direction (right) during test No. 9. 

  

Fig. Behaviours of measured temperatures and Y-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Z direction (right) during test No. 10. 

  

Fig. Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Y direction (right) during test No. 9. 
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Fig. Behaviours of measured temperatures and Z-axis feed rate (left) and behaviours of measured 
and simulated deformations in the Z direction (right) during test No. 10. 

 


