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Editors’ Preface

In times of global challenges, such as climate change, the transformation of

mobility, and an ongoing demographic change, production engineering is cru-

cial for the sustainable advancement of our industrial society. The impact of

manufacturing companies on the environment and society is highly dependent

on the equipment and resources employed, the production processes applied,

and the established manufacturing organization. The company’s full potential

for corporate success can only be taken advantage of by optimizing the interac-

tion between humans, operational structures, and technologies. The greatest

attention must be paid to becoming as resource-saving, efficient, and resilient

as possible to operate flexibly in the volatile production environment.

Remaining competitive while balancing the varying and often conflicting pri-

orities of sustainability, complexity, cost, time, and quality requires constant

thought, adaptation, and the development of new manufacturing structures.

Thus, there is an essential need to reduce the complexity of products, manufac-

turing processes, and systems. Yet, at the same time, it is also vital to gain a

better understanding and command of these aspects.

The research activities at the Institute for Machine Tools and Industrial Manage-

ment (iwb) aim to continuously improve product development and manufac-

turing planning systems, manufacturing processes, and production facilities. A

company’s organizational, manufacturing, and work structures, as well as the

underlying systems for order processing, are developed under strict considera-

tion of employee-related requirements and sustainability issues. However, the

use of computer-aided and artificial intelligence-based methods and the neces-

sary increasing degree of automation must not lead to inflexible and rigid work

organization structures. Thus, questions concerning the optimal integration of



iv

ecological and social aspects in all planning and development processes are of

utmost importance.

The volumes published in this book series reflect and report the results from

the research conducted at iwb. Research areas covered span from the design

and development of manufacturing systems to the application of technologies in

manufacturing and assembly. The management and operation of manufacturing

systems, quality assurance, availability, and autonomy are overarching topics

affecting all areas of our research. In this series, the latest results and insights

from our application-oriented research are published, and it is intended to

improve knowledge transfer between academia and a wide industrial sector.

Ruediger Daub Gunther Reinhart Michael Zaeh
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Geleitwort der Herausgeber

Die Produktionstechnik ist in Zeiten globaler Herausforderungen, wie der Klima-

krise, des Mobilitätswandels und der Überalterung der Gesellschaft in westlichen

Ländern, für eine nachhaltige Weiterentwicklung unserer Industriegesellschaft

von zentraler Bedeutung. Der Einfluss eines Industriebetriebs auf die Umwelt

und die Gesellschaft hängt dabei entscheidend von den eingesetzten Produk-

tionsmitteln, den angewandten Produktionsverfahren und der eingeführten

Produktionsorganisation ab. Erst das optimale Zusammenspiel von Mensch, Or-

ganisation und Technik erlaubt es, alle Potenziale für den Unternehmenserfolg

auszuschöpfen. Dabei muss größtes Augenmerk darauf gelegt werden, möglichst

ressourcenschonend, effizient und resilient zu werden, um flexibel im volatilen

Produktionsumfeld zu agieren.

Um in dem Spannungsfeld Nachhaltigkeit, Komplexität, Kosten, Zeit und Quali-

tät bestehen zu können, müssen Produktionsstrukturen ständig neu überdacht

und weiterentwickelt werden. Dabei ist es notwendig, die Komplexität von

Produkten, Produktionsabläufen und -systemen einerseits zu verringern und

andererseits besser zu beherrschen.

Ziel der Forschungsarbeiten des iwb ist die ständige Verbesserung von Produkt-

entwicklungs- und Planungssystemen, von Herstellverfahren sowie von Produk-

tionsanlagen. Betriebsorganisation, Produktions- und Arbeitsstrukturen sowie

Systeme zur Auftragsabwicklung werden unter besonderer Berücksichtigung

der Anforderungen des Personals sowie von Nachhaltigkeitsaspekten entwickelt.

Die dabei eingesetzten rechnergestützten und Künstliche-Intelligenz-basierten

Methoden und die notwendige Steigerung des Automatisierungsgrades dürfen

jedoch nicht zu einer Verfestigung arbeitsteiliger Strukturen führen. Fragen der

optimalen Einbindung ökologischer und sozialer Aspekte in alle Planungs- und

Entwicklungsprozesse spielen deshalb eine sehr wichtige Rolle.
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Die im Rahmen dieser Buchreihe erscheinenden Bände stammen thematisch

aus den Forschungsbereichen des iwb. Diese reichen von der Entwicklung von

Produktionssystemen über deren Planung bis hin zu den eingesetzten Technolo-

gien in den Bereichen Fertigung und Montage. Die Steuerung und der Betrieb

von Produktionssystemen, die Qualitätssicherung, die Verfügbarkeit und die

Autonomie sind Querschnittsthemen hierfür. In den iwb-Forschungsberichten

werden neue Ergebnisse und Erkenntnisse aus der praxisnahen Forschung des In-

stitutes veröffentlicht. Diese Buchreihe soll dazu beitragen, den Wissenstransfer

zwischen dem Hochschulbereich und den Anwendenden zu verbessern.

Rüdiger Daub Gunther Reinhart Michael Zäh



vii

Acknowledgements

This dissertation originated from my time as a research associate at the Institute

for Machine Tools and Industrial Management (iwb) of the Technical University

of Munich (TUM). I would like to express my sincere gratitude to Prof. Dr.-Ing.

Michael F. Zäh for his support and guidance throughout my research. His men-

torship has been instrumental in my academic and professional development,

as well as in the successful completion of this dissertation. I would also like to

thank Prof. Dr.-Ing. Christian Brecher for functioning as co-examiner and for

his thorough review of my work and Prof. Dr. ir. Daniel Rixen for chairing the

examination committee.

Additionally, I am deeply grateful to Robin, Thomas, and Max for their time

and effort in reading my thesis. Their constructive feedback and thoughtful

suggestions have played a crucial role in improving the overall quality of my

dissertation. I would also like to thank the entire machine tool department of

the iwb for the great collaboration, the time we spent together, and the lasting

personal connections that continue well beyond my time at the institute.

My family has always supported me in all my endeavors. First, I would like to

thank my sister, Elisabeth, for her love and her encouragement and for showing

me that it is possible to catch up and even surpass others. Second, the time in

which this thesis was written is inseparably linked to my life partner Ramona. I

am very grateful to her for being there for me, for her love, and for the joy she

brings into my life. In particular, I would like to thank her for giving me the

freedom to work on this dissertation and for supporting me even in moments

when she did not fully understand my motives. Lastly, I would like to express my

deepest gratitude to my parents, Maria and Georg, for their unwavering support

throughout my life. Without them, I would not have been able to achieve this

milestone.



ix

Contents

Contents ix

Nomenclature xi

1 Introduction 1

2 Fundamentals 5

2.1 Sensitivity Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1 Linear Models . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1.2 Nonlinear Models . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Numerical Optimization . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2.1 Linear Optimization . . . . . . . . . . . . . . . . . . . . . . . 13

2.2.2 Nonlinear Optimization . . . . . . . . . . . . . . . . . . . . . 14

2.3 Structural Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3.1 Modeling Fundamentals . . . . . . . . . . . . . . . . . . . . . 25

2.3.2 Damping Models . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.3.3 Experimental Characterization . . . . . . . . . . . . . . . . . 36

2.3.4 Model Evaluation Criteria . . . . . . . . . . . . . . . . . . . . 40

2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3 State of the Art 45

3.1 Simulation of Machine Tool Structural Dynamics . . . . . . . . . . 45

3.1.1 Finite Element Analysis . . . . . . . . . . . . . . . . . . . . . 45

3.1.2 Multibody Systems . . . . . . . . . . . . . . . . . . . . . . . . 50

3.1.3 Uncertainty Modeling . . . . . . . . . . . . . . . . . . . . . . 53

3.2 Machine Tool Model Identification and Updating . . . . . . . . . . 54

3.2.1 System Identification . . . . . . . . . . . . . . . . . . . . . . . 55

3.2.2 Parameter Identification . . . . . . . . . . . . . . . . . . . . . 59



x Contents

3.3 Summary and Need for Action . . . . . . . . . . . . . . . . . . . . . 63

4 Objectives and Research Approach 67

4.1 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.2 Research Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5 Research Results 73

5.1 Feed Drive Condition Monitoring as Motivation for

High-Fidelity Structural Dynamic Machine Tool Models . . . . . . 73

5.2 Automated Parameter Identification Methodology for

Structural Dynamic Machine Tool Models . . . . . . . . . . . . . . 75

5.2.1 Dimensionality Reduction of High-Fidelity Machine Tool

Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.2.2 Automated Modal Parameter Identification Using Bayesian

Optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.2.3 Automated Parameter Identification of Machine Tool Mod-

els . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.3 Application of the Parameter Identification Methodology on a

Real-World Machine Tool Structure . . . . . . . . . . . . . . . . . . 82

6 Discussion 85

7 Summary and Outlook 89

7.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

7.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

Bibliography 93

A Embedded Publications 107

B Supervised Student Theses 109



xi

Nomenclature

Abbreviations

Symbol Description

AA anti-aliasing

AI artificial intelligence

ANOVA analysis of variance

BSD ball screw drive

BT Bachelor’s thesis

CAD computer-aided design

CNC computerized numerical control

CMS component mode synthesis

CPL coupling

CSF cross signature scale factor

DOF degree of freedom

DOI digital object identifier

EA evolutionary algorithm

EMA experimental modal analysis

ES evolutionary strategy

FB fixed bearing

FEA finite element analysis

FFT fast Fourier transform

FRAC frequency response assurance criterion

FRF frequency response function

GA genetic algorithm



xii Abbreviations

Symbol Description

GSA global sensitivity analysis

HDMR high-dimensional model representation

IDP interdisciplinary project

IoT internet of things

iwb Institute for Machine Tools and Industrial Management (in

German: Institut für Werkzeugmaschinen und Betriebswis-

senschaften) of Technical University of Munich

LB loose bearing

LGS linear guiding system

LS least squares

LSCE least squares complex exponential

LSCF least squares complex frequency domain

LSRF least squares rational function

MAC modal assurance criterion

MACXP extended modal assurance criterion

MBS multibody system

MDOF multi-degree-of-freedom

ME mounting element

MOR model order reduction

MPC multipoint constraint

MS mean squares

MT Master’s thesis

NDD natural damping difference

NFD natural frequency difference

PSO particle swarm optimization

PUB publication

RG research gap

RT research target

SDOF single-degree-of-freedom

SLSQP sequential least squares programming

SSB sum of squares between groups

SSI stochastic subspace identification

ST Semester’s thesis

SVD singular value decomposition



Abbreviations xiii

Symbol Description

TF transfer function

TSS total sum of squares

TUM Technical University of Munich (in German: Technische

Universität München)

WPT workpiece table



Notation xv

Notation

If not indicated otherwise, vector symbols are printed in bold type and in lower
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Symbol Description

0 zero vector or matrix
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A matrix
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Latin Symbols

If not indicated otherwise, vector symbols are printed in bold type and in lower

case, whereas matrices are written in bold type and upper case. Symbols that

cannot be assigned a unique unit are marked with “–”, and dimensionless

quantities are shown with the unit 1.

Symbol Description Unit

A modal constant –

Â estimated modal constant –
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Chapter 1

Introduction

Machine tools are mechanized and, to a varying degree, automated production

devices which lead to a predefined shape or cause a desired form change on

a workpiece via relative movements between the workpiece and a tool (DIN

69651-1 1981). In this way, all kinds of parts, ranging from simple forms to

very complex shapes, can be manufactured. Even though the market size of the

machine tool industry is small compared to other sectors with, in Germany, a

sales volume of EUR 14.1 billion and 64,264 employees (VDW 2022), it plays

an important role as an enabler for manufacturing capabilities of many other

sectors. One might even go as far as to say that without machine tools as

the so-called mothers of production (SCHULZ 2014), our current standard of

living would not have been possible (WECK 2002). Nevertheless, the European

machine tool industry faces several challenges such as, for example, the trans-

formation in the automotive industry and the increasing pressure from Asian

competitors (VDW 2022). As a result, the sector’s demand for cost-efficiency,

innovativeness, and flexibility is higher than it has ever been.

One of the key performance indicators for the economic success of machine tools

is their dynamic behavior (WECK 2002). Cutting machine tools, in particular, are

constantly exposed to periodic excitations caused by the intermittent tool-work-

piece engagement. This potentially results in form errors and chatter. The

latter is characterized by self-excited and exponentially growing vibrations and

leads to increased wear, poor surface quality, and even damage to the tool, the

workpiece, and the machine itself (ALTINTAS 2012; BRECHER and WECK 2006).

These vibrations are limiting the productivity of machine tools (ALTINTAS 2012;

MUNOA et al. 2016). To increase the productivity and robustness of machine
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tools, their dynamic behavior must be properly designed. Nowadays, simulation

methods are available which have replaced the time-intensive and costly testing

of several physical prototypes (ALTINTAS et al. 2005). Dynamic machine tool

models offer the opportunity to evaluate and implement possible improvements

more quickly, resulting in a reduced number of physical prototypes and, in the

end, a shorter time to market.

Apart from the machine tool design process, other applications of machine tool

dynamic simulation models exist. For example, an integrated simulation of the

machine tool including its control, the workpiece, and the cutting process offers

the opportunity to assess and even improve the part quality before starting the

manufacturing process (REBELEIN 2019; WIMMER 2020; WITT 2007). In this

way, dynamic instabilities can be avoided, and geometrical errors can be reduced.

During production, dynamic simulation models can also be used for monitoring

the condition of critical components. These models correlate to the specific

point in time at which they were set up. Wear processes, however, change the

machine tool’s dynamic behavior (BENKER et al. 2022), eventually leading to a

mismatch between the model and the real-world machine tool. Monitoring these

deviations and parameterizing the model again at specific intervals enables the

detection and localization of wear. Furthermore, the gathered information can

be even used for remaining useful life predictions (IMIELA 2005).

An absolute prerequisite for these applications to be successful is the availability

of a high-fidelity machine tool dynamic simulation model that is able to accu-

rately predict the real-world structure’s dynamic behavior. Even though these

models already exist (REBELEIN 2019; SEMM 2020), they are rarely sufficiently

well-parameterized for a predictive simulation. Since this is a cumbersome and

manual process (NIEHUES 2015; REBELEIN 2019), these models are currently

only used for specialized research applications. No automated procedure for

parameterizing these models exists, thus hindering their industrial application

and the exploitation of the above-mentioned use cases.

This publication-based thesis aims at automating the parameterization process

of high-fidelity dynamic machine tool models. Parameterization, in other words,

means finding those values for the model parameters that lead to the best

approximation of the real-world structure’s behavior. This can be formulated

as a complex optimization problem. Thus, the main objective of this work is to
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provide a method for solving this problem as highly automated and effortlessly

as possible. The parameterization requires information about the machine tool,

typically in the form of modal parameter estimates. Automatically determining

these estimates is another objective of this thesis. Furthermore, the benefits of

well-parameterized high-fidelity machine tool dynamic simulation models are to

be demonstrated by providing and exploiting a condition monitoring use case.

To reach these objectives, this thesis first gives an overview of the theoretical

foundations in chapter 2. The basics of structural dynamics will be briefly

covered, and sensitivity analysis methods for examining and understanding

models will be presented. The remainder of the chapter is dedicated to numerical

optimization methods, which are an elementary component of the developed

automated parameter identification method. Chapter 3 contains a detailed

review of the state of the art of machine tool simulation models and their

identification methods. It will be shown that gaps exist in the state of the art, in

particular regarding the parameterization of these models. To overcome these

gaps, research targets will be formulated in chapter 4, and a research approach

will be presented. This involves five publications, whose key results will be

presented in detail in chapter 5. Chapter 6 critically discusses the papers’ results

as a whole and relates them to the research gaps and research targets defined in

chapters 3 and 4. Finally, chapter 7 concludes this thesis with a short summary

and an outlook.
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Chapter 2

Fundamentals

The intention of this chapter is to briefly show the relevant theoretical founda-

tions for understanding the remainder of this thesis, especially the publications

summarized in chapter 5. The presented method for parameterizing high-fi-

delity machine tool dynamic simulation models strongly relies on both sensitivity

analyses and numerical optimization methods, which are described in the sec-

tions 2.1 and 2.2, respectively. Finally, section 2.3 covers the basics of structural

dynamics and shows how to calculate and measure the dynamic properties of

real-world structures.

2.1 Sensitivity Analysis

Today’s simulation models are becoming more and more complex, which is

especially true in the modern field of machine learning for neuronal networks.

For analyzing models, it can be helpful to understand the relation between the

variance of the model’s output and the variances of its input variables. This is

the definition of sensitivity analyses (SALTELLI and RATTO 2008; SIEBERTZ et al.

2017), which will be covered in this section. First, sensitivity analysis for linear

models will be presented, before the transition to analyzing nonlinear models

will be made.
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2.1.1 Linear Models

Linear models with two-way interaction effects only are often a good compro-

mise between accuracy and simplicity (SIEBERTZ et al. 2017). They can be

written as

y = φ0 +
n∑

i=1

φi xi +
n−1∑
i=1

n∑
j=i+1

φi j xi x j + ε. (2.1)

Here, y denotes the model’s output, n is the number of model factors, φi are

model parameters, xi are model factors (i.e., the model’s input values), and ε

accounts for the model’s errors in describing a real-world effect or quantity. For

this type of models, the so-called analysis of variance (ANOVA) approach is a

very popular sensitivity analysis method (SIEBERTZ et al. 2017), and it will be

explained in detail using an illustrative example. This is based on the work of

SIEBERTZ et al. (2017), which also demonstrates other linear sensitivity analysis

methods such as, for example, the partial correlation coefficient, the coefficient

of partial determination, or the standardized regression coefficient.

The following explanations are based on the assumption that an experiment was

conducted in which the participants have received a coffee and rated its taste

on a scale from one to ten. In this experiment, one indicates a poor and ten an

excellent coffee taste. Each participant was given coffee in different containers

(disposable or reusable) with a different temperature level (low, medium, and

high), and with or without sugar. In other words, an experiment with three

factors, that is, the container type, the coffee temperature, and the sugar level,

was conducted. The sugar and container factors take two different values

(i.e., levels), meaning that these factors have one degree of freedom (DOF)

each. The temperature level can take three values, thus having two so-called

statistical DOFs. Table 2.1 contains exemplary results for this experiment with

24 participants. Under the assumption that rating the taste of coffee can be

described with a linear model (see equation 2.1), it will be examined which of

the three factors (i.e., adding sugar or not, the container type, and the coffee

temperature) have a statistically significant influence on the taste.

Therefore, a so-called ANOVA table given in table 2.2 is constructed. The first

column contains all factors of the model, including the interaction effects (e.g.,

“Sugar:Temperature”). Interaction effects indicate combined (i.e., second-order)
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