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1 Introduction

Constantly changing market conditions due to new technical developments and chang-
ing political strategies regarding globalization have a great influence on machine tool
builders (WECK & BRECHER 2006a; VDMA 2019; VDW 2019a). The potential impact
of such changes can be seen by looking at the number of machine tools delivered to
the automotive sector. In 2017, 47.7 % of the worldwide machine tool production (in
terms of value) were delivered to the automotive sector, where they are mainly used
for the manufacturing of powertrain components such as combustion motors or gear-
boxes (VDW 2019b). Influenced by the trend in the automotive industry to switch
to different motor concepts, such as the electric motor, the applied manufacturing
processes are changing (VDMA 2018). The risks and chances of this development for
the machine tool industry were investigated by the study The Powertrain Transition
from VDMA (2018). It concludes, that – while for the production of electric motors
fewer machine tools are needed – the growing trend towards hybrid vehicles, with
both combustion and electric motors, is likely to even increase the global demand
for machine tools (VDMA 2018).

These changes in technology have a great influence on the machine tool market and
demand for high flexibility and low development times (WECK & BRECHER 2006a).
These can be achieved by reducing the time-to-market of a new product by using
virtual prototypes during the development process (ALTINTAS ET AL. 2005). The term
virtual prototype summarizes the simulation of important properties of a machine
tool in the early states of the development process. Due to the early determination of
the final system’s behavior and an iterative optimization thereof, virtual prototypes
reduce the number of needed physical prototypes. Thus, time and resources can be
saved as depicted in Fig. 1.1 (ALTINTAS ET AL. 2005).

traditional development time

concept design

development time using a virtual prototype

time saving

physical
prototype testing

change of
design

change of
prototype

commis-
sioning

optimization using a physical prototype
optimization using
a virtual prototype

concept design
physical
prototype testing

commis-
sioning

Fig. 1.1: Reduction of the development time by using virtual prototypes based on SCHNEIDER
(2000), ALTINTAS ET AL. (2005), BONIN (2015) and REBELEIN (2019)



2 1 Introduction

An important property for machine tools, which needs to be considered during the
development, is their dynamic behavior (WECK & BRECHER 2006a). The machining
process excites the machine tool’s structure with its dynamic forces. The resulting
vibrations influence the accuracy of the workpiece. Usually, the requirements on
the precision of a machine tool are high and often stem from workpiece tolerance
fields in the micrometer range (WECK & BRECHER 2006b). Therefore, even small
displacements of the tool can lead to non-tolerable deviations from the intended
shape of the final workpiece. If the process parameters are chosen inappropriately,
the cutting process and the machine tool’s structure can interact in a negative manner
and the resulting vibrations may lead to non-stable processes. This results in low
surface quality and can even damage the machine tool (ALTINTAS 2012). To avoid
this effect, a machine tool’s structure needs to be designed specifically in terms of its
dynamic behavior, to improve the dynamic properties and, in doing so, the overall
performance of the machine (WITT 2007; REBELEIN 2019).

An efficient way to predict the dynamic behavior before building a real prototype
and measuring the dynamics, is using simulations (ALBERTZ 1995; WITT 2007).
ALTINTAS ET AL. (2005) summarized the different research efforts in the field of
virtual prototypes for machine tools and pointed out the possibilities and remaining
challenges in this field. One of the unanswered research questions is how to accurately
predict the vibration amplitude, which is strongly influenced by the damping of the
machine tool.

As a result, in recent years, several researchers investigated and modeled damping
effects in machine tools. They used local damping models, which try to trace back
and model the damping effects of individual components. FEY (2015) and NIEHUES

(2016) identified linear local damping models for different components, by using
different experimental approaches such as test benches or a sequential assembly
process of the structure. SCHWARZ (2015) investigated the uncertainties of the local
dynamic parameters. Besides linear damping effects, there are also nonlinear effects
which KUNC (2013) and REBELEIN (2019) investigated more closely. Furthermore,
REBELEIN (2019) presented a simulation approach to include linear and nonlinear
damping models in a simulation of the dynamic behavior of a machine tool.

Another challenge when simulating the dynamic behavior of a machine tool is its
position-dependent behavior. For different positions over the workspace area, the
structural behavior can change significantly (SPESCHA 2018). Due to the fact that
during machining processes the axes are moving, this changing structural behavior
also has an influence on the process stability (LAW 2013). In recent years, several
researchers tried to model this effect using different approaches (HOFFMANN 2008;
SIEDL 2008; LAW 2013; DANIELS 2017; SPESCHA 2018). However, all of these do not
consider the various local damping effects found in machine tools in detail.

Therefore, the goal of this thesis is to allow for accurately modeling the dynamic
behavior of a machine tool in different axis positions by considering local damping
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effects. Bringing together position-flexible machine tool models with local damping
models increases the accuracy and the validity of dynamic simulations for different
machine states. The importance of modeling the damping behavior with local models,
especially when performing analyses for different axis positions, has to be emphasized.
To achieve an accurate model of the dynamic behavior in different axis positions, an
approach for modeling a machine tool using substructures and coupling the axes in
the desired positions is presented. An implementation of a multi-step model order
reduction approach together with local damping models is shown, which increases
the efficiency and accuracy of the used models. The model and simulation results of
a commercial three-axis machine tool, consisting of a basic structure without spindle
or housing, are compared to dynamic measurements of the physical prototype to
validate the approach. Moreover, a different machine tool was modeled with the
same modeling approach to prove its transferability. A special focus is placed on
the efficient parameterization of the model. In the end, the possibility of using the
modeling approach for optimizing a machine tool’s dynamic behavior is discussed. All
these steps are addressed in this publication-based thesis work by the following seven
publications, which are summarized in Chapter 4 to 8: SEMM ET AL. (2018), ZAEH
ET AL. (2019), SEMM ET AL. (2019a), SEMM ET AL. (2019b), SEMM ET AL. (2020a),
SEMM ET AL. (2020b) and SEMM ET AL. (2020c).
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