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The article shows how the drive modelling depending on the 
required output information, focusing on the machine tool area. 
In this way, the simulation process can be optimally set up and 
the output information from the model environment can be 
used efficiently. From the selection of input parameters to the 
detail and accuracy of the output values of the model itself. 
Many authors are dealing with digital twins of production 
machines. However, they treat the actual drive part of the 
machine tool as a black box. However, its function occupies a 
significant part in the creation of such a model. On the other 
hand, the second part of the authors focus specifically on the 
actuator modeling, but they do not consider the methodological 
approach according to the need of output information. This is 
related to the negative impact on the impracticality of deploying 
such models in real applications. 
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1 INTRODUCTION 

The acquisition of experience and scientific knowledge in the 
field of digital twins is initiated by the growing awareness and 
demand for the widespread implementation of Industry 4.0 
[Reza 2021]. The actual origin is attributed to the NASA (National 
Aeronautics and Space Administration) space company at the 
time of the Apollo program [Urban 2019]. The beginning of the 
mainstream can be placed in the 1990s, when the mass spread 
of computing occurred. The term digital twin itself was not 
coined until 2003 at the University of Michigan [Qi 2018]. A 
generally accepted definition was pronounced in 2012 
[Glaessgen 2012]. Other various definitions of a digital twin can 
be traced, e.g., in [Kroupa 2022]. The digital twin finds 
application both in the device development phase and in 
operation to detect and predict system failures. Energy aspects 
are also part of the models, which can help to reduce and 
optimize energy consumption e.g. [Ivannikov 2023] 
[Clausen 2021]. The very concept of digital twins was conceived 
with the idea of reducing the number of experimental samples 
required in product development, which is significantly affected 
by several factors. Subcomponents can be easily subordinated 

and modified to achieve maximum process efficiency in the 
shortest possible time. Another use is found in replacing real 
members of manufacturing systems with virtual ones in such a 
way that the output characteristics of the whole are not 
affected. Real-time functionality requires significant 
computational loop dynamics without additional traffic delays. 
Production machines are typically subjected to various 
compensatory interventions to reduce inherent deviations. The 
physical action of the external environment on the coupled 
assembly causes a change in the eigen displacements. If models 
exist that respect the necessary dependencies, it will be possible 
to predict the behaviour of real machines. 

2 PROBLEM DESCRIPTION 

The term drive means the composition of the servomotor and 
the inverter. A production machine consists of a grouping of 
several drives that provide different functions. This article deals 
only with the main drives in the machine that are used to 
position the workpiece or spindle, i.e., the drives of the 
individual x, y and z axes. The drive itself is further connected to 
an external mechanical system. An illustrative diagram is shown 
in Fig. 1, where the included and considered components of the 
single axis drive system of the machine tool are shown. The 
system starts with the control system which feeds the servo 
motor. The servomotor itself is connected via a flexible coupling 
to a ball screw providing the conversion of rotary to translation 
motion. The ball screw is further housed on both sides in a 
bearing system. The movement of the slider in the ball screw is 
directed by a linear guide. The axis is also loaded with a possible 
workpiece or a second axis in the case of a cross table. The 
position measurement is carried out by means of a rotary and a 
linear encoder whose signals are fed back to the control system. 

 

Figure 1. Basic drive conception of one axis in production machine 
system 
Monitoring the positioning accuracy of a machine tool is a highly 
desirable topic. The aim is of course to achieve the smallest 
possible positional error from the desired position. Circular 
interpolation is used as a common tool for monitoring machine 
tool accuracy. In this case, a circular movement of a specified 
diameter of the cross table is made relative to the spindle, which 
forms the centre of the circle. In the described positioning 
process, the error of the position from the ideal circle of a given 
diameter is monitored. 
The Ballbar diagnostic system is most often used as an 
evaluation device (see Fig. 2). Its measurement principle is based 
on the change of the distance between the centre of the circle 
and the radius of the circle. One point of the measuring system 
is placed on a fixed point which forms the spindle. The other 
point is a selected point on the cross table which performs a 
circular motion. The position error here can arise from a number 
of causes (see e.g. reference [Vorlicek 1991]), but for the 
purposes of this paper only the effect from the actuator itself will 
be investigated. In general, circular motion is problematic for 
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positioning, as reversal of one of the actuators occurs at the 
point of axis passage. At these points of reversal, local position 
distortions occur due to torsional stiffness and finite velocities. 
The speed of the positioning itself has a significant influence on 
the magnitude of these peaks. 

 

Figure 2. Measurement with Renishaw Ballbar 20 
Reversal peaks form a significant positional error, so it is 
important to address this phenomenon. The tuning of actuators 
is a very tedious practice, as it is always necessary to verify the 
new setting by measurement. If a digital twin of the drives of a 
particular machine tool is deployed, it is possible to achieve a 
smaller deviation in a short time. Tuning of the drives means 
setting the control structures in such a way that its dynamics are 
sufficient and at the same time a minimum deviation is achieved. 
In the following text, the modelling of the machine tool drive 
system for the purpose of determining the positional error will 
be described. This is even with only a marginal knowledge of the 
overall system. This means that no reassembly of any parts was 
carried out. All identification was based on external parameter 
measurements or technical documentation. In order to obtain 
further necessary information, some values were read directly 
from the machine tool control system. The control system was 
also used for some measurements. 

3 STATE OF CURRENT KNOWLEDGE 

Currently, there are several publications dealing with simulation 
models of rotating electrical machines that focus on a specific 
machine type and application (for example [Zhang 2022]). 
Focusing only on a specific problem, represents a degree of 
overshadowing for wider use in other applications. A frequent 
endeavour of many authors is to accurately model a specific 
machine or part of a machine, this entails an increased load on 
computational power and the generation of many input 
parameters (for example [Li 2008]). It is important to decide 
what needs to be made more accurate for a given application 
and what does not. A suitable example is the simulation of a 
magnetic circuit, which can in principle be described in several 
different ways. In the case of the finite element method (FEM), 
the nonlinearities of the materials can be affected without much 
difficulty, on the other hand, it will have a considerable 
computational time. The same can be achieved by using the 
electromagnetic analogy and transforming the whole magnetic 
problem into the form of a discrete magnetic circuit, 
represented only by sources and magnetic resistors. The 
resulting time compared to FEM (Finite Element Method) is 
negligible (for example high accuracy model in [Elsherbiny 
2022]). 
Drive modelling can currently be divided into a basic pair: 
mathematical models and FEM-based models (see Fig. 3). Both 
variants are represented by a system of mathematical equations, 
the difference is found in their structure. Mathematical models 

are composed of equations derived from elementary physical 
equations based on the nature of the machine itself or a specific 
part. The number of equations is not indicative of the accuracy 
of the model. On the contrary, the equations of the FEM model 
describe a specific point of the computational grid, the number 
of which depends on the desired level of accuracy in the 
calculation. The basic two groups can be further divided into 
static, transient and harmonic. The harmonic group can be 
interpreted as a special case of static models, since it is a steady 
state process, with periodic variation according to a sine or 
cosine function [Hrebicek 2006]. Another group of so-called 
reluctance networks, belonging to the mathematical models, are 
based on the magnetoelectric analogy and include static and 
dynamic models of the magnetic circuit [Lovelace 2002]. When a 
pair of basic models cooperate with each other, a third basic 
group can be considered (co-simulation). All other models are 
always based on these categories. 

 

Figure 3. Classification of current drive models 

The modelling of the drive in relation to the machine tool is also 
the focus of some authors. Most of the papers are focused on 
improving positioning accuracy [Sun 2022] or on optimization 
methods for control circuit design, such as [Halamka 2021]. 
Some authors take the route of using Matlab Simulink with the 
use of extension toolboxes [Pandilov 2015]. It is not the intention 
in this post to use extension blocks from the Simulink Toolbox. 
The main reason for this approach is the inability to customize 
the Toolbox blocks to your needs. Another disadvantage of 
Toolbox blocks is the license that is required to use them. 
Licenses for all Matlab Simulink Toolboxes, such as Simscape 
(suitable for modelling electromagnetic processes), are available 
by default at Brno University of Technology. Using Simulink basic 
blocks, a simulation model of the spindle is created in [Malarev 
2018]. However, the model lacks any consideration of 
temperature or current loads in the form of, for example, 
inductance changes due to magnetic circuit saturation.  
The general machine theory is used in [Pillay 1989] to simulate a 
brushless DC motor drive. The behavior of the controllers in 
transient states is slated in the paper. In [Spencer 2017] a design 
method for tuning controllers for high-speed drives is presented 
in order to achieve the smallest possible positional error. 
However, the aforementioned paper does not address how 
signal discretization and quantization factor into the control 
itself. This fact is very important as these parasitic effects 
significantly affect the stability of the whole control system. 
In addition to drive models, articles dealing with the way of 
modelling the machining part of the machine tool axis drive can 
also be found. For example, [Altintas 2011] addresses the ways 
of implemeting the mechnical model depending on the motion 
axis components used. A methodological approach to modeling 
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in terms of the overall energy consumption of a production 
machine is presented in [Liu 2014]. 
Last but not least, there is also a sector of cells with predictive 
control. The authors in [Stephens 2013] tried to implement 
predictive control in an industrial five-axis CNC (Computer 
Numerical Control) milling machine. 

4 MEASUREMENT 

For the purpose of comparison with simulation, validation 
measurements were carried out on the milling machine form 
company KOVOSVIT MAS type MCV 754 Quick located at the 
Institute of production machines, systems and robotics of the 
Brno University of Technology (see Fig. 4). Where MCV stands 
for Machining Center Vertical. 

 

Figure 4. KOVOSVIT MAS type MCV 754 Quick on the institute of 
production machines, systems and robotics 
The measurements were made using the diagnostic equipment 
mentioned above (Ballbar see Fig. 2). The feed rate was selected 
with respect to the normal machining speed of 1 m/min and 
2,5 m/min. The diameter of the circular interpolation was 
150 mm. For the evaluation of the measured data the software 
"Renishaw Ballbar 20" was used. The resulting evaluation for a 
feed rate of 2.5 m/min is shown in Fig. 5. The quadrant 
transitions show peaks caused by the actuators. Here the 
resulting magnitude ranges from 1.5 μm to 3.7 μm. In the case 
of the 1 m/min velocity, the error due to lower dynamics was 
smaller. All measurement results including the definition of the 
conditions are recorded in Tab. 3. 
In addition to the conditions of the actual circular interpolation, 
input parameters for the mathematical model of the drive were 
of course necessary. In order to obtain these parameters, it was 
first necessary to analyse which parts the drive in the MCV 
machine consists of (basic arrangement see Fig. 1 a description).  

 

Figure 5. Measurement results of position error on MCV 

The built-in servomotor in the MCV machine is type 1FK7080-
2AF71-1CG2 from Siemens (see parameters in Tab. 1). The 
power servo amplifier is also from siemens, specifically type 

SINAMICS S120 Combi. The couplings used for torque 
transmission are from KTR, type Rotex GS. The ball screw has a 
diameter of 32 mm. All the parameters used in the mathematical 
model of the actuator are shown in Tab. 4. During the execution 
of the test, there was no significant temperature change due to 
the low dynamics of the motion. Therefore, simulation model do 
not include thermal model because measurement was carried 
out at the initial ambient temperature. 
 

R 0.98 Ω 2p 8 poles 

L 17.2 mH J 14.2 kg∙mm2 

KT 1.61 Nm/A nmax 6000 RPM 

Imax 18.0 A    

Table 1. Parameters of motor 1FK7080-2AF71-1CG2 [Siemens 2020] 

5 IDENTIFICATION PARAMETERS FOR MODEL 

The number of input parameters depends on the including of the 
model dependencies that the model accounts for. The basic 
information includes motor parameters that are easily traceable 
in the catalogue: number of poles, winding resistance, 
inductance, torque constant and motor moment of inertia 
(see Tab. 1). The motors in both axes are identical, so the 
parameters are not divided into individual axes. 

5.1 Parameters of regulators 

From the inverter's point of view, it was necessary to read the 
gain settings of the inverter control loops from the machine. 
There were two ways to read the individual parameters from the 
machine. The first option is to connect the servo amplifier via a 
communication interface directly via Siemens Starter software 
to a PC (personal computer). The other option was to read the 
values directly through the interface implemented in the MCV 
machine. 

 

Figure 6. Reading parameters from MCV 
Here the second option was used, i.e. using the integrated 
interface. Fig. 6 shows an example of the display of the current 
loop gain values in the Y-axis. In order to display the current and 
speed loop settings, it was necessary to select the "Setup" option 
in the machine menu via the "MENU SELECT" button. Then select 
the "Drive parameters" option. 
The values of the position controller's so-called speed constant 
are also stored in "Parameters" under "MENU SELECT". Due to 
the different moments of inertia, the controllers of each axis are 
set differently. Specifically, the proportional and integration 
constants of the current and speed controllers, also the 
proportional component of the position controller. All numerical 
values of the mentioned servo amplifier parameters are listed in 
Tab. 2. 

1.5 µm/div 

speed: 2.5 m/s
 

diameter: 150 mm 



 

 

MM SCIENCE JOURNAL I 2023 I OCTOBER 

6609 

 

control loops constants axis X axis Y 

kPi V/A 52.472 52.472 

kIi ms 2.00 2.00 

kPω Nm∙s/rad 8.47 11.67 

kIω ms 4.05 4.67 

kPp rad/s/mm 1.7874 1.9686 

Table 2. Parameters of control loops in MCV 

5.2 Mechanical parameters 

The content of parameters from the mechanical system is more 
extensive as it contains more mechanically coupled components 
than a motor coupled with a dynamometer or a motor without 
load. Due to the fact that the two axes are different, the 
parameters are also divided according to the respective axis. 
Starting from the servomotor, the mechanical system consists of 
a mechanical coupling, a ball screw, a bearing system, guides and 
last but not least the carrier for load. This is dependent on the 
specific axis, as the Y-axis is also loaded by the moment of inertia 
from the X-axis. In particular, the moment of inertia, which for a 
ball screw can be calculated according to equation (1), has a 
significant influence on the dynamic behaviour of the system. 

𝐽 =
1

2
𝑚 ∙ (

𝑑

2
)

2

 (1) 

Where 𝑑 is the diameter of the ball screw and 𝑚 is the mass 
determined by length, material density and diameter. In the case 
of a large ratio of diameter to length, the ball screw also has 
considerable torsional stiffness, which we also have to calculate 
and take into account (in this paper is neglected). The 
mechanical backlash due to the standard tension of the ball 
screws will be neglected in the model. The couplings stiffness 
and damping are also catalogue data. Due to the type of 
couplings, which are referred to as "backlash free", their 
mechanical backlash will also be neglected. 
In addition to the moments of inertia from the rotating parts, 
there are also moments of inertia due to translational motion 
mediated by the ball screw. The moment of inertia from the 
masses performing translational motion is calculated using 
equation (2). 

𝐽 = 𝑚 ∙ (
𝑠

2𝜋
)

2

 (2) 

Where 𝑠 indicates the pitch of the ball screw. 
To identify all the mechanical parameters mentioned, it is 
necessary to have a good knowledge of the internal 
arrangement and use of the individual components in the MCV 
machine. The fact that an disassembled identical cross table is 
available at the Institute of production machines, systems and 
robotics was used to advantage and 3D CAD (Three-Dimensional 
Computer-Aided Design) models were also available (see Fig. 7).  

mechanical system axis X axis Y 

ball 
screw 

pitch mm/rev 10 10 

inertia g∙m2 0.81 1.28 

stiffness Nm/rad 528 330 

coupling 

inertia g∙m2 0.20 0.20 

stiffness Nm/rad 8335 8335 

damping - 0.75 0.75 

load inertia g∙m2 0.85 1.36 

Table 3. Mechanical parameters (data of coupling [KTR 2023]) 

All numerical values of the mentioned mechanical parameters 
are given in Tab. 3. 

In this paper, the ball screw bearing model was based on the 
same principle as bearings for servomotor model (see next 
chapter about model description). Where the input values of the 
model are the basic dimensions of the bearings used. Due to the 
assumed preload of the ball screw, the friction model from 
chapter 6.4 (external mechanical system) was also used 
additively, but without the Stribeck effect, which would be 
complicated the identification of the model parameters. 

 

Figure 7. Disassembled and 3D model of cross table 

6 MODEL DESCRIPTION 

The computational model of a single axis is divided into 
servomotor, control and mechanical parts (see Fig. 8). A 
description of each of these parts is given in the relevant 
subchapters below. When modelling, it was important to keep in 
mind that the model system must respect the real structure in 
the machine tool. Matlab Simulink is used for the complete 
modelling environment. 

 

Figure 8. Complete simulation model in Simulink 

6.1 Model of synchronous servomotor 

In commercial inverters, models of rotating machines in so-
called dq coordinates are used for easy control. This model is 
based on general machine theory [Kron 1951], which can be 
applied to almost any rotating machine. The basis of this theory 
is the transformation of the phase coordinates first into αβ 
coordinates and then into proper dq coordinates. 
The differential equations for a general machine given in 
[Kron 1951] or [Mericka 1973] can be adapted to a form suitable 
for describing a permanent magnet synchronous machine (3) to 
(5). Equations (3) and (4) describe the electrical part of the 
machine. Equation (5) describes mechanical part. 

𝑑𝛹𝑑

𝑑𝑡
= 𝑈𝑑 − 𝑅𝑖𝑑 + 𝜔𝑒𝛹𝑞 (3) 

𝑑𝛹𝑞

𝑑𝑡
= 𝑈𝑞 − 𝑅𝑖𝑞 − 𝜔𝑒(𝛹𝑑 + 𝛹𝑃𝑀) (4) 
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𝑇𝑧 =
3

2
 𝑝 𝛹𝑃𝑀𝑖𝑞 − 𝐽

𝑑𝜔𝑚

𝑑𝑡
− 𝛽𝜔𝑚 (5) 

Where is 𝛹 magnetic flux, is 𝑈 voltage, is 𝑖 current, is 𝑡 time, is 𝑅 
electric resistance of winding, is 𝑝 number of poles, is 𝜔 angular 
velocity. Quantities with index “𝑞” belong to the torque 
production axis and quantities with index “𝑑” to the flux 
production axis. Quantities with index “𝑒” belong to the 
electrical and quantities with index “𝑚” are mechanical 
character. The magnetic fluxes can be expressed by (6), 

Ѱ𝑑 = 𝐿 ∙ 𝑖𝑑; Ѱ𝑞 = 𝐿 ∙ 𝑖𝑞;  Ѱ𝑃𝑀 =
√2

3
 𝑘𝑇 ∙ 𝑝 (6) 

where 𝐿 is inductance,  𝑘𝑇 is torque constant. Complete dq 
model is in the Fig. 9. 

 

Figure 9. Simulation model of synchronous motor in dq axes 

6.2 Control loops 

It was necessary to build a control circuit based on the inverter 
used in the machine tool. Specifically, it is a Siemens S120 Combi 
inverter, which is handled by the Siemens Starter software. 
Control circuits are based on cascade control. In this 
configuration, one control circuit is linked to another. At the 
highest position is the position circuit, to which the speed circuit 
is further subordinated. The lowest level is occupied by the 
current loop circuit. In the case of a motor model with dq 
coordinates, it is necessary to control the current in each axis 
separately, depending on which mode the servomotor is 
currently in. The output value of the current controller is the 
desired voltage magnitude in the d and q axes. 
In case of servo mode, MTPA (maximum torque per ampere) 
control is preferred, where the current in the d-axis is held at 
zero by the controllers and the current in the q-axis is 
proportional to the magnitude of the shaft torque. Another type 
of control is the so-called field weakening, which takes place 
when the nominal point is exceeded. This type of control takes 
place in such a way that the maximum power of the motor is not 
exceeded and at the same time the motor speed can be 
increased. However, during the measurements it was 
determined that this type of control was not used by the control 
system, as the axis traverses corresponded to a small speed, 
e.g. during machining. 
The input to each controller is the control error between the 
desired value and the actual value. It is therefore a feedback 
control. In total, there are three feedback control circuits. 
Control in the d and q axis is based on identical gains in both axes 
according to the Siemens Starter software manual. 
Due to the adaptation of the control to the identical control used 
in the Siemens inverter, it is necessary to respect the internal 
architecture, which was determined on the basis of the help 

inside the Starter control software [Siemens 2018]. Position 
controller use only proportional gain. Current and speed 
controllers use both proportional and integrating gain. The 
arrangement between proportional and integration gain can 
vary from manufacturer to manufacturer (Control Techniques, 
Kollmorgen, etc.). Siemens used the so-called ideal expression, 
which is described by equation (7), was used, 

𝐹(𝑝) = 𝐾𝑃 (1 +
1

𝜏𝐼 ∙ 𝑝
) (7) 

where 𝐹(𝑝) is the image of the Laplace transform, 𝐾𝑃  is the 
amplification constant of the proportional component, rate of 
the integration component is affected by the integration time 
constant 𝜏𝐼. Such an arrangement can also be referred to as a 
series arrangement. Characteristic of such an arrangement is 
that the proportional constant also affects the integration gain. 
The integration gain is defined as the time over which the 
integration of the deviation takes place. The control system 
includes current and speed saturation including voltage 
limitation. All control loops must be defined in discrete mode. 
Otherwise, the same magnitude of control constants as in the 
built-in converter could not be used. The entire control could not 
perform any function without feedback signals, so it is necessary 
to provide each controller with specific feedback. Feedback 
signals must also be discrete, as their magnitude is handled by 
analog-to-digital converters that have a certain sampling time 
and number of signal levels (see chapter about 6.5). A view of 
the entire control structure used in the model can be found in 
Fig. 10. 

 

Figure 10. Control loops in model 
The units of the control gains correspond to the described 
system, which are shown in Tab. 1. The aim of this paper is not 
to show how to achieve the smallest errors, but how to approach 
the specific purpose of the simulation. Specifically, to obtain 
positional error information. Therefore, for simplicity, no 
compensation processes have been introduced into the control 
systems. For this reason, all compensation processes were also 
disabled in the machine tool control system when applying 
individual measurements. 

6.3 Mechanical system 

The mechanical system is a very important part for respecting 
the phenomena that arise in a real drive. At first, the focus was 
on the mechanical phenomena arising in the actual servo motor. 
Concretely, these are mechanical losses caused by bearings and 
ventilation losses. 
In general, ventilation losses are mainly generated by cooling fan 
friction. In the case of servomotors, however, this phenomenon 
is eliminated due to the absence of an internal or external fan. 
Therefore, it follows from the preceding text that the total 
ventilation losses will be limited only to those due to frictional 
losses in the narrow air gap, i.e. the gap between the stator and 
the rotor. Literature [Pyrhonen 2014] dealing with the overall 
design of electrical machines contains a calculation procedure 
for the described problem. The torque from ventilation loss is 
equal to (8), 
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𝑇𝑣𝑒𝑛𝑡 =
1

32
∙ 𝑘 ∙ 𝐶𝑀 ∙ 𝜋 ∙ 𝜌 ∙ 𝜔𝑚

2 ∙ 𝐷𝑟
4 ∙ 𝑙𝑟 (8) 

where 𝑘 is the roughness coefficient, 𝐶𝑀 is the moment 
coefficient according to equation (10), 𝜌 is the density of the 
internal medium, 𝐷𝑟 is the rotor diameter and 𝑙𝑟 is the rotor 
packet length. According to literature [Pyrhonen 2014], the 
value of the roughness coefficient is chosen in the range of 
1÷1.4. Here, due to the existence of permanent magnets on the 
surface, a value of 1.4 was considered. Furthermore, the 
determination of the moment coefficient is based on the 
calculation of the Reynolds number, which is determined on the 
basis of equation (9), 

𝑅𝑒𝛿 =
𝜌 ∙ 𝜔𝑚 ∙ 𝐷𝑟 ∙ 𝛿

2 ∙ 𝜇
 (9) 

where 𝛿 is the thickness of the air gap and 𝜇 is the dynamic 
viscosity of the internal medium. According to the resulting 
value, the specific form of the equation for the moment 
coefficient is then used. Based on the analysis performed, it was 
determined that the Reynolds number in the air gap does not 
exceed 64 in the case of servomotors. This corresponds to the 
equation (10). In the literature [Pyrhonen 2014] other variants 
of the relationships can be traced for higher values of the 
Reynolds number. 

𝐶𝑀 = 10·
(

2∙𝛿

𝐷𝑟
)

0,3

𝑅𝑒𝛿
 

(10) 

For these calculations it is necessary to know the inner diameter 
of the rotor and its length. These dimensions can be estimated 
from the outer dimensions of the servomotor according to 
equations (11) and (12), 

𝐷𝑟 = 0,57 ∙ 𝑤𝑓 (11) 

𝑙𝑟 = 0,53 ∙ 𝑙𝑓 (12) 

where 𝑤𝑓 is frame width and 𝑙𝑓 is frame length. Both equations 

were determined by measuring the internal structure of several 
commercial servomotors. The equations are valid for 
servomotors with 8 and 10 poles because the length of the 
winding end is approximately the same.  This range is based on 
the observation that the vast majority of servomotors are of this 
pole count design. 
The calculation of the bearing loss moments is based on the 
model presented by [SKF 2006]. Equation (13) gives the total 
torque generated by the pair of bearings carrying the 
servomotor rotor. 

𝑇𝑏𝑒𝑎𝑟𝑖𝑛𝑔 = 2·(𝑀𝑟𝑟 + 𝑀𝑠𝑙 + 𝑀𝑠𝑒𝑎𝑙) (13) 

Where 𝑀𝑟𝑟 is the moment of rolling friction, 𝑀𝑠𝑙 is the moment 
of shear friction, 𝑀𝑠𝑒𝑎𝑙 is the moment from the seal. The 
calculation and description of the individual components is given 
in document [SKF 2006]. Furthermore, the resulting relationship 
was simplified by neglecting the torque caused by the wading of 
bearings in oil, since servomotors use mostly sealed bearings 
with solid lubricant. 
As in the case of the ventilation calculation, it is necessary to 
estimate the bearings used. It is necessary to reveal the first 
probable bearing size and assume the same size on both sides of 
the rotor. Alternatively, an order of magnitude larger bearing 
can be considered on the shaft side than on the non-shaft side. 
The bearing size estimate is based on the diameter of the output 
shaft and again the outer dimension of the frame. 

6.4 External mechanical system 

The external mechanical system is based on the same bearing 
model as inside the servomotor. This model can be used, for 

example, to house ball screws. However, it is also necessary to 
consider the friction caused by the guidance and function of the 
ball screw. Due to the preloading of the ball screws to prevent 
backlash, it is necessary to include its torque too. The friction 
model used within this paper includes. Due to the preload and 
the use of no-backlash couplings, backlash can be neglected. 
Four types of friction can occur during motion, i.e. static, 
Coulomb friction, Stribeck effect and viscous dynamic friction 
[Palkovic 2012]. Due to the difficulty of determining the Stribeck 
effect, a model representing only Coulomb and viscous friction 
was used. The resulting sum of two friction components gives 
rise to a characteristic (see Fig. 11), which is described by 
equation (14). 

𝑇𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝑀𝑣·𝜔𝑚 + 𝑀𝑐·𝑠𝑔𝑛(𝜔𝑚) (14) 

where 𝑀𝑣 is the moment coefficient of viscous dynamic friction, 
𝑀𝑐 is the moment coefficient from Coulomb friction. 

 

Figure 11. Friction model for external mechanical system (figure was 
taken from [Palkovic 2012] and edited) 

Furthermore, due to the use of couplings between the motor 
and the ball screw, it is necessary to also include torsional 
stiffness model according to equation (15), 

𝑑𝜑

𝑑𝑡2 =
1

𝐽
(𝑇 − 𝑏 ∙

𝑑𝜑

𝑑𝑡
− 𝑘 ∙ 𝜑) (15) 

where 𝐽 is the moment of inertia, 𝜑 is the angle of rotation in 
time and 𝑏 is the damping coefficient. 
In the case of rotary couplings, the amount of damping is usually 
given in the form of the relative attenuation 𝜉. This can be 
converted into a damping coefficient according to the actual 
shaft speed using relation (16),  

𝑏 =
𝑘 ∙ 𝜉

2𝜋 ∙  𝜅 ∙ 𝜔
 (16) 

where 𝜅 is the order of the harmonic component. 

6.5 Other optional model properities for positioning 

The process of positioning error is also sensitive to the included 
parasitic properties that affect the process within the regulatory 
structures. For this reason, the following list of parasitic 
properties were included in the model: 
 
Sampling and quantization speed 
Due to the rotor encoder, it is necessary to perform the 
discretization and quantization on a specific rotor rotation and 
then calculate a specific speed. The size of the quantitation unit 
𝑞𝑢 is determined using the equation (17), 

𝑞𝑢 =
2𝜋

2𝑛𝑡𝑏
 (17) 

where 𝑛𝑡𝑏 is number of transducer bits. 
Sampling and quantization measure current 
Similarly, to the speed feedback, discretization and quantization 
of the current signal was implemented. The quantization unit 𝑞𝑢 

T [Nm] 

ω [rad/s] 

Coulomb 

friction 

viscos 

friction 
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is given by the range of the current sensor and the number of 
transducer levels, see equation (18). 

𝑞𝑢 =
𝐼𝑐𝑠𝑟

𝑛𝑡𝑙
 (18) 

where 𝐼𝑐𝑠𝑟  is current sensor range and 𝑛𝑡𝑙 is number of 
transducer levels. 
Noise in current sensor 
According to [Lazar 2019], noise in electric drives is caused by 
harmonic and interharmonic components. The spectral density 
of noise in electric drives was dealed also for example in 
[Ioannis 2014]. For the purposes of the model, it would be 
impractical to determine the individual components, so it is 
more appropriate to represent the entire spectral region. In 
addition, other interfering elements enter the system. For 
simulation general noise with neglected significant components 
such as the inverter carrier frequency, was choose a "white 
noise" block for use. Advantage of this block has constant 
spectral density, i.e. the spectral power is the same for the same 
width in any frequency band. It is defined in units of spectral 
power, i.e., watts per hertz (W/Hz). The reason for using noise is 
to expose the control system to sudden superimposed changes 
in the main signal, for this reason it is best to use white noise as 
it contains the entire frequency band. The sampling period shall 
be chosen to be significantly less than the smallest time constant 
of the system according to equation (19). 

𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑝𝑒𝑟𝑖𝑜𝑑 ≈
1

100 ∙ 𝑓𝑚𝑎𝑥
 (19) 

In the case of an electric drive, 𝑓𝑚𝑎𝑥  shall be determined by 
equation (20), where n is the number of revolutions per minute. 

𝑓𝑚𝑎𝑥 = 𝑝 ∙
𝑛

60
 (20) 

Inverter switching frequency 
From the control point of view, the switching frequency of the 
inverter itself is important. Because each control action can be 
carried out in the worst case only in one period. In the second 
limiting case, it can be executed immediately at the time of the 
request for control intervention. In general, this is the interval 
defined by the two time stamps. In terms of probability, 
specifically considering a Gaussian normal distribution, the 
highest probability falls on a regulatory intervention time equal 
to half a period. The described time period causes the so-called 
inverter transport delay, which can be determined by equation 
(21), where 𝑓𝑉𝑀  is switching frequency of inverter. 

𝑇𝑑𝑉𝑀 =
1

2
·

1

𝑓𝑉𝑀
 (21) 

 

6.6 Model of cross table 

The block diagram of the modified model for the two-axis 
application is shown in Fig. 12. These position signals continue to 
the models representing the X and Y position axis of the cross 
table. The output of each model is the actual position in that axis. 
However, both input and output data are in the Cartesian 
coordinate system. For proper evaluation, this positional data 
must be converted to the polar coordinate system. The 
coordinate transformation is performed via equations (22) and 
(23). 
Equation (22) gives the radius 𝑟 and equation (23) gives the 
position angle 𝜑 at which the radius is located. The input values 
are positional data in the Cartesian coordinate system 𝑥 and 𝑦. 
The equation for calculating the angle is based on the 
cyclometric tangent function, which, if implemented directly in 
the model without further programming treatment, would not 
perform the expected function correctly. Because it has only one 

input information, which is the ratio of the two coordinates and 
thus cannot respect the individual quadrants of the polar 
coordinates. It is therefore possible to use a modified function in 
most software, which is often referred to as "arctg2(x,y)". This 
function contains a separate port for both coordinates. The 
function described is also part of the standard blocks in Matlab 
Simulink. The output of this block is defined by the range - π ÷ π 
so it is necessary to additionally implement the derivation from 
the negative position of the x-axis summing with 2π after the 
angle π is exceeded. 

𝑟 = √𝑥2 + 𝑦2 (22) 

𝜑 = 𝑎𝑟𝑐𝑡𝑔 (
𝑦

𝑥
) → 𝑎𝑟𝑐𝑡𝑔2(𝑥, 𝑦) (23) 

In the polar coordinate block, the error from the desired position 
is calculated, and this error is then converted to polar 
coordinates according to the transformation described above for 
subsequent creation of the circle diagram. The model thus 
created had to be further supplemented with input parameters. 
The parameters for the model generating the load moment from 
the bearing arrangement were obtained in according to text 
about mechanical system. The ball screw is also housed in a 
bearing system consisting of one pair of bearings. Their size was 
determined in the process of determining the mechanical 
parameters of the cross table. 

 

Figure 12. Simulation model for circular interpolation in Simulink 

7 VERIFICATION SIMULATIONS 

Before simulating the circular interpolation, additional test 
measurements were performed to investigate the behaviour of 
the controllers within each axis. The actual measurement was 
based on a positional transition from the 0 mm initial position to 
the 200 mm position in both axes. The control structures in the 
machine tool are set to the values shown in the Tab. 2 by default. 
Therefore, the same values will be considered for the purpose of 
the next simulations on MCV milling machine. 
Due to the preload of the ball screws and the friction in the linear 
axis guides, it is not sufficient to use a loss model based on rolling 
bearings only. Therefore, traversing measurements were also 
used to identify these additional frictional losses. The crossing 
speeds were chosen to be close to the measurements when 
performing the circular interpolation. The identification of the 
losses was based on speed and current measurements and 
electrical power input. As a result of the identification, a lookup 
table of friction according to the actual speed was obtained, 
which was simultaneously correlated with the loss model in the 
bearing system. 

For illustrative purposes, a crossing speed of 5 m per minute was 
selected to show the results of the comparison between 
simulated and measured current, this is shown in Fig. 13 and 
Fig. 14. The quantity compared was the value of the q-axis 
current, which is proportional to the magnitude of the output 
torque on the shaft according to the moment constant. From the 
obtained waveforms, it can be seen that the Y-axis has a higher 
moment of inertia which will cause a higher peak current. 
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Further, the steady state current value shows a higher value than 
the X axis as it also has a higher frictional resistance. The 
deviation between the measurement and simulation can be seen 
by looking at the peak currents that deviate. This may be due to 
not including the change in inductance as a function of the 
flowing current. 

 

Figure 13. Trapezoidal trajectory in X axis – q current 

 

 

Figure 14. Trapezoidal trajectory in Y axis – q current 

8 SIMULATON OF CIRCULAR INTERPOLATION 

After performing the described control and identification 
measurements, we proceeded to the actual simulation of the 
circular interpolation. Based on these parameters and the 
presented modelling method, the simulation of circular 
interpolation was performed for three positioning speeds and a 
circle diameter of 150 mm. 

 

Figure 15. Simulation of circular interpolation with speed 2.5 m/s 
The resulting positional error for a velocity of 2.5 m/s was 
plotted in a polar plot, which is shown in Fig. 15. The resulting 

deviation diagram shows a steady state deviation of about 
4.5 μm. Furthermore, a quadrant of reversal peaks that occur in 
the transitions between quadrants can be seen. 
The modelling also investigated the effect of including of 
quantization and noise. In the case of switching off the noise and 
the quantization of the current including the quantization of the 
position, the resulting deviation diagram gets a smooth steady-
state waveform (the region between the reversal peaks). 
However, when comparing the steady-state deviation character 
of the measured circular interpolation, ripples are also evident, 
as in the case of the model variant respecting these parasitic 
properties (see Fig. 5 and Fig. 15). The difference in average 
steady-state deviation between the models representing the 
two variants is less than 0.1 μm. In the case of transition regions, 
noise and quatization are manifested in the asymmetry of the 
reservation peaks (in same axis). This is again consistent with the 
measured deviation diagram, which does not have symmetric 
reversion peaks within the axes. The caused symmetry 
difference was also below 0.1 μm. 

position error of 
reversal spikes 

[µm] 

speed [m/s] 

0.3 1.0 2.5 

measure ±X 0.2 / 0.3 1.0 / 0.5 1.5 / 1.5 

simulation ±X 0.1 0.7 1.2 

measure ±Y 0.9 / 0.9 2.2 / 2.1 2.9 / 3.0 

simulation ±Y 0.5 1.4 2.5 

Table 4. Circular interpolation - measurement a simulation  
When comparing the results obtained, it is necessary to consider 
the measure tolerance of the Ballbar system used, which is given 
as 1.25 μm (20 °C). The accuracy of the sensor itself is 0.50 μm 
(20 °C) [Renishaw 2010]. Consequently, this creates a tolerance 
band where the measurand can be located. 
For the same positioning speed, the deviation diagram obtained 
from the MCV measurements using Ballbar was shown in Fig. 5. 
When compared, it is clear that the deviation diagram shows a 
different shape in the steady-state deviation section. This 
deformation is due to influences that are not part of the 
investigation of this paper. According to the shape of the 
resulting deformation, it is possible to determine what causes 
the circular inaccuracy based on relevant knowledge. As a rule, 
it may be an imperfection of the right angle between the cross 
table and the spindle. In case of a deeper interest in the subject, 
it is possible to find these reasons in the relevant literature 
dealing with the subject, such as [Vorlicek 1991]. 
Therefore, further comparisons between simulated and 
measured deviations must be approached only in terms of the 
resulting magnitudes. Which, in the case of focusing on the 
steady state deviation just discussed, is a value similar to that of 
the simulation, i.e. 4.5 μm. Furthermore, from the viewpoint of 
the reversal peaks, it can be seen that higher values of deviation 
occur in the Y-axis than in the X-axis. This fact is also consistent 
with the measured diagram. The difference in each axis is due to 
the different mass of the moving components and hence the 
moment of inertia. To some extent, this effect should be 
compensated by the different settings of the controllers. 
However, the parameters are probably tuned for a cross table 
loaded with a workpiece of a certain weight. The size of the 
reversal peak in the Y-axis reaches 2.6 μm in the case of the 
simulation and measured in the range of 3.5÷3.7 μm. In the case 
of the X-axis, the absolute difference between simulated and 
measured deviation is similar (simulated 0.9 μm and measured 
range 1.5÷1.6 μm). 
The next simulation results of position errors of reversal spikes 
for velocities of 0.3 and 1.0 m/s are shown in Tab. 4 together 
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with the values obtained from the measurements for 
comparison. Furthermore, in terms of again the absolute 
difference between simulated and measured, the values are 
similar across all velocities. The difference may be in the way of 
some neglected properties or a difference in frictional moments. 
In any case, this described difference may be the subject of 
further research. 

9 APLICATION OF THE MODEL 

In a first approximation, the control structure of the machine 
tool can be tuned without the need for a physical machine 
thanks to deviation monitoring. In case of adding a temperature 
model, it will be possible to monitor how the servomotor 
parameters change during the process and adjust and tune the 
control system accordingly. The topic of the temperature model 
is continued in observing the warming of individual drives during 
the execution of the working cycle thanks to the developed 
problem. On the basis of this, the compensation map can be 
modified to take into account the warming of the individual 
drives in certain areas of the machine tool. Of course, this can 
also be done on the basis of measurements, but it may be the 
case that the machine is not yet available, i.e. it is, for example, 
in the development phase. At this stage, the use of models 
(digital twins) is particularly advantageous as it is possible to 
adapt the design of the entire machine during the design phase. 
A further benefit can be the energy consumption of the entire 
designed machine, where the total energy consumption can be 
predicted on the basis of known duty cycles. Last but not least, 
the problem of tuning the drives of a new machine also arises, if 
at least basic information is available, it is possible to set most of 
the drives before the actual production. In a second 
approximation, it is possible to also observe the dependence of 
positioning accuracy on changes in the internal structure of the 
servo motor. This includes changes in the winding parameters, 
the state of the permanent magnets or the magnetic circuit. If 
these changes are respected and then implemented in the 
change of the individual control structures, it is possible to 
achieve an increase in accuracy from a different perspective.  

10 CONCLUSIONS 

The collective tendency to take current technological advances 
higher initiates the possibilities of widespread digitisation. This 
direction is also firmly linked to the actual computational models 
that must be optimally used and integrated for these purposes. 
The starting point for the actual development of the 
methodology was the model in the so-called dq coordinates. 
Among the key reasons for the choice of modelling was the use 
of this type in the commercial sphere. 
The control system is also important, as it determines the 
behaviour of the servomotor itself under dynamic or static 
loading. Given the fact that servo motors from different 
companies contain different internal structures, it was 
important to address this issue as well. 
During operation, many parasitic properties affect the operation 
or measurement of quantities. Noise, inverter switching 
frequency, discretization and quantization of the measured 
signal were selected as suitable important parasitic properties. 
Along with electrical parasitic properties, mechanical friction, 
torsional stiffness are also included. In the absence of input 
parameters, the model cannot perform its function as a digital 
twin, so the identification of these electrical and mechanical 
parameters was included. 
By comparing the measured and simulated characteristics, 
whether positional or current, it was verified that the above 

modelling methodology can be used to simulate the positional 
errors of machine tool axes. 
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