
ETH Library

On-line process monitoring in
high speed milling with an active
magnetic bearing spindle

Doctoral Thesis

Author(s):
Müller, Markus Kurt

Publication date:
2002

Permanent link:
https://doi.org/10.3929/ethz-a-004470070

Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://doi.org/10.3929/ethz-a-004470070
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


Diss. ETH No. 14626

On-Line Process Monitoring
in High Speed Milling with an

Active Magnetic Bearing Spindle

Dissertation submitted to the
SWISS FEDERAL INSTITUTE OF TECHNOLOGY

ETHZORICH

for the degree of
Doctor of Technical Sciences

presented by

MARKUS KURT MULLER
Dip!. Masch.-Ing. ETH

born September 18, 1970
citizen ofUnterkulm/AG and Strengelbach/AG

accepted on the recommendation of
Prof. Dr. Gerhard Schweitzer, examiner

Prof. Dr. Jacques Giovanola, co-examiner
Prof. Dr. Walter Lindolfo Weingaertner, co-examiner

Prof. Dr. Jorg Hugel, co-examiner

2002



I

Vorwort

Die vorliegende Arbeit entstand wahrend meiner Tatigkeit als wissen
schaftlicher Mitarbeiter am Institut fur Robotik der ETH Zurich und am
Laboratorio de Medinica de Precisao an der Universidade Federal de Santa
Catarina in Florianopolis, Brasilien.

An erster Stelle mochte ich meinem Doktorvater, Herro Prof. Dr. Gerhard
Schweitzer, Leiter des Instituts fur Robotik, danken fur seine Unterstiitzung
und die Forderung dieses Projekts, insbesondere aber fur die Ermoglichung,
einen Teil davon in Brasilien auszufuhren.

Mein zweiter Dank gehort Herro Prof. Dr. Walter Lindolfo Weingaertner,
Leiter des Laboratorio de Mecanica de Precisao an der UFSC in Brasilien,
fur sein grosses Interesse an der Arbeit und die Freiheit, die ich wahrend der
Zeit an seinem Institut genoss.

Herro Prof. Dr. Jacques Giovanola, Leiter des Institut de Conception, Ana
lyse et Production de Systemes Mecaniques an der EPF Lausanne, danke
ich fur die Ubernahme des Korreferats und fur seine Beteiligung am Pro
jekt.

Ein weiterer Dank gilt Herro Urs G. Waldvogel, Inhaber der Firma IBAG
Switzerland AG, fur die kostenlose Zurverfugungstellung einer Versuchs
anlage, und Herro John Weindorffur die Unterstiitzung im technischen Be
reich.

Fur die Hilfe und die zahlreichen Ratschlage im Bereich der Magnet
lagertechnik mochte ich den Herren Dr. Raoul Herzog und Dr. Philipp Buh
ler von der Firma MECOS Traxler AG herzlich danken. Herro Dr. Jakob
Bernasconi vom ABB Forschungszentrum Baden-Dattwil danke ich fur die
hilfreichen Tipps im Bereich Mustererkennung und Neuronale Netzwerke.

Dem schweizerischen Bundesamt fur Bildung und Wissenschaft BBW
danke ich fur die finanzielle Unterstiitzung im Rahmen der Beteiligung am
europaischien BRITE/EURAM Projekt IMPACT.

Fur die grossziigige Unterstiitzung mit Versuchswerkzeugen mochte ich
den Herren Dr. Peter Muller und Dr. Roland Heiler von der Firma Titex
Plus I Gunther & Co. GmbH in Deutschland danken, und Herro Haas von
der Firma Pilatus Flugzeugwerke AG gebuhrt Dank fur die bei den Ver
suchen verwendeten Aluminium-Werkstiicke.



II

Weiterhin danke ich den Herren Dr. Wolfgang Hom von der Firma Huller
Hille GmbH und Dr. Klaus Christoffel von der Firma Sandvik Coromant in
Deutschland, Herm Ricardo Freitas von der Firma Iscar do Brasil, und den
Firmen Embraer S.A. und Tupy S.A. in Brasilien fur ihre Beitrage in Form
von Maschinenteilen, Werkzeugen und Werkstoffmaterialien.

Meinen Kollegen am Institut fur Robotik, insbesondere Dr. Florian Losch,
Dr. Gabriel Gruner und Dr. Peter Frei, mochte fur die zahlreichen Ge
sprache und die angenehme Atmosphare danken. Fur die grosse Hilfe bei
der Einrichtung der Versuchsanlage und der Vorbereitung der Frasversuche
danke ich Herm Eduard Randak sehr. Meinem Studenten Bekim Osmani
danke ich fur seinen Beitrag in Form einer Semesterarbeit.

Aos meus colegas do Laborat6rio de Mecanica de Precisao, eu quero agra
decer pelo 6timo ambiente de trabalho, pelas festas e todas as alegrias que
conVlvemos.

Meus agradecimentos especiais vao para minha querida esposa Adriana,
pelo seu apoio e pela sua compreensao, e para meu filho Patrick, de urn ano
de idade, que esta dando a sua opiniao aqui: jhztrtrhgggzhgfhhuujjhttt.

Schliesslich mochte ich meinen lieben Eltem danken, fur meine schone
Kinder- und Jugendzeit und die stete Forderung meiner Ausbildung, wo
durch diese Arbeit erst moglich wurde.

Zurich, im Januar 2002 Markus Muller



III

Table of Contents

Abstract IX

Kurzfassung XI

Abbreviations XIII

Technical Terms - Fachausdriicke XV

Symbol Table XIX

Chapter 1: Introduction 1
1.1 Overview 1
1.2 Process Monitoring in Milling 2

1.2.1 Sensor Systems 3

1.2.2 Feature Extraction and Decision Making 7

1.2.3 Collision Monitoring 8

1.2.4 Tool Breakage Monitoring 9

1.2.5 Cutting Edge Breakage Monitoring 9

1.2.6 Tool Wear Monitoring 10

1.2.7 Commercially Available Systems 11

1.3 Magnetic Bearings 12

1.3.1 The Basic Principles 12

1.3.2 Magnetic Suspension of Rotating Machines 13



IV

1.3.3 Characteristics and Applications ofAMB
Suspensions 15

1.4 High Speed Milling 16

1.4.1 Historical Overview 16

1.4.2 Definition 17

1.4.3 Characteristics of HSM 18

1.4.4 Applications ofHSM 19

1.5 The European BRITEIEURAM Project IMPACT 20

1.6 Objectives of this Thesis 22

1.7 Outline 23

Chapter 2: Equipment 25
2.1 The AMB Spindle IBAG HF 200 MA-40 25

2.1.1 Characteristics 25

2.1.2 The AMB Control 26

2.1.3 Spindle Start-Up 27

2.2 Test Rig at UFSC, Brazil 28

2.2.1 Integration ofthe Spindle in the Machining
Center 28

2.2.2 Protection Installations 30

2.2.3 Problems Encountered 31

2.3 Test Rig at ETHZ, Ziirich 31

2.3.1 Integration ofthe Spindle in the Machining
Center 31

2.3.2 Installation ofa Fast Feed Axis 32

2.3.3 Protection Installations 33

Chapter 3: Sensor Signals and Data Acquisition 35
3.1 Eddy Current Sensors 35

3.2 Position and Acceleration Signals 37

3.2.1 The MECOS Interface 37

3.2.2 Requirements for Process Monitoring 38

3.2.3 The Data Acquisition Device PA5+P 39

3.2.4 Calibration of the PA5+P device 42

3.3 Force Signals 43



v

3.3.1 Available Signals

3.3.2 The Current-Force Relation

3.3.3 Force Signal Calibration
3.3.4 Consequences

3.4 Data Acquisition

43
43

45
49

49

Chapter 4: Collision and Tool Breakage Monitoring 51
4.1 Strategy 51
4.2 Non-Rotating Spindle Monitoring 53

4.2.1 General Remarks 53

4.2.2 Collision Experiments 53

4.2.3 Results 54

4.3 Rotating Spindle Monitoring 56
4.3.1 Time Series Analysis 56

4.3.2 Distinction from Regular Events 57

4.3.3 Collision and Tool Breakage Experiments 58

4.3.4 Results 58

4.4 Summary 66

Chapter 5: Milling Dynamics and Signal
Preprocessing 69

5.1 Cutting Force Calculation 69
5.1.1 Basic Cutting Force Model 69

5.1.2 Single Cutting Edge Milling 71

5.1.3 Multi Cutting Edge Milling 74

5.1.4 Milling with Ball-Nose Tools 75

5.2 Frequency Analysis 76
5.2.1 Cutting Force Spectrum 76

5.2.2 Spindle Shaft Compliance 78

5.2.3 Chatter Recognition 80

5.3 Signal Preprocessing 83
5.3.1 Measured Data 83

5.3.2 Differentiation from No-Load Operation
Signals 83

5.3.3 Frequency Analysis 85



VI

Chapter 6: Cutting Edge Breakage Monitoring 87
6.1 Cutting Edge Breakage 87
6.2 Experiments 88

6.3 Feature Extraction 89
6.3.1 Planar Motion and Force Excitation 89

6.3.2 Description of the Features 91

6.3.3 Milling with Ball-Nose Tools 92

6.4 Results 93
6.4.1 Detectability 93

6.4.2 Possible Improvements 95

6.4.3 Industrial Set-Up 96

6.5 Summary 97

Chapter 7: Tool Wear Monitoring 99
7.1 Tool Wear 99

7.1.1 Tool Wear Mechanisms 99

7.1.2 Forms of Tool Wear 100

7.1.3 Progression of Tool Wear 101

7.2 Experiments 102
7.2.1 The Tools Used in the Experiments 102

7.2.2 Description of the Experiments 104

7.3 Feature Extraction 105

7.3.1 Cutting Force 105

7.3.2 Cutting Parameter Independent Features 106

7.3.3 Cutting Force Direction 107

7.3.4 Angles between the Force Excitation Ellipses
and the Cutting Force 107

7.3.5 Harmonic Components ofthe Tooth Passing
Frequency 108

7.4 Results 109

7.4.1 Cutting Force 109

7.4.2 Cutting Force Direction 110

7.4.3 Angles between the Force Excitation Ellipses
and the Cutting Force 111



VII

7.4.4 Harmonic Components ofthe Tooth Passing
Frequency 114

7.5 Summary 115

Chapter 8: Process Monitoring: Summary 117

Chapter 9: Conclusions and Outlook 121
9.1 Conclusions 121

9.2 Outlook 122

Appendix
Al Feature Matrix 125

A2 Spindle Transfer Functions 127

a) Transfer Functions for the Collet Tool Holder 127

b) Transfer Functions for the Weldon Tool Holder 128

c) Rotor Dynamic Effects 129

d) Distortion ofthe Transfer Functions by Machine
Modes 130

A3 Cutting Edge Breakage Experiments 131

a) Tool dl0L30z2 131

b) Tooldl0L30z3 132

c) Tool dl0L30z4 132

d) Tool dl0U30z4L 133

e) Tool d16L30z8 133

f) Tool d6L28z2 133

A4 Tool Wear Experiments 134

a) Basic Experiment 134

b) Gradual Tool Wear Experiment 135

c) Spindle Rotation Speed Experiment 138

d) ae-Variation Experiment 139

e) Different Tool Experiments 140

References 157

Curriculum Vitae 165



VIII

Seite Leer i

Blank leaf I
I

,..)



IX

Abstract

Process monitoring has become increasingly important in industrial produc
tion over the last decades. On the one hand, labour costs can be saved by
eliminating personnel supervising the machines. On the other hand, a con
stant, high quality of the products can be guaranteed, which is not possible
with human supervision alone.

In milling and in machining in general, many concepts have been developed
to achieve a reliable monitoring of the cutting process. Most of them are
based on force measurement, spindle current or power measurement, acous
tic emission or vibration measurement.

Milling spindles with active magnetic bearings (AMBs) have the special
feature that they are already equipped with position sensors in the magnetic
bearings. In addition, the output signals of the controller, which determine
the currents in the bearing coils, can be used to calculate the cutting forces.

In this work, the monitoring capabilities of such an AMB spindle are inves
tigated. Specifically, collision monitoring, tool breakage monitoring, cut
ting edge breakage monitoring and tool wear monitoring are studied.

In the first part, the different test rigs are described, the available sensor sig
nals are analysed and different ways for signal preprocessing are illustrated.
A special device was developed, which generates the shaft acceleration sig
nals from the position signals. These proved very useful for collision mon
itoring.



x

In the second part, the different monitoring tasks are described. The signals
best suited for each task were selected and analysed and signal processing
methods were developed and investigated in order to get an optimum mon
itoring performance.

It was found that the signals available in an AMB spindle are very well suit
ed for process monitoring. Collisions could be detected in less than
0.2 milliseconds, which is a factor of 3 better than any other method de
scribed in the literature. Tool breakages could be recognized within one
spindle revolution, using the bearing current signals. Cutting edge breakage
could be detected with a high reliability by FFT analysis of the position sig
nals. In tool wear monitoring, it was shown that conventional monitoring
based on cutting force measurement (using the bearing current signals)
works well. In addition, other useful features were found which are inde
pendent of some of the cutting parameters.

All these tasks can be carried out on-line, i.e. the milling process does not
have to be interrupted for monitoring purposes.

Finally, some thoughts are mentioned on how the process monitoring sys
tem could be integrated in the magnetic bearing electronics, in order to offer
a milling spindle with a built-in monitoring system to the customer.



XI

Kurzfassung

Der Uberwachung von Prozessen in der industriellen Produktion kam in den
letzten Jahrzehnten immer grossere Bedeutung zu. Einerseits konnten mith
ilfe der Prozessuberwachung Prozesse automatisiert werden, wodurch Be
dienungspersonal und damit Lohnkosten eingespart werden konnten.
Andererseits konnten aber auch Uberwachungsaufgaben wahrgenommen
werden, die durch eine Bedienperson gar nicht ausfuhrbar waren. So konnte
erst eine konstant hohe Qualitat der erzeugten Produkte gewahrleistet wer
den.

FUr das Frasen und fur die spanabhebende Bearbeitung allgemein wurden
verschiedene Uberwachungskonzepte entwickelt. Die meisten davon ba
sieren entweder auf der Schnittkraftmessung, auf der Messung des Mo
torstromes oder der Leistung der Hauptspinde1 oder der Achsenantriebe, auf
der Korperschallmessung oder auf der Messung von Vibrationen.

Frasspindeln mit aktiven Magnetlagem (active magnetic bearings, AMBs)
anstelle von konventionellen Walzlagem haben die spezielle Eigenschaft,
dass sie bereits mit Positionssensoren in den Magnetlagem ausgerustet sind.
Auch konnen die Ausgangssignale des Reglers, we1che die Strome in den
Lagerspulen bestimmen, verwendet werden urn die Schnittkrafte zu berech
nen.

In dieser Arbeit wird analyisert, inwiefem die Sensor- und Regleraus
gangssignale einer Magnetlagerspindel fur Uberwachungszwecke verwen
det werden konnen. Konkret werden die Bestimmung des
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Werkzeugverschleisses und die Uberwachung der Ereignisse Kollision,
Werkzeugbruch und Zahnausbruch untersucht.

1m einem ersten Teil werden die verschiedenen Versuchsanlagen beschrie
ben, die vorhandenen Sensorsignale analysiert und verschiedene Methoden
der Signalverarbeitung aufgezeigt. Auch wurde ein spezielles Gerat ent
wickelt, das aus den Positionssignalen die Beschleunigung des Rotors er
mittelt. Diese Beschleunigungssignale erwiesen sich als sehr gut geeignet
fur die Kollisionsuberwachung.

1m zweiten Teil werden die verschiedenen Uberwachungsaufgaben be
schrieben. Es wurde untersucht, welche Signale fur welche Aufgabe am be
sten geeignet sind, und wie sie verarbeitet werden mussen, urn eine optimale
Uberwachung zu erreichen.

Es konnte gezeigt werden, dass sich die vorhandenen Signale einer magnet
lagerspindel hervorragend eignen fur die Prozessuberwachung. Kollisionen
konnten in weniger als 0,2 Millisekunden detektiert werden, was urn Faktor
3 besser ist als die bis anhin in der Litertur beschriebenen Methoden.
Werkzeugbmche konnten mithilfe der Lagerstromsignale innerhalb einer
Spindelumdrehung erkannt werden. Mittels FFT-Analyse der Positionssig
nale konnten Zahnausbmche mit einer hohen Zuverlassigkeit detektiert
werden. Bei der Verschleissuberwachung konnte gezeigt werden, dass die
konventionelle Uberwachung, basierend auf der Messung der Schnittkrafte
(d.h. der Lagerstromsignale), gut funktioniert. Zuatzlich konnten Sig
nalmerkmale gefunden werden, die unabhangig von einem Teil der
Schnittparameter sind.

All diese Uberwachungsaufgaben konnen on-line ausgefiihrt werden, d.h.
der Frasprozess muss nicht unterbrochen werden fur Uberwachungs
zwecke.

Schliesslich werden einige Gedanken aufgezeit, wie das beschriebene Pro
zessuberwachungssystem in der Magnetlagerelektronik integriert werden
konnte, sodass dem Kunden eine komplette Spindel mit eingebautem Uber
wachungssystem anbegoten werden konnte.
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Chapterl

Introduction

1.1 Overview

Process monitoring in manufacturing processes has gained a lot of impor
tance during the last decades. As manpower has become more and more ex
pensive, especially in industrialized countries, it has become necessary not
only to construct faster, stronger and more powerful production machines,
but also more intelligent machines. Such smart machines1 are equipped
with self-operating and self-supervising systems, which allow one or a few
operators to supervise several machines, or even a whole factory.

In the machining field, after NC and CNC machines had been introduced,
computer-integrated manufacturing (elM) was developed, and completely
automated machining and assembly lines with complex supervision systems
were built. Especially in the automotive industry and in other industries
where large numbers of units are produced, a high degree of automation is
decisive for the competitiveness of a company.

In order to achieve such a high degree of automation, the machines must be
equipped with monitoring systems. The operator's eyes, ears, nose and
hands must be replaced by suitable sensors, which then are connected to a
supervising system, which is capable of detecting any kind of failure or
process anomalies, and if possible, which is able to take measures against
them.

1. Definition of "smart machines" see chapter 1.5
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In this thesis, one particular task out of the large variety ofmonitoring tasks
is described: process monitoring in milling. Only on this subject, hundreds
ofpapers, reports and theses have been written, which demonstrates the im
portance of the topic.

In contrast to earlier works, this thesis investigates process monitoring with
no extra monitoring sensors, i.e. it investigates the capabilities to monitor
the milling process only by retrieving data from the milling spindle. A spin
dle equipped with active magnetic bearings (AMBs) is used, which are by
nature provided with proximity sensors to measure the actual position of the
spindle shaft. For further details on magnetic bearings, see chapter 1.3.

The following sub-chapters will give an overview of the state of the art and
of the approaches used to monitor the milling process.

1.2 Process Monitoring in Milling

In order to achieve a stable, self-supervising milling application, a milling
process monitoring system must fulfil a number of tasks:

On the one hand, the machining center itself must be safe, i.e. it must be
equipped with adequate sensors to recognize failures and anomalies of its
components (feed axes, main spindle, tool change system, doors, etc.), and
it must be properly programmed in such a way that neither personnel nor the
machine itself gets harmed or damaged. This task belongs to the manufac
turer's responsibility and will not be further treated here. An overview is
given by K.F. Martin [Martin 1994].

On the other hand, the milling process itself must be monitored. The moni
toring system must be able to recognize the following deviations from nor
mal operation:
• collisions between the tool or the spindle and the workpiece or parts of

the machine
• general tool breakage.
• cutting edge breakage, i.e. the breakage of a single cutting edge of the

tool
• tool wear

The last three items are often summarized as tool condition monitoring.
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It is obvious that machining center monitoring and milling process monitor
ing cannot work completely independently. Milling process monitoring
may call for actions of the machining center, as for example to stop the feed
axes or to replace the tool. On the other hand, the milling process monitor
ing may need information from the control unit of the machining center, e.g.
whether the tool is currently cutting or not. But, since the process monitor
ing system is often purchased separately, this communication should be
kept at a low level, in order to facilitate the installation.

1.2.1 Sensor Systems

In view of the importance of process monitoring, a large variety of sensing
methods has been tried out. Generally, the methods can be classified into di
rect and indirect methods. Direct methods are based on a measurement of
the volumetric loss of cutting tool material, and are therefore often called
"off-line" techniques, since the measurement usually can only take place
when the tool is out ofcut. Indirect methods, however, utilize measurements
of cutting-induced parameters, e.g. forces, vibrations, sound, etc. which
may be correlated with the extent of tool wear. These measurements are tak
en during the cutting process and are called "on-line" techniques.

This chapter will give a short overview over the employed sensor tech
niques. More detailed reviews are given by Lister and Barrow [Lister 1994],
Dimla [Dimla 2000b], Prickett and Johns [Prickett 1999] and Cho et al.
[Cho 1999]. Most of the sensor systems are applicable to both milling and
turning operations. Still, some of the techniques are difficult to implement
in milling, especially when a sensor has to be placed on the (rotating) tool,
which makes data transmission to the controller difficult. In some special
cases, data transmission by radio was used. Methods not realized in milling
operations will not be mentioned hereafter.

a) Direct sensor techniques

Direct sensor techniques include the following:
• Optical methods. These methods are based on the light reflected from

the wear-land of the tool. Laser reflection techniques are described as
well as methods based on image processing of digital camera photo
shots.

• Electrical resistance methods. Based on the fact that the electrical
resistance of a body depends on its length and cross sectional area, sev
eral methods have been investigated. One of them consists in the meas-
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urement of the resistance between the tool and the workpiece, assuming
that it would decrease as the contact area increases with increasing
flank wear. In another method, a thin film of an electrical conductor
was deposited on the tool flank face, isolated from the substrate.
Increasing flank wear would result in increasing electrical resistance, as
part of the material is removed. These techniques can also be used on
line, as long as there is a possibility to connect the rotating tool to the
electrical circuit.

• Radio-active techniques. Radio-active material is implanted into the
tool, especially in the regions subject to wear. Similar to the method
described above, the radio-active radiation of the tool will decrease
with the removal of tool material.

• Magnetism. Instead of the implantation of radio-active material, the
tool is magnetized, and then the reduction of the magnetic flux can be
measured.

• Touch trigger probes. These are sensors which send a signal to the
controller when it is slightly deflected by touching an object. In that
way, tool breakage and cutting edge breakage can be detected by driv
ing the milling tool to a position where it should touch the probe.

• Proximity sensors. Similar to the touch trigger probes, the tool can be
brought close to a proximity sensor, in order to detect tool breakage.
These sensors are usually based on the principle of the inductive trans
ducer, though other types are also reported to be successfully applied.

b) Indirect sensor techniques

Since most direct tool wear measurements have to be taken off-line and are
therefore time-consuming and inefficient, indirect, on-line sensor tech
niques are preferred in most cases. The different methods are explained be
low, and figure 1.1 shows their application on a machine tool.

• Cutting temperature. With increasing flank wear, the contact area and
thus the friction between the tool and the workpiece increase. More
heat is generated in the cutting edges, which can be measured by a tem
perature sensor. As this sensor has to be placed on the rotating tool, an
adequate signal transmission system has to be used. Another way to
measure the cutting temperature is to use an infrared camera.

• Surface roughness. Since the quality of a machined surface decreases
as the tool loses its sharpness, tool wear can be estimated from measur
ing the surface roughness. Methods including optical techniques
(vision, laser) and contact sensors have been developed.
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Figure 1.1: Indirect sensor techniques
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• Cutting forces / torque. A very widely used technique is the measure
ment of the cutting forces and the main spindle torque. Generally, the
forces / torque are measured by so-called "dynamometers", platfonns,
rings etc. based on piezoelectric elements. Besides the classic dynamo
meter, a platfonn placed under the workpiece, applications have been
reported where piezoelectric elements were integrated in the tool
holder, the spindle mount, the spindle bearings, the spindle motor and
the feed axes ballscrews.

• Current / power measurement. An indirect method to measure the
cutting forces and torque is to measure the current or power in the spin
dle motor and the feed axes drives. The advantage herein is that no
extra equipment has to be bought, since dynamometers cost something
from U$18'OOO upwards. Possible drawbacks are that every motor
must be calibrated individually and that the signal-to-noise ratio may
impede an exact measurement.

• Acoustic emission (AE). Acoustic emission is another very popular
sensing method. During chip fonnation, cutting edge entrance into
workpiece, but also tool breakage, acoustic waves are generated, which
are propagated through the workpiece, the tool, the tool holder etc.
These waves are measured by piezoelectric AE transducers, placed at
different locations on the machine tool. Generally, the quality of the
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signal is the better, the closer to the cutting process the sensor is placed,
but shocks caused by flying chips may trigger false alarms. Data analy
sis is usually made by algorithms identifying the root mean square
(RMS) of the AE signal, and the "skew" (sYmmetry) and "kurtosis"
(sharpness) ofa ~-distributionof the RMS signal (a detailed description
is given e.g. by Dornfeld and Asibu [Dornfeld 1980], by Liu and Liang
[Liu 1991], or by Youn, Yang and Park [Youn 1994]).

• Vibration signatures. It is known that a skilled machine operator can
recognize when a cutting tool is worn by listening to the sound emitted
during the cutting process. Because air-borne sound originates from
structure borne vibrations, many attempts have been made to correlate
the dynamic behaviour of the cutting tool with the progression of tool
wear. Both accelerometers and microphones are used to measure vibra
tions and sound. Data is usually analysed by comparing particular
peaks in the power spectrum of the signal.

• Spindle shaft displacement. A very special method which is only
applicable to active magnetic bearing (AMB) spindles is the measure
ment of the spindle shaft displacement with proximity sensors. Since
there is a clearance between the spindle shaft (rotor) and the spindle
housing (stator), the spindle shaft undergoes small displacements
induced by the cutting forces. Most of the work described in this thesis
is based on this technique. Although mentioned in earlier works
([Arnold 1985], [Siegwart 1989]), it has never been systematically
investigated to make use of this special feature of AMB spindles.

Even if indirect tool condition monitoring methods show clear advantages
compared to direct methods, one of their major drawbacks is that the meas
ured parameters are not only sensitive to tool wear, but also to cutting con
ditions, as for example axial and lateral cutting depths, cutting speed,
rotational speed of the spindle, workpiece and tool material and tool geom
etry. The task of the monitoring system designer is to search for features
which are only sensitive to tool wear, but not to cutting conditions. This
process is also calledfeature extraction.

A way to improve the performance of a monitoring system, often referred
to as sensorfusion, is to combine two or more of the above described meth
ods. One method may show good results under certain circumstances, but
fail under others. A combination ofseveral methods, each ofwhich showing
good performance under different circumstances, may lead to strongly im
proved results.
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1.2.2 Feature Extraction and Decision Making

Only in few cases can the signal obtained from the sensor be directly used
for process monitoring in its raw form. In most cases, the signal must be
transformed by a signal processing algorithm, which is often referred to as
feature extraction. Techniques commonly used are:
• Statistical analysis: Calculation of the mean value, RMS, variance etc.
• Time series modelling: This is a method frequently used in tool moni

toring. Two main methods have been utilized: autoregressive time
series modelling (AR) and autoregressive moving average time series
modelling (ARMA). Details about the mathematics can be found in
[Box 1994]. These methods are based on the estimation of the present
value of a time discrete signal from one or more previous values. The
difference between the estimated value and the actual value is then
compared to a threshold.

• Differentiation and integration. Some features are only visible in the
first or higher differentiation or in the integration of a signal. This tech
nique is often used in collision and tool breakage monitoring.

• Frequency domain analysis: By performing a fast Fourier transforma
tion (FFT), the frequency components of a signal can be determined.
Frequency components of interest are in the first place the spindle rota
tion frequency and the tooth frequency. However, their harmonics may
also contain useful information. Besides FFT, wavelet analysis and the
so-called cepstrum analysis, a method which discovers periodicities in
the spectrum of a signal, are used in some specific applications.

A way to improve the performance ofa monitoring system is also to consid
er the dynamic behaviour of the spindle. For example, the amplitude of a
signal may change strongly close to the rotor eigenfrequencies. Thus, fea
tures using frequency components in such regions should be avoided.

Once suitable features could be found, one has to determine how, respec
tively when, an alarm or an action (e.g. tool change) must be triggered. If
only one feature is considered, a common practice is simple thresholding,
with fixed thresholds or with "envelope over curve" and "envelope under
curve" thresholds. When more than one feature (input) is considered, a sys
tem capable of weighing the inputs and/or performing logical operations is
needed. Methods commonly used are expert systems, fault tree based diag
nostic systems, fuzzy logic classification systems and different types of
neural networks.
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1.2.3 Collision Monitoring

Collisions between the tool or the spindle and the workpiece or the machine
may occur when CNC programming errors have been made, when relative
coordinate origins have been wrongly defined, when the wrong CNC pro
gram has been selected, when the wrong tools have been inserted into the
tool magazine, or when objects have been forgotten in the milling area.

The goal of collision monitoring is to avoid machine and tool damage. For
this purpose, the feed axes must be stopped immediately when a collision
occurs, if possible even before the tool breaks1. To make this possible, two
problems must be solved: first, the collision must be detected very fast, be
fore the tool breaks, usually in less than 1 ms (millisecond). Secondly, very
powerful feed axis controls and actuators are needed to stop the axes within
a useful braking distance.

Of course, this is a very difficult task, due to the high feed rates common in
high speed cutting (up to 120 m/min), together with the relatively large
masses involved. Siemens presents with its digital SINUMERIK 840D a
control which is able to stop a feed axis from 120 m/min to standstill in
44 ms. This corresponds to a braking distance of 44 mm, which of course is
still far too long. But, assuming a feed rate of 10m/min, the breaking dis
tance is reduced to 0,3 mm, which may in some cases save the tool. This mo
tivates research to find ways to detect collisions very fast.

F. Klocke et al. [Klocke 1997] present a method based on feed axes current
measurement to detect collisions. Due to the cycle time of the control, the
reaction time is about 12 ms, which is rather slow.

In another approach, F. Klocke and M. Reuber [Klocke 2000] present a col
lision and tool condition monitoring system based on force measurement
with a piezoelectric flange force ring, manufactured by Kistler, Switzerland,
which is placed between the spindle and the spindle fixation on the machine
tool. They found that with this sensor a collision could be detected in 0.6 ms.

In this thesis, a method based on the measurement of the spindle shaft ac
celeration is presented. With this method, collisions can be detected in less
than 0.1 ms (see chapter 4, Collision and Tool Breakage Monitoring).

1. Another approach would be to try to detect a collision before it occurs, using e.g.
the capacitive sensing method. The problem herewith is the "dirty" environment
in the machining centre (chips, lubricant, etc.), which may cause false alarms.
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1.2.4 Tool Breakage Monitoring

Similar to collision monitoring, general tool breakage monitoring is a task
which has to be carried out with a very short response time. Tool breakage
may occur especially with long tools of small diameters, which are often
used close to their load limit. In order not to damage the workpiece and to
continue the milling operation with a new tool at exactly the location where
the tool failed, tool breakage has to be detected within only a few spindle
revolutions. If tool breakage is not detected and the CNC program is contin
ued, the absence of material removal may lead to collisions of the spindle
and the workpiece and thus to great damage.

Basically, tool breakage seems to be easily detectable. When the tool fails,
all the static and dynamic characteristics related to the milling process, e.g.
cutting forces, vibration, sound etc., suddenly disappear. The actual prob
lem is that a very similar effect occurs when the tool disengages the work
piece, which may easily lead to false alarms. Hence, a detailed study of the
signal signature is necessary to distinguish the two effects.

Due to the importance of tool breakage monitoring, a lot of research is di
rected to this field. Approaches including acoustic emission, cutting forces,
current / power measurement and vibration signature have been developed.
Feature extraction is usually made by time series modelling or by differen
tiation of the signal. As examples we may cite [Altintas 1988], [Altintas
1989] and [Lou 1997].

In this work, a method was found which is based on time series analysis of
the spindle shaft acceleration signal. With this method, tool breakage can be
detected in about half a spindle revolution, showing high reliability and no
false alarms.

1.2.5 Cutting Edge Breakage Monitoring

Cutting edge breakage is not as time-critical as general tool breakage, since
the metal cutting process is still going on with the remaining cutting edges,
and therefore no spindle-workpiece collision is to be expected. Still, the cut
of a partly broken tool is irregular, and so the surface quality of the work
piece is worse. For this reason, a tool with a broken tooth should be ex
changed as soon as possible.
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To detect cutting edge breakage, most of the indirect sensor techniques de
scribed in chapter 1.2.1 may be applied. What is actually happening while
cutting with a tool with a broken cutting edge is that the "missing" tooth
does not induce any cutting force, while the following tooth induces a larger
cutting force, due to the increased amount of material which has to be re
moved. This alteration of the cutting force signature can be measured by vi
bration signatures, cutting force measurement, current / power
measurement (if the time resolution is high enough), acoustic emission and
shaft displacement measurement. An approach often used is the comparison
between the spindle rotation frequency component and the tooth frequency
component in the FFT spectrum, where an increase of the former is to be
expected ([Hoffmann 2000]). Time series modelling has also led to success
ful monitoring methods ([Matsushima 1979], [Yan 1995]).

1.2.6 Tool Wear Monitoring

In contrast to the above described events, tool wear is a gradual phenome
non, which cannot be classified on a true/false basis. Every tool is subject
to tool wear, due to abrasion and other phenomena occurring during the cut
ting process. Increasing tool wear causes poorer surface quality, and when
it reaches a certain point the tool has to be exchanged. A detailed description
of tool wear is given in chapter 7.1

Without any monitoring system, the tool is exchanged at fixed intervals,
which have to be short enough to be on the safe side, in order not to produce
part rej ects. Of course, this is not a very economic method, since tool life is
prone to great variations. Even if several methods exist to estimate tool life
(see for example [Konig 1990]), there is still an uncertainty of up to 50%.
In addition, it is often very difficult to calculate the estimated tool life, es
pecially when the cutting conditions are constantly changing as is the case
in modem die and mould production.

It is obvious that a lot of attempts have been made to monitor tool wear and
so detect the end of tool life. The whole range of direct and indirect moni
toring principles presented in chapter 1.2.1 has been tried out. Basically, it
is well known that the cutting forces increase with increasing tool wear.
Also the ratio of the radial and tangential cutting force component changes.
Tool wear also affects acoustic emission, vibration signature, etc. The main
problem is that these parameters are not only sensitive to tool wear, but also
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to a high degree to the cutting conditions. It is a difficult task to extract fea
tures which are sensitive only to tool wear.

Examples of works realized on tool wear monitoring are [Tansel 2000],
[Dimla 2000a] and [Diei 1984].

1.2.7 Commercially Available Systems

Despite the large amount of research dedicated to milling process monitor
ing and especially to tool wear monitoring, the commercially available sys
tems are rather simple compared to the achievements in the laboratory. The
reason might be that a production-line system must be absolutely reliable
and must not cause false alarms under any conditions, which is very diffi
cult, as described in the previous chapters.

Especially tool wear monitoring could not be realized without considering
the cutting conditions. This problem has been solved in the following way:
The systems have to be trained for the production of a certain part with a
new tool, i.e. the course ofa signal curve (e.g. the cutting force) is measured
during production. Then, the signal of subsequent (identical) parts has to fit
within an upper and a lower limit around the previously stored curve (i.e.
within an envelope over and under the curve). Drawbacks ofthis method are
that training is time-consuming and that single piece production cannot be
monitored at all in this way.

Another possibility would be to calculate the expected cutting forces (or
other signals) from the cutting conditions and then compare them to the real
forces during milling. This requires an adequate CAM (computer-aided
manufacturing) program and a system which is able to synchronize the cal
culated curve with the process.

A study of the available monitoring systems showed that the following sen
sor techniques are successfully used:
• force / torque measurement
• current / power measurement
• acoustic emission
• vibration measurement

Not much interest was directed to feature extraction and decision making
methods. Usually, the signals or their RMS values are compared to one of
the following limits:
• static high/low thresholds
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• pass low-to-high/high-to-low (signal must pass a limit either from low
to high or from high to low within a time interval)

• mean value in time interval (min.lmax.)
• "area under curve" in time interval (min.lmax.)
• envelope over/under curve (so-called dynamic limits)

It seems that there is still a large range ofpossibilities to improve the avail
able monitoring systems.

1.3 Magnetic Bearings

1.3.1 The Basic Principles

A very detailed introduction to magnetic bearings is given in [Schweitzer
1993]. The idea of a magnetic bearing is to suspend a ferromagnetic object1

only by magnetic forces, without any mechanical contact. There are two ba
sic types of magnetic bearings: active magnetic bearings (AMB) and pas
sive magnetic bearings (PMB).

In a passive magnetic bearing, the suspension forces result from pairs of
permanent magnets with opposing field directions, producing mutual repul
sion. This simple way of magnetic suspension seems to be very easy to ap
ply, but there are two major problems: First, it was shown by W. Braunbek
in [Braunbek 1939] that it is impossible to realize a full six degree of free
dom (DOF) suspension only with permanent magnets, i.e. a combination
with other bearing types or field forces is necessary. Secondly, the damping
of a PMB is very low, which makes it unstable for periodic excitation.

The principle of an AMB is shown in figure 1.2. Instead of a permanent
magnet, an electromagnet is used, the magnetic field ofwhich can be adjust
ed by controlling the current in the coil. The object itself, often called rotor,
is not magnetized, so the magnetic forces are purely attractive. Since the at
tractive magnetic forces increase with decreasing distance between electro
magnet and rotor, the system is unstable and must be controlled by an
external control unit. The rotor's deviation y from its setpoint is measured
by a position sensor. Then the control unit calculates the necessary current
for the electromagnet coil to get the rotor back to its setpoint. This control

1. Superconductivity is not considered here.
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output signal is amplified by a power amplifier which supplies the desired
current.

The key advantage ofAMBs is that its bearing parameters like static and dy
namic stiffness, damping etc. can be freely set in a relatively wide range. In
that way every AMB can be especially designed for its specific require
ments.

In early history of AMBs, the controllers were made by analog technique,
but due to the rapid progress in digital signal processing nearly all applica
tions work with digital processors nowadays.

t

sensor

electromagnet

control unit

power amplifier

Figure 1.2: Principle ofan active magnetic bearing (AMB)

1.3.2 Magnetic Suspension of Rotating Machines

In professional AMB applications, the gravity g which pulls the rotor down
in figure 1.2 is replaced by a second electromagnet on the opposite side of
the rotor. This layout makes it possible that on both sides strong forces can
be exerted on the rotor. The rotor has to be controlled in horizontal x- and
vertical y-direction, so a total of four electromagnets act on the rotor in a ra
dial magnetic bearing (see figure 1.3).

For a fully magnetic suspension of a rotating machine, five DOF have to be
controlled by AMBs. The sixth rigid body DOF is the shaft rotation and is
controlled by the motor. A typical configuration is shown in figure 1.4. The
rotor is radially stabilized by two radial AMBs, and a pot magnet AMB en-
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sures axial stability. An AMB milling spindle with this configuration was
used in this thesis.

Figure 1.3: Layout ofa radial AMB ofa rotating machine

The maximum force an AMB can exert on the rotor is limited by the mag
netic saturation of the stator and the rotor. It is therefore necessary to build
in extra roller bearings, so-called retainer bearings, to avoid a collision be
tween the stator and the rotor. These bearings do not normally touch the ro
tor, but are only used when the shaft displacement is too large or when the
system is turned off.

radial AMB axial AMB

stator laminations
position sensors windings

motor radial AMB

rotor

retainer bearing

Figure 1.4: Five degree offreedom magnetic suspension ofa rotor
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1.3.3 Characteristics and Applications of AMB Suspensions

The key feature of AMBs, the fact that there is no mechanical contact be
tween the stator and the rotor, results in many other advantages compared
to conventional bearings:
• high circumferential speeds are possible in the bearings (more than 200

m/s)
• high rotational speeds (only limited by the mechanical strength of the

rotor)
• no lubrication is necessary
• no wear
• no friction losses
• active damping is possible
• unbalance compensation is possible
• especially suited for vacuum applications (no lubricants!)
• measurement of system parameters and sensor signals is possible (mon-

itoring capabilities)

On the other hand, the reasons why AMBs are still not very widely used in
industry are a) their limitation ofthe maximum bearing force (magnetic sat
uration of the bearings), b) their higher complexity, the fact that an extra
control and power amplification unit is necessary, and c) the higher price.
Their usage is limited to applications where the above listed characteristics
are decisive, such as:
• motor spindles e.g. for milling and grinding
• turbomachinery
• vacuum technology
• semiconductor industry (no contamination)
• turbomolecular pumps
• energy storage flywheels
• medical applications (blood pumps, etc.)
• textile spindles

Special non-rotating applications are the magnetically levitated trains, the
so-called MAGLEV trains (see for example the SWISSMETRO project),
where very high speeds are possible due to magnetic suspension.
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1.4 High Speed Milling

1.4.1 Historical Overview

The wish to do ajob faster and easier is natural and is the motivation ofre
search and engineering anyway. Since machining became an industrial pro
cedure, people tried to increase the production by machining faster. Early
experiments with ballistic methods were carried out in the 1930ies, and dur
ing the following decades cutting speeds ofup to 50'000 m1min, in one case
more than 130'000 m1min, were reached. But for a long time, it was impos
sible to make experiments under controlled conditions.
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Figure 1.5: Historical development ofhigh speed cutting [Schulz 1989]
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Only in 1977 a milling machine was built with rotational speeds of up to
20'000 rpm ([King 1977], [Koontz 1977]). Cutting speeds ofup to 1.980 m/
min were reached. With this machine, the most important characteristics of
high speed milling could be observed:
• reduction of the cutting forces
• increased surface quality
• 2 to 3 times more material removal per unit time
• workpiece remains cool; heat is removed by the chips

A very detailed introduction to high speed milling (HSM) is given by H.
Schulz in [Schulz 1989]. An overview of the early attempts is shown in fig
ure 1.5. References to the works shown in figure 1.5 are given in [Schulz
1989].

After it had become possible to build milling spindles with high rotational
speeds and high power (20 kW at 20'000 rpm and more) for a reasonable
price, numerous investigations were carried out to explore the possibilities
ofHSM. Nowadays, HSM is widely spread in industry because ofits advan
tageous characteristics.

1.4.2 Definition

The cutting speed vc [m/min] is the speed with which the cutting edge of the
tool cuts into the material. It is related to the rotational speed of the spindle
by the formula:

N·1[·Dv =
c 1000

(1.1)

where N is the rotational speed of the spindle [rpm] and D is the tool diam
eter [mm].

It is not possible to give a general definition ofwhat "high cutting speed" is,
since it depends very much on the material to be machined. For example,
cutting speeds which are considered very high in steel are absolutely normal
in aluminium. A generally accepted definition is the following:

High speed milling (HSM) is milling with cutting speeds that are 5
to 10 times higher than conventional cutting speeds.

This same definition is analogically valid for high speed cutting (HSC) in
general, which includes all the different machining techniques (milling,
turning, drilling, grinding etc.).



vc ~ 400-800 m/min

vc ~ 370 m/min

vc $ 4500 m/min

vc $ 5000 m/min
Vc ~ 1300-5500 m/min

vc ~ 300-700 m/min

Vc ~ 2000-3000 m/min
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According to this definition, the cutting speeds used in HSM are, depending
on the material, the following:

low-alloy steel, O'B$ 800 N/mm2

high-alloy steel, O'B$ 2000 N/mm2

grey cast iron

wrought aluminium alloy

cast aluminium alloy

titanium alloy

carbon-fibre reinforced plastic

1.4.3 Characteristics of HSM

a) Reduced cutting forces

It was observed that by increasing the cutting speed the cutting forces are
reduced. This effect is caused by the softening of the material at the point of
chip formation due to very high temperatures in that region. In that way the
frictional force between the tool and the chip is reduced. This makes the
production of parts with very thin walls possible with HSM.

The reason for the increased temperature at the point of chip formation is
that the latter is occurring much faster than in conventional milling. There
is much less time for the thermal energy generated by the chip deformation
to dissipate into the rest of the material, which explains the heat concentra
tion.

b) Increased surface quality

The softening or even melting of the material in the region of the cutting
edge leads to a smoothing of the newly created surface, either by a plastic
liquid levelling of smallest uneven spots or by smoothing the softened sur
face by the flank face of the tool.

c) Workpiece remains cold

The fact that there is much less time for the heat generated in the chips to
dissipate into the rest ofthe material also causes that most of this heat is car
ried away by the chips. The workpiece, on the other hand, remains cold,
which has a positive effect on its dimensional accuracy, since less thermal
deformation takes place. Especially for materials with high thermal expan
sion coefficients, such as aluminium for example, this is very important.
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d) Special tool materials necessary

The increased temperatures in the region of chip formation make it neces
sary to use high-temperature resistant tools. Such tools are e.g. ceramic and
cermet tools, hard metal tools and cubic boron nitride (CBN) tools. In order
to keep tool wear low, special tool coatings with low friction coefficients
should be used.

1.4.4 Applications of HSM

While milling "soft" materials, as for example aluminium, tool wear is rel
atively low, and increased cutting speeds do not substantially increase the
tool costs. Therefore, usually the highest possible cutting speeds are used,
especially when large amounts of material have to be removed. A typical
example is aircraft industry, where large parts are produced from entire alu
minium blocks and up to 95% of the material is removed.

Milling hard materials (e.g. alloy steel) at high cutting speeds is more prob
lematic, since tool wear increases substantially and the tool costs contribute
considerably to the total production costs. Still, the increase ofwages during
the last decades made it profitable to employ higher cutting speeds. The op
timum of the total production costs can be found at higher cutting speeds,
even if the tool costs are increased, because the labour costs can be reduced
more sharply with a reduction of the production time. The relation between
labour costs and optimum cutting speed vc opt is shown in figure 1.6.
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Figure 1.6: Relation between labour costs and optimum cutting speed (from
[Schulz 1989J)
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In hard materials, HSM is mostly used for finishing processes. Because the
tool load is usually kept low, in order not to provoke machine vibrations, the
total metal removal rate is not much higher than in conventional milling. In
finishing processes, however, HSM is extremely productive, since large ar
eas have to be milled at relatively low tool loads.

1.5 The European BRITE/EURAM Project IMPACT

The present work was financed by the Swiss Federal Office for Education
and Research (Bundesamt fur Bildung und Wissenschaft, BBW), as a par
ticipation in the European BRITE/EURAM project IMPACT (Improved
Machinery Performance using Active Control Technology, see [IMPACT
2001D. The goal of this research project is to integrate active vibration con
trol, diagnosis, prognosis and machine correction techniques in mechatronic
products, in order to guarantee safe operation with higher performance and
reliability.

Machines with such characteristics are often referred to as smart machines.
Definitions of smart machine technology are given e.g. in [IMPACT 1998]
and in [Schweitzer 1998]. The concept illustrated in figure 1.7 shall be
briefly discussed hereafter.

A smart machine consists of three main parts. The first one is the "Me
chatronic System", the actual machine with its mechanical components, its
process, actuators, sensors and the controller. In the case of the equipment
described in this thesis this would be the milling spindle with the AMB con
troller and the frequency converter.

The second part is the "Mechatronic System Model", a software represen
tation of the actual machine. This is a "simulator" of the actual machine,
showing its behaviour for given inputs and external influences. In our case
this is realized in the form ofthe known spindle shaft compliance functions,
as described in chapter 5.2.

The third part describes the "Smart Machine Management". This represents
the higher level procedures, which make the machine "smart". First, data
have to be collected from the machine sensors and from the model, which
runs in parallel to the actual machine. Based on this information, a diagnosis
of the present state of the machine can be made. This corresponds to process
monitoring in this work, e.g. the recognition of a tool breakage or the deter-
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mination of tool wear. Based on the results of diagnosis, a prognosis of the
future behaviour of the machine can be derived, and corrections or correc
tive operations can be initiated. Such a corrective operation would be the ex
change of a broken or worn tool.

The other investigations realized within the IMPACT project include a mill
ing machine frame with piezo actuators to improve chatter performance, a
centrifugal water pump with AMB supports for pumping diagnostics, an
AMB rotor test rig to investigate automated AMB controller design, and an
AMB grinding spindle with an optimized grinding cycle.

Human Operator

Figure 1. 7: Concept diagram for the structure ofa smart machine, as de
scribed in [IMPACT 1998]
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1.6 Objectives of this Thesis

The original idea of this work was to implement an AMB spindle on a ma
chining center and to optimize the milling process. The spindle, described
in chapter 2.1, was originally developed by R. Siegwart in 1989 (see [Sieg
wart 1989]) and then brought to series production by IBAG Switzerland AG
at Tagelswangen, Switzerland, and MECOS Traxler AG in Winterthur,
Switzerland. Despite the advantages mentioned in chapter 1.3.3 (no lubrica
tion, no wear, low maintenance etc.), the spindle did not find great accept
ance on the market. Only about 20 spindles were sold, mainly to universities
and to industrial research institutes.

This is ofcourse very unsatisfactory, and the question ofwhy the customers
are not convinced of AMB spindles comes up inevitably. One of the prob
lems is surely the low stiffness ofAMB spindles at rotational speeds below
20'000 rpm, which makes them unsuitable for steel machining. In the be
ginning, another problem was surely the high cost of the whole equipment.
After some years, the price could be reduced, but in the same time conven
tional spindles with hybrid roller bearings, capable of similar rotational
speeds and power, were developed. As there were no clear advantages of
AMB technology any more, industry preferred to stay with its conventional,
well-known technology.

In the author's opinion, the spindle manufacturers neglected to take advan
tage of the special features of AMB spindles, which are, in the first order,
the built-in monitoring capabilities. No complicated and expensive sensor
system, as described in chapter 1.2, has to be added to the spindle or to the
machining center. The signals available from the magnetic bearings are of
very high quality and can be directly used for monitoring tasks.

This industrially interesting application can be seen as an implementation
of the smart machine concept which has been developed in a broader sense
in the BRITE/EURAM project IMPACT.

In this context, the objective of this thesis is to develop a monitoring system
for the IBAG AMB milling spindle, based on the data ofthe position signals
of the magnetic bearings. The monitoring system must be able to detect:
• spindle collisions,
• general tool breakage,
• cutting edge breakage,
• tool wear.
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The monitoring system should be able to accomplish these tasks with as few
a-priori-information on the tool and the cutting process as possible. The op
timum would be not to use any a-priori-information at all. That would be a
completely independent system. If this is not possible, the input oftool data,
e.g. number ofcutting edges and tool diameter, is still acceptable, as this has
to take place only once at each tool change. What is definitely not desirable
is the input of cutting process data (lateral and axial depth of cut, feed per
tooth), since these data change continuously and would have to be calculat
ed by a CAM system.

In order to get a monitoring system which is applicable to any kind of tool,
a large number of experiments was carried out, varying the tool geometry.
Tools with diameters from 2.5 mm to 20 mm were tested, with 2 to 8 cutting
edges, both cylindrical and ball nose tools.

The final idea is that, once suitable monitoring algorithms have been found,
the whole monitoring system can be integrated on an electronic circuit
board, which can be built into the magnetic bearing electronics. The spindle
would then be a smart product, it would be "an AMB milling spindle with
built-in on-line tool condition and collision monitoring system".

1.7 Outline

The first part of this work was carried out at the "Universidade Federal de
Santa Catarina" (UFSC) in Florian6polis, Brazil. An IBAG AMB spindle
was integrated on a conventional machining center, and first experiments
with monitoring capabilities were performed. The second part was then car
ried out at the Institute of Robotics, i.e. at its International Center for Mag
netic Bearings, of the ETH Zurich, where the systematic experiments and
the data interpretation were made. Chapter 2 describes the AMB milling
spindle and the two test rigs at UFSC and at ETH Zurich.

In chapter 3, the sensor signals are described, as well as a special device
built for recording the signals at high sampling rates of up to 50 kHz. This
device also differentiates the position signals twice in order to get the accel
eration signals, used in collision monitoring. Finally, the data acquisition
software is described in this chapter.

Chapter 4 then talks about collision monitoring and tool breakage monitor
ing. The methods and algorithms developed are described there.
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The first part of chapter 5 gives a brief introduction to milling dynamics. A
cutting force model and the cutting force variation with time is described.
The second part contains some remarks on tool condition monitoring strat
egies and signal preprocessing.

Chapter 6 describes cutting edge breakage monitoring. The causes of cut
ting edge breakage, the experiments and the monitoring approaches are ex
plained' and the results are discussed.

Tool wear monitoring, the most difficult of the monitoring tasks, is treated
in chapter 7. The reasons and the different types of tool wear, the experi
ments, feature extraction and the results are discussed in this chapter.

In chapter 8 a summary of the process monitoring methods described in this
thesis is given and it is described how the architecture ofa complete milling
process monitoring system should be designed.

Chapter 9 finally gives the conclusions of what could be achieved in this
work and the outlook of how the monitoring system could be integrated in
the magnetic bearing electronics.
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Chapter 2

Equipment

2.1 The AMB Spindle IBAG HF 200 MA-40

The AMB spindle used in this thesis was originally developed by R. Sieg
wart at the Institute of Robotics, ETH Zurich, in 1989 [Siegwart 1989]. It
was then brought to series production by MECOS Traxler AG, Winterthur/
Switzerland, and IBAG Switzerland AG, Tagelswangen/Switzerland, who
is selling it since 1992.

2.1.1 Characteristics

The technical data of the spindle are the following:

max. rotational speed 40'000 rpm
permanent power 40kW
peak power 50kW
max. radial force front bearing 1400N
max. radial force rear bearing 700N
max. axial force 1500N
housing diameter 200mm
total length 553mm
spindle weight 96 kg
taper size HSKE 50

Table 2.1: Technical data afthe IBAG spindle HF 200 MA-40
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A schematic ofthe spindle is given in figure 2.1. The spindle layout is a typ
ical AMB rotating machinery layout as described in chapter 1.3.2.

The position sensors, so-called eddy current sensors, are described in detail
in chapter 3.1. In order to reach a high position accuracy in the axial direc
tion, the axial position sensor is placed as close to the tool holder as possi
ble. In that way thermal expansion effects can be minimized.

Due to the lever law, the front radial magnetic bearing has to be able to ap
ply a greater force than the rear one.

The clearance between the spindle shaft and the retainer bearings is ±200
~m.

front radial magnetic
bearing, max. 1400 N

axial position sensor

axial magnetic bearing, rear radial magnetic
max. 1500 N bearing, max. 700 N

asynchronous motor
40kW

Figure 2.1: Scheme afthe IBAG AMB spindle HF 200 MA-40

The spindle is delivered with a cabinet containing the magnetic bearing
electronics and the frequency converter. An extra cooling device for the
spindle cooling is available on demand.

2.1.2 The AMB Control

The control of the AMBs is the result of a number of investigations carried
out at the Institute of Robotics between 1980 and 1990. It is a digital PID
controller with a built-in notch filter. The PD part of the controller is repre
sented as a state control. Each of the five channels is controlled separately,
i.e. there is no coupling between the channels (a so-called decentralized
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control). A simplified scheme of the control architecture is shown in figure
2.2.

sx*

xo*
* = 0: rear radial bearing X direction

I: rear radial bearing Y direction
2: front radial bearing X direction
3: front radial bearing Y direction
4: axial bearing (Z direction)

,
,

to D/A cdnverters
,
,
,,,

SX*: sensor signals from AID converters
XO*: offsets (setpoints)
X*: notch-filtered signals
FC 1*: 1st synchronous signals
FC2*: higher synchronous signals

U*: controller outputs
IX*H: I-part controller outputs
IBIAS*: bias currents
DI*: integrator gains
A*...D*: system matrices

Figure 2.2: Scheme ofthe decentralized AMB control

The integrator part of the PID controller (IX*H) is used to achieve infinite
static stiffuess of the AMBs, i.e. there shall be no constant displacement of
the rotor under load.

A free rotor rotates around its main axis of inertia. Due to material inhomog
eneities, the main axis of inertia may not coincide with the geometric axis
of symmetry of the rotor. In that way a rotation synchronous part is gener
ated in the sensor signals. At high rotational speed this may lead to satura
tion of the amplifiers, if the controller tries to counteract that. Hence the
rotation synchronous part of the sensor signals must be filtered out by a so
called notch filter (FC1 *, FC2*; see [Herzog 1996]). It can also be observed
that the behaviour of the spindle is smoother if this notch filter is turned on.

There is a bias current (IBIAS*) which is added to the controller output.
This technique is used to linearize the behaviour and to increase the stiffness
of the AMBs.
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2.1.3 Spindle Start-Up

When the spindle is switched on, a start-up procedure is carried out. The
spindle shaft is first driven to its extreme positions, limited by the retainer
bearings, in order to find out the minimum and maximum values of the sen
sor signals. These values are then assigned to -2047 and +2048, respectively
(a 12 bit AID converter is used). Since the clearance between the spindle
shaft and the retainer bearings is ±200 Jlm, one unit corresponds to approx
imately 0.1 Jlm.

After that, the frequency response of the spindle shaft is measured. With the
help of this measurement, the best control parameter set is selected (out of
two), depending on whether a light or a heavy tool is clamped. At the same
time, it can be established whether there is a tool clamped at all.

2.2 Test Rig at UFSC, Brazil

2.2.1 Integration of the Spindle in the Machining Center

The first test rig was set up at the "Laboratorio de Mecfmica de Precisao" at
the "Universidade Federal de Santa Catarina" in Florianopolis, Brazil. A
complete spindle with control cabinet and refrigeration system was sent to
Brazil. The spindle was then integrated in a conventional machining center,
type Thyssen Huller-Hille nb-h65, with the following characteristics:

number of axes 4 (X, Y, Z plus B, the vertical rotational
axis of the workpiece)

X range 450mm
Y range 400mm
Z range 450 mm (parallel to the spindle axis)
B range 3600

max. feed rate 8.0 m/min
max. rotational speed of orig- 4.500 rpm
inal spindle
control Sinumerik 805
CNC programming language ISO

Table 2.2: Characteristics ofthe machine tool Thyssen Hillier-Hille nb-h65
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First, the machining center was cleaned and refurbished, since it had not
been used for several years. Then, the spindle was integrated in the machine.
The whole equipment is shown in figure 2.3.

cabinet with
- AMB electronics
- frequency converter

Figure 2.3: Test rig at UFSC, Brazil

The spindle was mounted on the pallet where the workpiece was originally
fixed, and a special support for the workpiece was mounted in place of the
original spindle. This configuration was chosen because it would have been
very complicated to disassemble the original spindle and to mount the new
spindle at its place, since the diameters of the two spindles are different. A
picture of the spindle and the workpiece support mounted in the machining
center is shown in figure 2.4.

minimum quantity lubrication

Figure 2.4: AMB spindle (left) and workpiece support (right)
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As a lubrication system for the milling process, a so-called minimum quan
tity lubrication (MQL) system was chosen. With MQL, a very small amount
oflubricant (between 5 and 40 ml per hour) is sprayed on the tool. The effect
of MQL is purely lubricating and not cooling, but in many cases there are
no drawbacks compared to conventional lubrication/cooling. The MQL
method is often chosen in modem milling plants for both economical and
ecological reasons: lubricants are expensive and cause serious problems to
the environment.

2.2.2 Protection Installations

In HSM, the circumferential speed of the tool can reach very high values,
especially when milling heads with diameters of 100 mm or more are used.
A 100 mm diameter tool rotating at 40'000 rpm has a circumferential speed
of 209 mis, which is roughly the speed of a pistol shot. Since also the cen
trifugal force is very high at these rotational speeds, it may happen that a
tool insert breaks off. An adequate protection, first of all in the rotational
plane of the tool, is therefore indispensable.

Several protection installations were mounted on the machine tool. In the
rotational plane, 4 mm steel plates were fixed, and the windows were rein
forced with 20 mm (4 x 5 mm) bullet-proof glass (see figure 2.5). These di
mensions were chosen on the recommendation of a Brazilian company
specialized in armoured cars. On the front side of the machine tool, a rubber
curtain was fixed to protect the personnel from ricochets.

Figure 2.5: Protection installations: steel plates (left) and bullet-proof
glass (right)
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2.2.3 Problems Encountered

Several problems had to be solved during the installation ofthe spindle. One
of the major problems was the inexistence of an electrical ground. First, the
ground wire of the spindle was connected to the neutral conductor of the
electric supply. With this configuration, several malfunctions of the spindle
PLC were observed, due to the lack of a reliable ground reference. The
problem was solved by digging a hole next to the machining center and bur
ying a truck radiator which was connected to the ground wire of the spindle.

Other problems were the adaptation of the machining center to the new
spindle, the reprogramming of its PLC, and the communication between the
machining center and the spindle.

2.3 Test Rig at ETHZ, Zurich

2.3.1 Integration of the Spindle in the Machining Center

An identical spindle was generously lent by IBAG to carry out the final
milling experiments at ETH ZUrich. This spindle was mounted on a DECK
EL machine tool, type FP4MA CONTOUR 2, with the following technical
data:

number of axes 3 (X, YandZ)
X range 485mm
Yrange 385mm
Z range (vertical) 380mm
max. feed rate 2.0 mlmin
max. rotational speed of orig- 3150 rpm
inal spindle
control Deckel 2D-interpolation control
CNC programming language ISO

Table 2.3: Technical data ofthe Deckel FP4MA Contour 2

The spindle was mounted in front of the original spindle of the machine
tool, with an aluminium support. A picture of the spindle mount is shown in
figure 2.6. The other components, like the AMB electronics and the fre
quency converter, were connected in a loose way, since the installation was
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made only for experimental purposes. A picture of the test rig at ETH
Zurich is shown in figure 2.7.

Figure 2.6: Spindle fixation at the test rig at ETH Zurich

Figure 2.7: Test rig at ETHZ, Zurich

2.3.2 Installation of a Fast Feed Axis

Since the maximum feed rate of the Deckel machine tool is only 2.0 m/min,
the installation of a fast feed axis, at least in one direction, became inevita-
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ble. The feed ratefnecessary for a specific milling process is calculated by
the formula (2.1):

Nozofz
f = 1000 (2.1)

Assuming the maximum rotational speed N of 40'000 rpm, a tool of z = 8
cutting edges and a feed per cutting edge oflz = 0.15 mm, the necessary feed
rate would be 48 m/min.

In order to carry out realistic experiments, a feed axis with a maximum feed
rate of 50 mlmin and a range of 350 mm was bought from Phoenix Mecano
Komponenten AG, Stein am Rhein/Switzerland. A control device was built
such that the feed rate can be set from 0 to 50 mlmin with a precision of 0.1
mlmin. A picture of this feed axis is shown in figure 2.8.

Figure 2.8: Thefastfeed axis

2.3.3 Protection Installations

A protection for machine operators similar to the protection mounted on the
test rig in Brazil was installed. In order to increase the visibility of the proc
ess and to save weight and money at the same time, the use of transparent
plastic was investigated.
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Two materials were tested: 20 mm polyacryl and 2 x 8 mm polycarbonate.
Ballistic experiments were carried out with both materials. With a pistol,
bullet of 6.0 g was shot with a velocity of about 250 mls on sample sheets.
The results can be seen in figure 2.9. It was observed that polycarbonate is
quite tough, while polyacryl is very brittle and lets the projectile pass easily.
The polycarbonate sheets were not penetrated by the projectile.

A complete cage of 2 x 10 mm polycarbonate was then installed around the
machining area. Additional metal plates were fixed on the lower part of the
machine tool.

Figure 2.9: Ballistic experiments with polyacryl (left) and polycarbonate
(right)
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Chapter 3

Sensor Signals and Data Acquisition

3.1 Eddy Current Sensors

The position sensors used in the control loop of the magnetic bearings are
so-called eddy current sensors. The measuring principle is shown in figure
3.1. A very detailed description of eddy current sensors is given in [Buhler
1993].

An eddy current sensor consists of a pot magnet with a coil of inductivity L.
This coil is connected in parallel to a capacitor C. The resonant frequency
COo of this oscillator circuit is:

1
ill =--

o JLC
(3.1)

The circuit is then excited with a certain frequency CO, which causes an os
cillating magnetic field (see figure 3.1.a). When an electrically conductive
material is brought close to the sensor, the amplitude of the circuit oscilla
tion is decreased due to an attenuation caused by eddy currents in the mate
rial (figure 3.1.b). At high excitation frequencies (e.g. above 200 kHz for
iron), the eddy currents displace the magnetic field from the material, which
results in a decrease of the inductivity of the pot magnet coil (figure 3.lc).
Both these effects can be used for distance measurement.
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~

(b) measurement on conductive material:
attenuation by eddy currents

(a) pot magnet with magnetic
flux lines

(c) field displacement by eddy currents:
decreased inductivity

Figure 3.1: Principle ofan eddy current sensor

a) Eddy Current Measurement

The eddy currents cause an attenuation of the sensor oscillation, but hardly
any change ofthe inductivity. Therefore, the eddy currents are measured via
the amplitude of the sensor oscillation.

b) Inductivity Measurement

The inductivity can be measured in two ways:
1. The oscillating circuit is provided with a feedback, in a way that it

oscillates at its resonance frequency. This frequency, which moves
according to equation (3.1) when the inductivity is changed, is meas
ured.

2. The oscillating circuit is excited with a frequency co close to the reso
nance frequency coo' When COo moves, the amplitude and the phase shift

relative to the exciting signal change.

In the eddy current sensors ofthe AMB spindle, a fixed excitation frequency
of312.5 kHz is used. Both the above described effects playa role in this fre
quency range. The resonance frequency of the oscillation circuits had to be
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chosen in a way that the two effects complement one another and don't can
cel each other out.

In order to increase linearity of the measurement and to eliminate tempera
ture effects, two sensors were used for each position channel, one on each
side of the rotor. The x- and y-direction sensors were integrated in one sen
sor plate. The axial position sensor was integrated in the front senor plate as
well. A sensor plate is shown in figure 3.2.

Figure 3.2: Front sensor plate ofthe IBAG AMB spindle

At system setup, the rotor is brought to the end positions given by the retain
er bearings in each direction. During this process, the gain and the offset of
the setpoint are determined.

3.2 Position and Acceleration Signals

3.2.1 The MECOS Interface

The basic idea of this thesis is to use the position signals of the AMBs for
process monitoring purposes. The first task is therefore to "get these signals
out of the system". One possibility is a software interface written in
MATLABTM by MECOS Traxler AG, Winterthur/Switzerland. With the
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AMB electronics connected to the serial port of a common PC, most of the
internal variables of the control can be read, and some of the parameters,
flags etc. can be written to the control. Special commands permit the meas
urement of time series of the sensor and output signals. The maximum sam
pling rate is 4.882 kHz, which is the control sampling rate.

This interface is very well suited for spindle diagnostics in an experimental
phase. However, it has two major drawbacks: the first one is the limitation
of the sampling rate, which makes the measurement ofhigh frequency com
ponents impossible. The second one is that the signals are not available im
mediately: first, the command has to be sent, and then, after several seconds,
depending on the size of the time series, the values are copied to the PC.
This makes time-critical monitoring, as for example collision and tool
breakage monitoring, impossible.

One of the objectives of this thesis is to overcome these drawbacks. A spe
cial device was built for this purpose, as it is described below.

3.2.2 Requirements for Process Monitoring

For cutting edge breakage and tool wear monitoring, it is important that the
rotor behaviour at every cutting edge entrance into the material can be ob
served. The sampling frequency should be at least 10 times the cutting edge
frequency. Assuming a rotational speed of 40'000 rpm = 666.67 Hz and a
tool with 8 cutting edges, the sampling frequency should be at least 53.3
kHz.

For time-critical monitoring tasks, i.e. collision monitoring and tool break
age monitoring, the sensor signals must be continuously available. Since the
reaction time in collision monitoring should be less than 0.2 ms to stop the
feed axes within a useful distance, practically no time delay is allowed.

That means that a solution has to be found to tap the sensor signals before
they are processed in the AMB control. Figure 3.3 shows a possible tapping
point. On the hardware side, the signals can be tapped at the sensor cable
plug on the AMB electronics.

An additional requirement, especially for collision monitoring, is the fol
lowing: it has been shown that spindle collisions are best detected by the
measurement of the spindle shaft acceleration. It should therefore be possi
ble to calculate the shaft acceleration from the position signals in a fast and
easy way.
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excitation
/~ signal for process monitoring
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to AMB ~--e--__:
electronics c

Figure 3.3: Tapping point ofthe signal for process monitoring

3.2.3 The Data Acquisition Device PA5+P

In order to meet the requirements described in the previous section, a special
data acquisition device was designed and built: the PA5+P device (Position
and Acceleration signal provider for 5. channels plus spindle rotation Pulse).
A picture of the device is shown in figure 3.4:

Figure 3.4: The PA5+P device
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The PA5+P device fulfils the following tasks:
• It taps the five position sensor signals according to figure 3.3, demodu

lates them, low-pass filters them with a cutoff frequency of 32.5 kHz
(to filter out noise coming from the sensor excitation frequency), and
passes them to five BNC connectors and in parallel to aD-SUB 25 con
nector.

• It taps and processes in the same way the rotation pulse signal, a signal
which generates a short pulse at each spindle revolution. This signal is
used in the control unit to synchronize the notch filter. In the case of
process monitoring, the signal can be used to determine the rotational
speed and the sampling frequency.

• It differentiates the five position signals twice in analogue technique in
order to get the acceleration signals, and passes the latter to another five
BNC connectors and to the D SUB 25 connector mentioned above.

• It compares the position and acceleration signals to a threshold value,
given by an external signal or by a potentiometer on the device, and
generates an alarm when the threshold value is exceeded.

PA5+P device

ECS-6 circuit board PA5+P circuit board
citation

pos. alarm
ru pos. TH cmp

ace. TH cmp ace. alarm

AX+ ?ace. AXIf
t»-~ - C'lAX- fLJ - ~

C'l ~
Q) I:::: I:::: ace. AY

AY+
...t:: I:::: .. [> 0 .. 0
B j

..... .......... - - ~.....
[»-;r-

CI:l - CI:l ace. BX
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Figure 3.5: Diagram ofthe PA5+P device
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The PA5+P device basically consists of two circuit boards plus the case
with the connectors. The first circuit board is an ECS-6 board designed by
P. BUhler and described in [BUhler 1993]. It transforms the (oscillating) sen
sor signals into position signals and rotation pulse. The second circuit board
was designed by the author and is called PA5+P board. It is responsible for
the acceleration signal calculation and the threshold comparison. A diagram
of the PA5+P device is given in figure 3.5 (TH = threshold, cmp = compa
rator unit).

The low-pass filter 2 on the PA5+P board is needed to filter out any remain
ing noise in the signals from the ECS-6 board. Such a noise would be am
plified in the subsequent differentiators. A circuit diagram of the filter is
shown in figure 3.6.

R2

Figure 3.6: Circuit diagram ofthe low-pass filter on the PA5+P board

It is a 2nd order low-pass filter with the following transfer function:

(3.2)

R j and R2 are set to 3.3 kQ, C j to 2.2 nF and C2 to 1.0 nF, which results in
a cutoff frequency of 32.5 kHz.

The circuit diagram of the differentiators is shown in figure 3.7. The resis
tors R3 and R5, which are not part of the actual differentiators, serve as
dampers to avoid resonance in the circuit.

+

~31---.----1

R5
C4 +

Figure 3.7: Differentiators on the PA5+P board
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The overall transfer function of the circuit shown in figure 3.7 is:

(3.3)

Setting s = jro, it can be seen that for small frequencies ro the transfer func
tion becomes

(3.4)

which corresponds to a pure double differentiation:

(3.5)

The values were set to Rj = Rs = 4.7 kO, Cj = 100 nF, C4 = 150 nF, R4 =

6.2 kO, and R6 is variable between 0 and 20 kO. That means that a pure dif
ferentiation is guaranteed only for frequencies much smaller than 225 Hz.
This compromise is certainly not optimal but had to be made in order to
avoid resonance in the circuit. In a professional solution, this problem could
be solved by using digital differentiation.

3.2.4 Calibration of the PA5+P device

The potentiometers on the ECS-6 board, which define the offset and gain of
the position signals, were set manually in a way that +5V correspond to a
displacement value of +1024, which indicates a displacement of 100 Jlm
(see chapter 2.1). The offset potentiometers were set so that OV corresponds
to the setpoint of each channel.

The gain of the rotation pulse signal was set so that the pulse peaks stay
within ±5V.

The gain potentiometers on the PA5+P were set to the maximum, 20 kO,
since it is difficult to determine a meaningful value. According to equation
(3.5), IV corresponds to an acceleration of 10.75 m/s2, which can be very
roughly considered as 1g.
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3.3 Force Signals

3.3.1 Available Signals

In addition to the position and acceleration signals, it is possible to obtain
signals representing the forces exerted on the spindle shaft by the magnetic
bearings. The AMB electronics provide, for each channel, signals propor
tional to the measured currents in the magnetic bearing coils, according to
table 3.1. Since the AMBs operate with two mutual coils driven in differen
tial mode with a bias current, two signals 81*1 and 81*2 for each coil current
as well as the difference of the two are available. The asterisk (*) stands for
the five channels AX, AY, BX, BY and Z.

Signal Signal range Corresponding coil cur-
rent ran2e

81*1 oto lOY oto 8A
81*2 oto lOY Oto 8A
81*res = 81*1-81*2 -lOY to lOY 8A in coil 2 to 8A in coil 1

Table 3.1: Coil current signals

3.3.2 The Current-Force Relation

The relation between the coil current and the magnetic force shall be de
duced hereafter. From the Maxwell equations it follows that the attractive
force F on the rotor in a single-coil AMB is given by equation (3.6):

F= k.(-L)2
s-x

(3.6)

where 1 is the coil current, s the setpoint distance (nominal clearance) and x
the rotor displacement towards the coil (see figure 3.8).

The constant k can be calculated, neglecting the core losses, from the
number of turns N and the cross-sectional area A of the air gap, as follows:

k=#'A'~
4

(3.7)

The magnetic permeability Il can be set equal to the space permeability Ilo.
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Figure 3.8: Single-coil AMB

When a double-sided AMB is considered, as it is the case in all the five
channels in the IBAG spindle, the resultant force corresponds to the differ
ence of the two coil forces (see figure 3.9).

Figure 3.9: Double-sided AMB

The coil currents are composed of a bias current IB and a control current Ie,
which is added to the bias current on one side and subtracted on the other
side (see chapter 2.1.2). The resultant force is given by:

(3.8)

Equation (3.8) can be linearized at the AMB's setpoint with respect to the
displacement x and the control current Ie:

F= (3.9)
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As long as x and Ie stay small compared to sand IB, equation (3.9) can be
used as a good approximation of the magnetic force.

3.3.3 Force Signal Calibration

In the case of the used AMB spindle, the available signals are the current
difference signals SI*res (see table 3.1, subsequently called "force signals")
and the position signals P*. In order to calculate the actual forces, the con
stants K1* and KS* according to equation (3.10) have to be determined.

F* = K * . 81*res + K * .p*I S
(3.10)

In a calibration procedure the constants K1* can be determined by applying
a force to the spindle shaft and measuring the signal SI*res. The PID-con
troller keeps the displacement signal p* zero. On the other hand, the direct
determination of Ks* is very difficult, since dynamic force measurements
would have to be made to catch forces at p* "* O. But Ks* can also be calcu
lated from K1*. From equation (3.9) it follows that

1Bk = kI ·-s s (3.11 )

The bias current IBis set individually for each AMB channel, and is there
fore referred to as IB *. The values are shown in table 3.2:

Channel I B*
AX,AY 2.344 A
BX,BY 2.962 A
Z 2.540 A

Table 3.2: AMB bias currents

The clearance s between the stator and the rotor is 0.4 mm for all AMBs.
With Ie = Y2'(I] - h), I] and h being the currents in the two coils, and the
calibration of the PA5+P device described in chapter 3.2.4, it follows:
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x IB x IB I*res
K*=k·-=k·_·-=K*·_· --

s S p* I s p* I sIC
'----v----'

x
p*

'----v----'

=0.125 ·IB* .K/

2 5~ 2.0·10-5m
. A V

(3.12)

Still, one has to consider that the calibration force cannot be applied directly
at the center point of the AMBs. It can be applied only outside the spindle,
e.g. at the tool tip. The actual forces in the radial AMBs have to be calculat
ed by the lever law, according to figure 3.10:

l
FAX AY = F·-, d

and
d+lF = -F·-BX,BY d

(3.13)

The distance d between the radial AMBs is 282 mm, I depends on the length
of the tool.

Figure 3.10: Force application for force signal calibration

A calibration was carried out withF= [0, 5,10,15,20] . 9.81 N, applied in
X-, y- and z-direction, and 1= 153 mm. Note that even if the rotor is not sub
ject to any external force, small force signals are measured, due to the grav
itational force and also because of the compressed air flow inside the
spindle, which is used for refrigeration and to keep the inside clean from fil
ings. For any force measurement or calibration, a reference measurement
with no external force has to be taken.
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Another point is that the forces exerted by the compressed air flow depend
on the angular position of the spindle shaft (see figure 3.11). The reason for
this phenomenon are small geometric aSYmmetries of the shaft, which alter
the air flow inside the spindle while it rotates. Thus, either the angular po
sition of the shaft must be kept constant or the mean value over at least one
spindle rotation has to be considered for any force measurement.

0.2 -,------------------,

...... . ,;...
~-_..L............... ~--k-

-* ,... * '~

· ... ·AX

··'·AY
---BX

---BY
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Figure 3.11: Dependence ofthe force signals on the shaft angle. For the
voltage-to-force proportionality constants see table 3.3.

During force signal calibration, it was observed that there is a strong tem
perature dependence: the signals of a hot spindle are up to 20% lower than
the ones ofcold spindle! This effect can be explained by the thermal expan
sion of the rotor. The latter gets heated up by eddy currents, while the spin
dle housing is kept cold by the cooling system. Hence, the rotor-stator
clearance is diminished, which leads to the fact that smaller currents are suf
ficient to reach equal magnetic forces, according to equation (3.6). Another,
less significant influence contributing to this effect might be the tempera
ture-induced change of the magnetic permeability of the rotor laminations.

A second effect which impedes perfect linear behaviour of the force signals
is the magnetic hysteresis. A graph of the signal behaviour is shown in fig
ure 3.12, with channel BY as an example. In the radial bearings, the maxi
mum signal hysteresis is 0.05V (which corresponds to approx. 8 N for
bearing A and approx. 20 N for bearing B), while in the axial bearing it
reaches 0.12V (approx. 48 N).
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Figure 3.12: Behaviour ofthe AMB force signals

In order to work with well defined conditions, the constants K1* and Ks*
were determined for the cold spindle (20°C), using linear regression, con
sidering only the branch ofincreasing load in the signal curve (which shows
very good linearity). The results are shown in table 3.3:

Channel K]* [NN] Ks* [NN]

AX 161 47.2
AY 151 44.3
BX 390 144
BY 392 145
Z 395 125

Table 3.3: Results ofthe force signal calibration

Obviously there is a difference between the constants of channel AX and
AY. A possible reason for this might be a misalignment of the shaft, i.e. the
shaft might not be exactly in the center of the stator, in x- and/or iny-direc
tion. Since the force-clearance relation is nonlinear (equation (3.6)), this al
ters the constants.
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3.3.4 Consequences

From the above discussion it follows that an exact measurement ofthe bear
ing forces, using only the coil current signals, is not possible. The sum of
the errors, i.e. the temperature, the hysteresis and the angular error, may
reach 300/0 in the radial bearings and more than 50% in the axial bearing.

Since the spindle is not equipped with an exact temperature measurement
device, the compensation of the thermal error is not possible. A compensa
tion of the hysteresis error would be very complicated anyway. The angular
error can be avoided by calculating the mean value over at least one spindle
rotation, as long as a high time resolution is not required.

Thus, the absolute values of the force signals may give a rough estimation
of the actual bearing forces, but they cannot be used for exact monitoring
tasks, e.g. cutting force threshold comparison. Still, the dynamic compo
nents may be useful, in combination with the position signals, especially
when the spindle shaft behaviour is modelled.

3.4 Data Acquisition

The data acquisition was realized with a National Instruments data acquisi
tion board, type PCI-MIO-16E-4. This board features a maximum total
sampling rate of250 kHz, 12-bit AID conversion, 16 analog inputs, 2 analog
outputs and 8 digital inputs/outputs.

The data acquisition software was written in LabVIEWTM. A flow chart of
the software is given in figure 3.13. The software allows to sample position
and force signals, as well as to monitor and reset the alarms generated by
the PA5+P device. The alarm thresholds can be set by the software, too.

One of the key features is the synchronization of the sampling rate with the
rotational speed ofthe spindle. By doing so, the number ofsamples per spin
dle rotation can be kept constant, which facilitates subsequent data analysis
substantially.
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Figure 3.13: Flow chart ofthe LabVIEWTM data acquisition software
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Chapter 4

Collision and Tool Breakage

Monitoring

4.1 Strategy

Collisions and tool breakages are very similar phenomena: both cause a
very abrupt change of the forces acting on the spindle shaft. In a spindle col
lision, there are sudden strong forces caused by the impact of the spindle
and the workpiece or machine. When a tool breakage occurs, the opposite
happens: the cutting forces disappear suddenly and the spindle shaft re
mains free of external forces.

The effect of this force change is the same in both cases. The controller can
not adapt instantly to the new situation and raise or lower the bearing forces.
The result is a transverse acceleration of the spindle shaft.

The measurement of the spindle acceleration is a very suitable way to detect
collisions or tool breakage. Accelerations are determined by double differ
entiation of the measured position signals. The PA5+P device permits the
determination ofthe spindle acceleration inclusive threshold comparison, as
it was described in chapter 3.2.3.

The question is now: how can the two events be distinguished? Or: is it nec
essary to distinguish them? Is the reaction to the two events different? At
first sight, the answer seems to be "no". In both cases, the milling process
has to be interrupted and the feed axes must be stopped immediately.

But this is not entirely correct. On the occurrence of a spindle collision, the
feed axes have to be stopped as fast as made possible by the axes actuators.
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The use of special brakes might even be considered. After the collision, it
may be necessary to restart the machining center, drive the axes to the ref
erence points, etc. This is acceptable, since a collision is a very rare event
and occurs usually only when e.g. a new CNC program with wrong com
mands is used, or when other "human errors" are made. It is very improba
ble that it occurs during normal series production.

On the other hand, tool breakage is an event which may occur during normal
milling processes. Especially long and small diameter tools are often used
close to their load limit. When a tool breakage occurs, the process has to be
interrupted and the feed axes must be stopped, but this can be done with nor
mal deceleration power. It is important, however, that the machining center
continues working normally, in order that the broken tool can be exchanged
and the process continued where it was interrupted.

It is therefore necessary to find characteristics being able to distinguish the
two events. A good strategy is to check whether there were cutting forces
present before the event occurred. Ifyes, it was a tool breakage, ifno, it was
most probably a collision.

Another point which has to be considered is that the behaviour of the rotat
ing spindle is different from that of the non-rotating one. While a non-rotat
ing spindle does not suffer any acceleration at all as long as no collision
occurs, the rotating one is exposed to accelerations caused by the (oscillat
ing) cutting forces during cutting, and to additional pseudo-accelerations
caused by the unbalance of the spindle shaft, which also occur in the non
cutting state. Thus, the monitoring strategy must be different for the rotating
and the non-rotating spindle. A decision diagram is shown in figure 4.1.

coIlision
non-rotating spindle

14---<
monitoring

collision
y

tool breakage

Figure 4.1: Decision diagram for collision and tool breakage monitoring
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4.2 Non-Rotating Spindle Monitoring

4.2.1 General Remarks

If the spindle is not rotating, any acceleration exceeding a certain threshold
can be considered as a collision. Of course it may occur that a tool breaks,
too, but such an event is always preceded by a collision. And it is obvious
that any kind of contact between the tool and the workpiece or the machine
is unintended in the non-rotating state.

Thus, it is not necessary to distinguish the two events. Any exceeding of the
acceleration threshold level can be considered as a collision and calls for an
immediate stop of the feed axis. The PA5+P device is perfectly suited for
this monitoring task. It determines the acceleration signals and generates an
alarm when a user-defined threshold is exceeded.

4.2.2 Collision Experiments

The collision experiments were realized with a very simple set-up. Since it
is not possible to stop the feed axes fast enough on the machining center em
ployed, "real" collisions could not be carried out, because the spindle could
have been damaged by doing so. Collisions were therefore simulated by
simply hitting the tool holder with a hammer (figure 4.2).

Figure 4.2: Set-up for collision experiments

Both the position and the acceleration signals were sampled, in order to find
out which of the two signals is more adequate to detect a collision, or, in oth
er words, to confirm the expected usefulness of the acceleration signals.
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The signals which were sampled are shown in table 4.1. Only the signals of
channel BY were considered, since the front radial bearing (B) is closer to
the collision point and the hammer blow was applied in y-direction. The
sampling rate was set to 100 kHz.

Sienal Description
PosBY Position sIgnal of the lower radial AMB (y-direction)
AccBY Acceleration signal of the lower radial AMB (y-dir.)
AlarmAcc Acceleration alarm signal

Table 4.1: Signals monitored in the collision experiments

Different threshold levels between 2V and 5V were tried out for triggering
the alarm, and also the impact velocity of the hammer was varied.

4.2.3 Ilesults

As it was expected, the acceleration signals proved very useful for collision
monitoring. The collision impact causes a strong peak in the acceleration
signal, which can easily be used for collision detection. The signal curves
ofa typical collision are shown in figure 4.3.

The question of interest is now how fast the collision can be detected. Ap
plying a threshold value of 5V, a collision can be detected within 0.2 ms.
This is a very good result, compared to other approaches (e.g.
Klocke [2000]) using piezoelectric force measurement (0.6 ms) or acoustic
emission (approx. 4 ms). The threshold value of 5V corresponds to an ac
celeration ofapproximately 5 g. Since even in the most powerful machining
centres the maximum acceleration of the feed axes (where in some cases the
spindle is mounted on) is 19, this level could easily be lowered without the
risk of triggering false alarms. With a threshold value of 2V, the detection
time could even be reduced to 0.06 ms, i.e. a factor of 10 compared to the
piezoelectric force measurement method.

A problem might be the detection of very slow collisions, which do not
cause a sufficiently high shaft acceleration to trigger an alarm. This case can
be solved by applying a threshold to the position signal: the spindle shaft
gets slowly displaced from its setpoint, still staying within the retainer bear
ing clearance, until the position signal reaches the threshold. Of course this
collision detection is not as fast as the one with acceleration signals, but in
slow collisions stopping the feed axes is not very time critical.
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Another possibility would be to apply a threshold to the force signal: be
cause of the I part of the PID control, the magnetic forces are rapidly in
creased if the spindle shaft cannot reach its setpoint. In that wayan alarm
could be triggered in a sufficiently short time as well.
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4.3 Rotating Spindle Monitoring

4.3.1 Time Series Analysis

As soon as the spindle starts rotating, the signals are not smooth any more.
There are oscillations originating from: a) unbalance, b) resonance vibra
tions, and c) metal cutting. These oscillations can become quite large, such
that simple threshold comparison does not lead to success any more. A more
sophisticated time series analysis method has to be used.

Common approaches in time series analysis to detect collisions and tool
breakages are autoregressive (AR) and autoregressive moving average
(ARMA) time series modelling. The idea is to estimate the next value of a
time series from one or more previous values, and then to compare that val
ue to the real value. If the difference between the two values is large, it can
be assumed that a sudden unexpected event occurred, e.g. a collision or a
tool breakage.

The general AR modelling formula is:

(4.1)

whereXt is the time series, ~1' ... , ~p and 8 are the parameters of the model,
and At represents normally distributed random errors. The value of p is
called the order of the AR model.

The signal oscillations induced by the unbalance as well as by metal cutting
are purely periodic with the spindle rotation frequency. Neglecting the os
cillations caused by resonance vibration, it is possible to simplify equation
(4.1) to:

(4.2)

where NSamp is the number of samples per spindle revolution. Since the
spindle investigated here provides a rotation pulse signal (see chapter
3.2.3), it is possible to synchronize the sampling frequency with the spindle
rotation, i.e. to keep NSamp constant.

The simplification to formula (4.2) is important for saving computer power,
since sampling frequencies ofup to 50 kHz are used. The term At describes
the deviation of the measured data from the predicted data is not used for
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prediction. Thus, the procedure is as follows: the last NSamp values ofeach
channel have to be stored. The incoming new values are c~mpared to the
values ofNSamp time steps ago, and the difference signals, X t , are used for
monitoring, according to equation (4.3):

-
X t = Xt-Xt-NSamp (4.3)

In that way, any sudden change in the signal behaviour can be well detected,
while the normal oscillations caused by unbalance and metal cutting are fil
tered out. This simple filtering technique shall subsequently be called AR
filtering.

4.3.2 Distinction from Regular Events

The main problem in collision and tool breakage monitoring is to distin
guish these events from tool engagement and disengagement to/from the
workpiece, change of the cutting depth, etc. These events also cause a
change ofthe signal behaviour, very much like collisions and tool breakages
do.

The difference between regular events and collisions or tool breakages is
that the former occur gradually over several spindle revolutions, while the
latter happen in a very short time much below one spindle revolution.

Typical feeds per tooth for a tool of diameter D = 10 mm are in the range of
Iz = 0.04 mm (steel) to 0.2 mm (aluminium). Assuming a lateral cutting
depth of ae = 5 mm and a tool with z = 2 cutting edges, it takes at least 12
spindle revolutions for a tool engagement or disengagement process. The
signal differences between two successive spindle revolutions are therefore
very small. After passing the signals through AR filtering, regular events
appear therefore only as small peaks, while the peaks of collisions and tool
breakages are much larger.

Once again the rotation pulse signal proves very useful, as it defines the
time interval of one spindle revolution. Without this signal, AR filtering
could not be applied. Other, more complicated time series analysis methods
would have to be used, and it would be difficult to define what is a gradual
change and what is an abrupt event.

As it will be shown in chapter 4.3.4, the shortness ofa tool breakage has an
other positive effect: a strong overshooting of the bearing force signals can
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be observed, when the cutting forces abruptly disappear. This phenomenon
is a typical characteristic of a tool breakage and does not show at tool dis
engagements.

4.3.3 Collision and Tool Breakage Experiments

The collision experiments were carried out in the same way as with the non
rotating spindle. Collisions were simulated with a hammer at three different
rotational speeds: 10'000 rpm, 25'000 rpm and 40'000 rpm.

For the tool breakage experiments, tools with a diameter of D = 4 mm and
a cutting length of I = 20 mm were used. These are relatively thin but long
tools, which makes them susceptible for breakage. It can be assumed that
the effect ofa tool breakage on the signals is small for a weak tool compared
to the one of stronger tools, i.e. if a tool breakage is detectable for a weak
tool, it is surely detectable for a stronger one.

In a first step, an experiment was carried out in order to find out which of
the signals are best suited for tool breakage detection: The position signals,
the acceleration signals or the force signals. The criterion for the suitability
is not so much the amplitude of the signal peak or the signal-to-noise ratio,
but the selectivity of the peak, i.e. whether it appears at regular events, too,
or not.

Then, several tool breakages were carried out at different rotational speeds.
The actual breakage was induced by gradually increasing the feed rate, until
the cutting forces became large enough to break the tool.

4.3.4 Results

a) Collision Experiments

As it was expected, the signal behaviour of the rotating spindle was similar
to the one of the non-rotating one, even if there were distortions due to the
rotor dynamics. The collisions could be detected within the same time inter
val of 0.2 ms or less.

The AR filtering procedure according to equation (4.3) proved very useful.
The oscillations due to unbalance could be completely filtered out. This ef
fect is shown in figure 4.5. The vertical grid lines represent spindle rotation
counts.
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b) Tool Breakage Experiments

The results of the first experiment, which was designed for finding out
which signals are best suited to detect tool breakage, are shown in figures
4.6 to 4.8. The AR filtered position and acceleration signals as well as the
moving average force signal (see below) of channel BX are shown for the
three events tool engagement, tool disengagement and tool breakage.
Again, the vertical grid lines represent spindle rotation counts. The experi
ment was carried out at N = 40'000 rpm.

It can be seen that the effect of a tool breakage on the position and acceler
ation signals is much stronger than the one of regular events. Nevertheless,
there is no fundamental difference in the course of the signals. A tool with
a larger diameter, removing more material, can cause a similar signal during
tool engagement as a smaller tool causes at breakage.

One possibility would be to define the threshold value depending on the tool
diameter and length. The drawback of this method is that it needs inputs to
the system, something which should be avoided since it complicates the sys
tem's implementation.

A way to avoid system inputs is the use of the force signals instead of the
position or acceleration signals. Due to the abrupt change of the cutting
forces, there is a steep drop of the force signals, much steeper than at a tool
disengagement. It could even be observed that there is an overshoot in the
opposite direction of about the size of the forces before the tool breakage.

The problem in using the force signals is that they are subject to relatively
large noise. They are the controller's answer to the position signals, which
has to counteract even the smallest departure from the setpoint. A way to fil
ter out this noise is to calculate the moving average (MA) of the force sig
nals, i.e. to calculate the mean value of the last NSamp samples, NSamp
being the number of samples per spindle revolution:

(4.4)F =t

t

LFi
i = t-NSamp+ 1

NSamp

NSamp samples or one spindle revolution was taken as average building
time interval because most of the oscillations of the force signals are peri
odic with the spindle rotation frequency. In that way a smooth behaviour of
the signals could be achieved.
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Figure 4.7: Position and acceleration signals (ARfiltered) and MAforce
signal during a tool disengagement (starting at t ~ 10 ms)
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Now one has to find a function of the MA force signal which emphasizes
the described characteristics of a tool breakage. One possibility is to calcu
late the first derivative with respect to time:

(4.5)

where F t is the MA force signal at sampling time t, F t _ 1 is the MA force
signal at sampling time t-Ts,and Ts is the sampling period. Figure 4.9 shows
that tool breakage can be very well distinguished from tool disengagement
by this method:
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Figure 4.9: Plots ofthe first derivative ofthe MA force signalfor a tool dis
engagement (upper chart) and a tool breakage (lower chart)
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Another possibility is to take advantage of the described signal overshoot.
That overshoot was always observed for tool breakages and never in other
situations, hence it can be considered as a selective signal characteristic. A
function which emphasizes the signal overshoot is given in equation (4.6):

(4.6)

where Ft-NSamp is the MA force signal one spindle revolution before Ft.

Charts of this function are shown in figure 4.10:
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Figure 4.10: Overshoot detection function plots for a tool disengagement
(upper chart) and a tool breakage (lower chart)
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As it can be seen in figures 4.9 and 4.10, both methods are very good tools
for tool breakage detection. Applying a threshold value of± 1500 to the sig
nal derivative or -1 to the overshoot detection function, a tool breakage can
be detected within less than one spindle revolution.

The usefulness ofboth algorithms was confirmed by the subsequent exper
iments. All (5) tool breakages could be detected, while none of the tool en
gagements or disengagement (10 each) triggered a false tool breakage
alarm.

Still, it has to be said that very strong chatter can trigger false alarms. This
was observed at least in one case (see figure 4.11). On the other hand, the
user would not continue milling when chatter occurs. He would change the
cutting conditions before chatter gets too strong.
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Figure 4.11: Derivative ofMA force signal during chatter occurrence

4.4 Summary

In this chapter it was shown that collision and tool breakage monitoring can
be carried out with the AMB milling spindle investigated here, achieving a
high reliability without triggering false alarms.

The monitoring procedure is shown in figure 4.12. As long as the spindle is
not rotating, only collisions are possible. These can be detected within 0.2
ms or less by monitoring the accelerations signals. If the spindle is rotating,
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there are two possibilities. If the MA force signals are close to zero, i.e. if
there is no milling in progress, again only collisions are possible. They are
detected by monitoring the AR filtered acceleration signals. On the other
hand, if the MA force signals indicate that the spindle is milling, an abrupt
event is most probably a tool breakage. These are detected by monitoring
the derivative of the MA force signal or by the overshoot detection function
according to equation (4.6).

monitor acceleration N
signals

y

N Y monitor tool breakage
detection functions

monitor AR filtered
14--<

acceleration signals

Figure 4.12: Scheme ofcollision and tool breakage monitoring
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ChapterS

Milling Dynamics and Signal

Preprocessing

This chapter will first give a brief introduction to the fundamentals ofmill
ing dynamics. A very detailed study on this subject was carried out by Paul
Eric Gygax [Gygax 1982].

The second part will talk about tool condition monitoring strategies and sig
nal preprocessing.

5.1 Cutting Force Calculation

5.1.1 Basic Cutting Force Model

Unlike in turning processes, where the cutting forces remain constant as
long as the cutting parameters are not changed, the forces on a milling tool
change constantly. They depend on the chip thickness, which depends on
the angular position <p relative to the feed direction. The chip thickness h is
given by:

(5.1)

wherelz is the feed per cutting edge (see also figure 5.1). Assuming that the
cutting edges are parallel to the rotation axis (helix angle 0°), the milling
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process can be reduced to a planar cutting state. The cutting force FA on a
cutting edge can be split up into a tangential component FT and a radial
component FR. It was found that F T is proportional to the chip thickness h.
The cutting force components are given by the equations (5.2) and (5.3).

Figure 5.1: Chip thickness, cuttingforce components, cuttingforce angle

F = k . a . h = k . a .f . sin m
T s P s pz 'Y

(5.2)

(5.3)

where ks is the specific cutting force and ap the axial cutting depth. The ra
dial component FR is related to F T by the cutting force ratio 11.

The specific cutting force ks depends very much on the cutting conditions
like workpiece material, tool geometry, cutting speed, cutting edge sharp
ness, coating, wear state, etc., and varies over several orders of magnitude.
Several theoretical and practical works have been carried out in this field
(e.g. [Kienzle 1957] and [Victor 1969]), and the user can look up the values
in tables (e.g. [Konig 1973]).

The same is true for the cutting force ratio 11. For rough estimates, a value
of 1/3 is often assumed. But it is known that especially for large cutting edge
radii or chamfers this value can become even greater than 1 ([Hovinga
1979]). It is not possible to give a simple relation to calculate 11, i.e. it must
either be looked up in tables or experimentally determined. For subsequent
calculations, a value of 11 = 0.4 is assumed, if not stated differently. In the
literature, the cutting force angle ~ is often given instead of11 (see fig. 5.1):

~ = acotll (5.4)
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In order to obtain the cutting force components in the stationary coordinate
system, consisting of a component Fu parallel to the feed direction, and a
normal component FN' the following transformation has to be carried out
(see figure 5.2):

(5.5)

Figure 5.2: Stationary cuttingforce components

Accordingly, the relation for the inverse transformation is:

(5.6)

Note that the values in the transformation matrices depend on the instanta
neous angle q> and are therefore not constant.

5.1.2 Single Cutting Edge Milling

Assuming slot milling with a single cutting edge milling tool, the stationary
cutting force components during one spindle revolution can be calculated as
follows:

[

k
S

• ap ./z . sincp . (-coscp -11 . sincp)l

kS • ap ./z . sin cp . (sin cp - 11 . cos cp )J for 0 :$; cp :$; 7t

for 7t < cp < 27t

(5.7)
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• F u

37t/2 27t
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Figure 5.3: Variation ofthe stationary cuttingforce components ofa single
cutting edge during slot milling. Function chart (left) and polar diagram

(right).

Figure 5.3 graphically displays the results of equation (5.7) for 11 = 0.4. On
the right-hand side there is a polar diagram of the resulting cutting forces
and of the time-averaged value FA'

If the milling process concerned is not slot milling, the range of <p where
equation (5.7) is applied is further reduced. Since what we actually measure
is the shaft oscillations and the time-averaged cutting force components in
two orthogonal directions, it is certainly helpful to have a look at the differ
ent cases. These are illustrated in figure 5.4: cases a) and b) show down
milling and up-milling with an immersion ratio of aI = aiD < 0.5. Cases c)
and d) represent milling with aI> 0.5. In these cases, both up-milling and
down-milling are applied in the same cut. Case e) illustrates symmetric
milling, where no lateral face is generated.

It is obvious that the cutting force pulses can be of very different shapes. If
the feed direction is not parallel to one of the spindle bearing directions, the
cutting force components have to be transformed once more in order to get
the force pulses in the bearing (and sensor-) directions.

If the cutting edges are not parallel to the spindle axis, i.e. if the helix angle
A is not equal to zero (see figure 5.5), another effect has to be considered:
instead of a step when the cutting edge enters the workpiece material, the
cutting force rises slowly, until the tool is cutting on the whole axial cutting
depth apo Equally, there is a decrease ramp at cutting edge exit. In addition
to that, an axial force component is generated, which shall not be further in
vestigated here.
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Figure 5.4: Different cases in single cutting edge milling
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Figure 5.5: Helix angle A and the effect on the cuttingforce pulses

5.1.3 Multi Cutting Edge Milling

If the tool has two or more cutting edges, which is usually the case, the force
pulses of the single cutting edges have to be superimposed:

z

F( cp) = L ~(cp )
i = 1

(5.8)

where z is the number of cutting edges. If the tool immersion angle cPI is
greater than the tooth partition angle ~ (see figure 5.6), the force pulses over
lap. The tool is then constantly in contact with the workpiece. The resulting
force components usually consist of a constant part and an oscillating one.
Typical cases of non-overlapping and overlapping cutting force pulses are
shown in figure 5.7.

n--------..

Figure 5.6: Tool immersion angle cPI and tooth partition angle ~
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a) non-overlapping

b) overlapping

nl2 3nl2 2n

Figure 5.7: Non-overlapping (a) and overlapping (b) cuttingforce pulses

5.1.4 Milling with Ball-Nose Tools

When a ball-nose tool is used instead of a tool with a cylindrical shaft, the
radial component FR of the cutting force points in a direction perpendicular
to the tangential plane of the tool at the cutting point. This case is illustrated
in figure 5.8. FR contains a component in axial direction, Fz, and one in the
rotation plane, Fp. The axial component Fz can become quite large and con
tains useful information about the cutting process, especially when small
axial cutting depths ap are applied. The axial shaft movement should there
fore be considered when milling with a ball-nose tool.
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Figure 5.8: Milling with a ball-nose tool

5.2 Frequency Analysis

5.2.1 Cutting Force Spectrum

A very common method in signal analysis is the analysis of the frequency
spectrum. Since we will use this method for tool condition monitoring, it is
certainly helpful to establish at which frequency components are excited by
the milling process.

Let us first consider milling with a perfectly symmetric tool, rotating around
its axis of symmetry. In this case, the cutting force pulses are all of equal
shape and start after equal time intervals. Thus, the spectrum contains only
components at the tooth passing frequency nz and at its harmonics. An ex
ample of such a force amplitude spectrum is given in figure 5.9.

In reality, such a perfect milling state is very seldom. Something which hap
pens very often is that the tool is not perfectly centred in the tool holder, ei
ther because of collet asymmetries or because of spindle shaft
imperfections. The result is that the tool does not rotate around its geometric
axis (CG), but around another axis (CR) displaced from the geometric one,
as illustrated in figure 5.10. This phenomenon is often referred to as runout.
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Figure 5.9: Amplitude spectrum ofequally distributed and equally shaped
cutting force pulses (MO = mean offset, "DC component '')

Figure 5.10: Tool runout

The offset of the rotation axis brings about that the feed per cutting edgefz
is no longer constant, but differs from cutting edge to cutting edge, showing
periodicity after one spindle rotation. Thus, the cutting force, which is pro
portional to fz, is amplitude modulated by the spindle rotation frequency n.
In the force amplitude spectrum, this becomes evident from two sideband
components on both sides of nz and its harmonics, at a distance of n (figure
5.11).
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Figure 5.11: Force amplitude spectrum ofmilling with tool runout

Typical values for fz are between 0.04 and 0.2 mm. Thus, it becomes obvi
ous that even very small offsets of the rotation axis can cause large varia
tions of the force pulses, and hence strong sidebands.

In addition to tool ronout, geometric errors of the tool, e.g. small circularity
errors, can contribute to the variation offz. Especially when milling heads
with inserts are used, which are prone to mounting errors, this occurs often.
In that case, the amplitude modulation is no longer harmonic, but contains
multiples of n. Additional sidebands at a distance of 2n, 3n, .. , can be ex
pected, which can even overlap.

5.2.2 Spindle Shaft Compliance

What we can actually measure is not the cutting force variation, but the shaft
displacement in the five channels AX...Z. Thus, it is necessary to know the
compliance ofthe spindle shaft, or, in other words, the transfer functions be
tween the cutting force components at the tool tip and the sensor signals.

The transfer functions (TFs) were measured using an impulse force hammer
manufactured by Kistler AG, Switzerland. Since two different tool holders
were used in the milling experiments, i.e. a small collet holder for tool di
ameters up to 16 mm and a 20 mm weldon holder, two sets ofTFs had to be
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measured. The amplitude responses of the TFs for the collet holder are
shown in figure 5.12. The first and the second elastic mode at 980 Hz and
2040 Hz respectively can be very well observed. The phase responses and
the TFs of the weldon tool holder can be seen in appendix A2.

101 ,----------.,-----------r-----...,
I
I
I
I
I
I
I
I

10° -----------------------+-----------------------~---------------
I I

J
I
I

1d
frequency [Hz]

Figure 5.12: Force-to-displacement amplitude responses ofthe spindle
shaft with a small collet tool holder (channels AX...Z)

An interesting detail is that the TFs in x- and y-direction are not identical,
which is not expected since the spindle is rotation-sYmmetrical. There is a
notch in the amplitude response curves of channels AY and BY at 240 Hz,
which does not exist in channels AX and BX, and another one in the curve
ofAX (and slightly also ofBX) at 110Hz which is inexistent in AY and BY.

The reason for this phenomenon are most probably the flexible modes ofthe
spindle fixation and the machining center, which are different in x- and y
direction. It could be proved that the angular position of the rotor has no in
fluence on the TFs: a measurement was taken at every 45°, keeping the di
rection ofexcitation constant, and all of the measurements looked the same.
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In another measurement, the coordinates of the machining center (and thus
position ofthe spindle inside the machine) were changed. A small distortion
of the curves could be observed at frequencies below 500 Hz (see appendix
A2). This confirms the hypothesis that this phenomenon is caused by the
flexible modes of the machining center.

Something which should also be discussed are the resonance frequencies of
the tool, clamped in the tool holder. For short tools, the first elastic mode is
somewhere between 5 and 50 kHz, which is beyond the range ofinterest and
is not excited by any vibration during milling. A problem may arise when
long tools of small diameters are used, as it is common for example in die
and mould milling. In that case, the elastic modes are at lower frequencies
and may e.g. coincide with the tooth passing frequency, which makes mill
ing at the respective rotational speed impossible and may lead to tool break
age. It was also observed that a tool broke even without milling, when its
resonance frequency coincided with the closed-loop control resonance fre
quency. This phenomenon can be regarded as a special case of chatter (see
chapter 5.2.3) as it depends on a feedback interaction between machine and
tool.

Unfortunately, rotor dynamic effects could not be considered. It is e.g.
known that rotation causes a splitting of some of the rotor eigenfrequencies
into two peaks. The problem while measuring the transfer functions of the
rotating shaft is that during the contact of the hammer and the tool shear
forces normal to the main excitation direction are generated as well, which
alters the results. In order to get an idea of the amount of the rotor dynamic
effects, the shaft was excited by the magnetic bearings, using the wobble
command of the MECOS-interface. A plot with the results of these meas
urements can be seen in appendix A2.

5.2.3 Chatter Recognition

Another phenomenon which should be mentioned is chatter. Chatter is a se
rious problem in milling and in machining in general and was accordingly
investigated in several works (e.g. [Weck 1985]). The result of chatter is an
unacceptable surface quality or even the impossibility of continuing the
milling process with the respective milling parameters.

The basic mechanism of chatter shall be briefly explained here. Small rela
tive movements between the tool and workpiece cause variations ofthe chip
thickness, and therefore a dynamic cutting force component. The elastic
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structure of the machining center is excited by this force component. An ad
ditional relative motion is generated, and the excitation loop is closed (fig
ure 5.13).

chip thickness ...... cutting process

variation ... Gc(s)

u·s
i"'0

relative motion machine structure ......
GM(s)

......

Figure 5.13: Closed-loop system ofthe milling process with the transfer
functions Gc(s) and Gws)

The stability criterion for the machining process is the following:

(5.9)

i.e. if the closed-loop gain is greater than 1, the cutting process becomes un
stable and chatter occurs. The cutting process transfer function Gc(s) de
pends on the cutting parameters; it is proportional to the cutting power
(amount ofmaterial removed per second). There is a critical cutting power,
depending on the rotational frequency n and the tool geometry, where the
cutting process becomes unstable.

The recognition ofchatter presence can be carried out by the analysis of the
shaft orbits. The shaft orbits are the curves described by the rotor in a plane,
normal to the spindle rotation axis. Two orbits are available for our spindle:
the ones measured by the sensors of the two radial bearings A and B.

Ifthere is no chatter present, the milling process is "smooth" and the spindle
shaft describes approximately the same curve in two consecutive spindle
revolutions. As soon as chatter occurs, the spindle shaft behaviour gets
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"wild" and each spindle revolution describes a different curve. This phe
nomenon is illustrated in figure 5.14.

20 80

10 40
8' 8'
3:r 0 3:r 0
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-20 -10 0 10 20 -80 -40 0 40 80

AX [,urn] AX [,urn]

Figure 5.14: Orbits ofsmooth milling (left) and chatter occurrence (right).
Note the different axes scaling.

The orbits are most easily analysed by comparing the spindle shaft positions
at the beginning of each spindle revolution, i.e. at the spindle rotation puls
es. In figure 5.14, these positions are represented by black dots. If these dots
are all within a small area, as it is the case in the left chart, the milling proc
ess is considered smooth, if not, there is chatter present (right chart).

Another way to detect chatter is to analyse the frequency spectrum of the
sensor signals. Chatter occurs at clearly defined frequencies, given by the
eigenfrequencies of the closed-loop excitation system. Most of these fre
quencies are typically below 100 Hz. The milling process instead generates
frequency components at the spindle rotation frequency n and at multiples
of it, according to chapter 5.2.1. Since n is usually higher than 100 Hz in
high speed milling, most of the chatter frequency components are below n,
and thus any component below n in the frequency spectrum can be consid
ered as an indication of chatter.
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5.3 Signal Preprocessing

5.3.1 Measured Data

As it was described in chapter 3.4, the data measured by the LabVIEWTM
data acquisition program are the following:

Si2nal type Channels
Force signals AX, AY, BX, BX, Z
Shaft displacements AX, AY, BX, BX, Z
Rotation pulse Pulse

Table 5.1: Data measured by the data acquisition program

The rotation pulse is needed to synchronize the sampling rate Is with the
spindle rotation frequency n. Depending on the number of cutting edges z,
the sampling rate is set to:

Is = n . z . N CE = n . NSamp (5.10)

where NCE is the number of samples per cutting edge. When possible, NCE

was set to 20, otherwise to 10. In that way the number ofsamples per spindle
rotation could be set to a fixed number, which was helpful in subsequent
data processing.

The force signals and the shaft displacements were then sampled at this
sampling rate. A fixed number of spindle rotations NRot, usually 10, was
sampled.

The force signals were only used to calculate the time-averaged bearing
forces in the five AMB channels (i.e. the average forces during the NRot ro
tations sampled). The usage of spectral components would not make sense,
since what they actually are is the controller's response to the shaft displace
ments, and not the real cutting forces. As time-averaged bearing forces in
stead they are useful, since they indicate the average load on the tool.

5.3.2 Differentiation from No-Load Operation Signals

In chapter 2.1.2 it was explained that in most of the cases the main axis of
inertia of the spindle shaft does not coincide with its geometric axis ofsym-
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metry. In an AMB spindle, the shaft rotates around its main axis of inertia,
which leads to the fact that a rotation synchronous component is generated
in the displacement signals, even when the spindle is not milling. The offset
of the main axis of inertia depends very much on the tool, the tool holder,
the collet etc. which is used, Le. it is not possible to calculate the amplitude
of this signal component.

On the other hand, what we are interested in is only the change ofthe signals
caused by milling. Any signal components which are also present in no-load
operation distort the results.

For that reason, the following strategy was developed: each time when the
tool or the rotating speed was changed, a reference sample in no-load oper
ation was taken. This sample was split up at the rotation pulses, and the av
erage signal history during one spindle revolution was calculated. When
sampling data during milling afterwards, this average signal history was
subtracted from the raw milling signal. In that way, the pure milling-in
duced signal could be obtained (figure 5.15).

no-load operation raw signal during milling

8
~

1
pure milling-induced signal

average

Figure 5.15: Subtraction ofno-load operation signal

Not only the displacement signals, but also the MA force signals were ad
justed by taking a sample in no-load operation. This is necessary, too, be
cause of two reasons: first, a certain force is always necessary to carry the
spindle weight. Second, the compressed air flow, which changes when the
rotation speed changes, also exerts a force on the rotor, which has to be
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counteracted. These forces have to be distinguished from the forces caused
b)' milling.

5.3.3 Frequency Analysis

Once we have obtained the purel)' milling-induced displacement signals, we
can use them for subsequent monitoring tasks. As it was shown in chapter
5.2, the frequenc)' components of interest are the ones at the spindle rotation
frequenc)' and at multiples ofit. The values of the amplitude spectra (ampli
tude and phase) of the five channels at these frequencies were calculated for
each sample and saved to a matrix, calledfeature matrix. A description of
the feature matrix values can be found in appendix AI.

The values of this matrix can then be used as a basis for feature extraction
in the tool condition monitoring tasks.
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Chapter 6

Cutting Edge Breakage Monitoring

6.1 Cutting Edge Breakage

In the previous chapter, it was shown that the tool and especially the cutting
edges are exposed to strongly alternating stresses in milling processes. This
may lead, after some time ofusage, to fatigue of the tool and to breakage of
entire cutting edges or parts of it. Other possible causes of cutting edge
breakage are inhomogeneities in the workpiece material, e.g. hard grains, or
manufacturing defects of the tool.

5mm

Figure 6.1: Broken cutting edge (left) and intact tool (right)

The occurrence of a cutting edge breakage is rare, but cannot be completely
excluded and must therefore be detected. A tool with a missing or partly
broken cutting edge has a very different cutting behaviour than a normal,
regular tool. The "missing" cutting edge does not cut any material, while the



88

subsequent cutting edge has to cut a chip which is twice as thick as the nor
mal chips. The resulting cutting forces reflect this phenomenon.

According to the theory described in chapter 5.2, we can interpret this cut
ting force behaviour as a non-sinusoidal amplitude modulation with a basic
modulation frequency of n (spindle rotation frequency). We can expect a
frequency component at n and several sidebands at the tooth passing fre
quency nz and its multiples. This effect was confirmed in practice and could
be used for feature extraction, as it will be shown in chapter 6.3.

6.2 Experiments

Since cutting edge breakage is a rare event, it is very difficult to induce it
artificially only by milling. The tools were all prepared with a hammer in
stead, knocking off one of the cutting edges. A tool with a broken cutting
edge cannot be used for other milling experiments any more, so a restricted
but concise choice of tools had to be made. The following tools were pre
pared:

Tool code Diameter Forma Zb
Helix

Wear VB
c

angle
dlOL30z2 10mm L 2 30° new /0.63 mm
dlOL30z3 10mm L 3 30° new / 0.48 mm
dlOL30z4 10mm L 4 30° 0.59mm

dl0U30z4Ld 10mm U 4 30° new

d16L30z8 16mm L 8 30° 0.15 mm
d6L28z2 6mm L 2 28° 0.15 mm

Table 6.1: Tools usedfor cutting edge breakage monitoring experiments

a. L = cylindrical, U = ball nose.
b. No. of cutting edges.
c. Definition see chapter 7.1.2.
d. Tool with a Long shaft.

With these tools, a number ofmilling experiments were carried out, varying
the cutting parameters:
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• axial cutting depth ap

• lateral cutting depth ae

• feed per cutting edgefz
• spindle rotation n
• direction of milling (up-/down-milling)

A list of the combinations of cutting parameters for the experiments with
each tool is given in appendix A3. The results of these experiments were
compared with the ones of the tool wear monitoring experiments (see chap
ter 7.2), where no cutting edges were broken.

Aluminium alloy 7075 was used as workpiece material, which is typical for
aeronautic applications. It was kindly donated by Pilatus Flugzeugwerke
AG at Stans, Switzerland.

6.3 Feature Extraction

6.3.1 Planar Motion and Force Excitation

In the feature matrix generated as described in chapter 5.3.3, we find the
amplitude and phase values of the displacement signals of the five channels
at the spindle rotation frequency and at multiples of it. This chapter shows
how the planar motion and force excitation at these frequencies can be cal
culated from the matrix values.

Plotting the (time domain) values of the two perpendicularly arranged chan
nels ofa radial AMB in a x-y-chart, e.g. AX and AY, we get the spindle shaft
orbit of bearing A. If we consider only the oscillations at one specific fre
quency, we get an elliptical motion, given by the amplitudes ofchannels AX
and AY and the phase difference ~qJ between the two channels (see figure
6.2). The total motion of the spindle shaft can be looked on as a superposi
tion of the elliptical motions at all freqencies.
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y

Figure 6.2: Elliptical motion ofthe spindle shaft at one specific frequency

Every ellipse has two main axes, a major one, a, and a minor one, b, which
usually do not coincide with the x- and y-directions. The direction of a and
b as well as their proportion b/a is given by the phase difference I1cp. Some
cases for different values of I1cp are illustrated in figure 6.3:

I1cp = :

~..._._._--_.===::::==--t-->=~-~;::::::;;?,- 0°

45°

90°
~

x

Figure 6.3: Different ellipse shapes determined by the value ofthe phase
difference I1cp (including degenerate shapes at 0° and 180°)

Since we are actually interested in the force excitation and not in the dis
placement, we first have to divide the displacement amplitude spectrum by
the corresponding force-to-displacement transfer functions according to
chapter 5.2.2; i.e. we have to divide the amplitude values of the feature ma
trix by the corresponding gains and subtract the phase differences from the
phase values. We then deal with force excitation orbits and force excitation
ellipses in the same way as described above.
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6.3.2 Description of the Features

As it was mentioned in chapter 6.1, cutting edge breakage causes a force ex
citation frequency component at the spindle rotation frequency n and sever
al n-spaced sidebands of the frequency components at the tooth passing
frequency nz and its multiples. Hence we can use the appearance of these
breakage-induced frequency components as a characteristic for cutting edge
breakage.

In order to get force excitation amplitude values which are independent of
the feed direction, we first calculate the major main axis a of the elliptical
force excitation for each of the characteristic frequency components, for
both radial bearings A and B. Since we do not have any information on the
absolute cutting power, i.e. the lateral and axial cutting depth and the feed
per tooth, we need another reference to relate these values to. What can be
done is the following:
• divide the amplitude value a(n) of the spindle rotation frequency by the

absolute value of the mean cutting force FA' and
• divide the amplitude values a(r·nz ± s ·n); r, s E {I, 2, ... } (i.e. the side

band amplitudes) by the amplitude values a(r·nzJ.

Depending on the number of cutting edges, we have the following features
available:

za Feature 1 Feature 2 Feature 3 Feature 4 Feature 5 F 6, ...

1 cutting edge breakage detected as tool breakage

2 ~ ~ a(3n) a(3n) a(5n) etc.-
FA a(2n) a(2n) a(4n) a(4n)

3 ~ a(2n) a(4n) a(5n) a(7n) etc.-
FA a(3n) a(3n) a(6n) a(6n)

4 ~ a(2n) a(3n) a(5n) a(6n) etc.-
FA a(4n) a(4n) a(4n) a(4n)

~5 ~ a«z-2)n) a«z -1)n) a«z+l)n) a«z+2)n) etc.-
FA a(z· n) a(z· n) a(z . n) a(z . n)

Table 6.2: Availablefeatures depending on the number ofcutting edges

a. No. of cutting edges
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These features are available with the data of both radial bearings A and B,
which doubles the number of features again. We have therefore a number of
features at our disposal in each case.

An exception are tools with only one cutting edge, which are seldom used
for special milling applications. In this case, cutting edge breakage cannot
be distinguished from tool breakage, because no other cutting edge will fol
low until the broken tool hits the workpiece, if the feed axes are not stopped
immediately. Hence it makes sense to detect it as tool breakage, since this
usually should provoke an immediate feed axes stop.

However, not all of the above described tools can always be used. The rea
son is that the force-to-displacement transfer functions, which were meas
ured according to chapter 5.2.2, are slightly different for each tool. Rotor
dynamic effects are not considered either. If freqencies are involved where
the slope of the gain curve is very steep, e.g. frequencies close to the rotor
eigenfrequencies, the feature may show a wrong result, due to a wrong gain
used in the displacement-to-force conversion. To avoid this problem, fea
tures have to be selected which only involve frequencies in "safe" regions,
where the gain curve is flat.

Still, features involving low frequencies have to be preferred, for two rea
sons: a) the amplitudes of frequency components at multiples ofnz are usu
ally much lower than the ones at nz, and b) the gain of frequencies above ca.
4 kHz is difficult to determine exactly, because impulse force hammers usu
ally do not excite such frequencies, and the signal-to-noise ratio is very low
in this region due to the general low-pass characteristic of the rotor.

6.3.3 Milling with Ball-Nose Tools

When detecting cutting edge breakage of ball-nose tools, it is necessary to
consider the axial force component as well, because the planar motion and
force excitation might not be strong enough to supply reliable results. Force
excitation ellipses and mean cutting forces in the three-dimensional space
have to be considered instead.
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6.4 Results

6.4.1 Detectability

Applying the features described in chapter 6.3.2, the values of tools with a
broken cutting edge could be well separated from the values of intact tools.
Ignoring a few outliers, a threshold value could be set if the frequencies in
volved in the respective feature were in a "safe" region, according to chapter
6.3.2. Figure 6.4 shows the results for feature 2 of the tools with z = 3 cut
ting edges, using data of bearing A.

Bearing A, Z = 3
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Figure 6.4: Detectability ofcutting edge breakagefor a tool with 3 cutting
edges, for feature 2: intact tools (0) and tools with a broken cutting edge (+)

The threshold value could be set to

(
a(2n »)

loglO a(3n) ~-O.4 (6.1)

in the case of this feature. At n = 350 Hz it must be set slightly lower, but
detection is still possible, although the frequency of 3n is close to the first
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elastic mode of the rotor. Between 300 Hz and 350 Hz no values are plotted
because of the occurrence of chatter. At 667 Hz (40'000 rpm) a separation
between intact tools and tools with a broken cutting edge is not possible, be
cause the frequency of 3n = 2000 Hz is very close to the second elastic
mode (2040 Hz). Here, another feature has to be used, e.g. a(n)/FA •

In general, the threshold values could be set as follows (k = 1, 2, ... ):

log 1O(a(n); a«kz ± 1)n») ::;; -0.4 (first sideband features)
FA a(kzn) (6.2)

logI0(a«kz±2)n)\ ::;; -0.7 (second sideband features)
a(kzn) )

However, it has to be stated that these values in some cases vary up to ±l,
which is probably a consequence of the inexact knowledge of the force-to
displacement transfer functions (non-consideration of the rotor dynamic
and temperature effects).

By using the best-suited features, the samples could be correctly assigned in
more than 98% ofthe cases, independently of the wear state (VB) ofthe tool.
A further improvement of this result could probably be achieved by using
several features instead ofonly the best one. Most ofthe cases where the as
signment was not correct occurred when the lateral tool immersion ratio
al= aeiD (see also figure 5.6) was below 0.25. The dependence of the re
sults on al is shown in figure 6.5 (al = 1 means slot milling).

The reason for the larger dispersion of the feature values at IowaI values is
the following: a low al means that the average chip thickness is small, ac
cording to equation (5.1). Thus, the effect ofsmall chip thickness variations,
e.g. due to tool ronout, becomes greater (see chapter 5.2.1). This may lead
to wrong results.
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Figure 6.5: Results offeature 2 for a tool with 3 cutting edges, depending
on the tool immersion ratio, for n = 416 Hz. 0: intact tools, +: tools with a

broken cutting edge

6.4.2 Possible Improvements

One of the major problems is the inexact knowledge of the force-to-dis
placement transfer functions. Only the transfer functions of the non-rotating
spindle for two types of tool holders could be measured, and rotor dynamic
effects were not taken into account at all. The measurements taken with the
impulse force hammer may also not be very exact, since some windowing
techniques had to be used to obtain reasonable results. Improvements of the
monitoring performance could therefore certainly be achieved by a precise
knowledge of the transfer functions. For that purpose, a well-defined exci
tation must be applied to the tool, rather as a wobbling sequence than as a
Dirac impulse. An overview of excitation methods is given e.g. in [Gahler
1998]. A good method would be e.g. the use of an electromagnetic exciter,
as shown in figure 6.6. With this kind of additional "magnetic bearing", a
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contact-free (and therefore shear force free) force excitation could be ap
plied to the tool, both in the rotating and in the non-rotating state. In order
to get an exact feedback of the applied forces (i.e. to eliminate temperature
and hysteresis effects), the magnetic flux should be measured by Hall sen
sors.

top view

Hall sensors

Figure 6.6: Electromagnetic exciter for transfer function measurement

With such an electromagnetic exciter, the transfer functions could be meas
ured under a variety of circumstances, e.g. for different rotation speeds,
spindle temperatures, tool diameters and lengths. Coupling effects between
the x- and the y-direction could be measured as well.

Another point which probably would lead to an improvement of the results
is the usage of a machining center especially designed for high speed mill
ing. The machining center used in the experiments of this investigation was
designed for a maximum spindle rotation speed of 3' 150 rpm and shows
several vibration modes above this frequency. Real high speed machining
centers distinguish themselves by a very high rigidity and fast feed axes
with high acceleration possibilities.

6.4.3 Industrial Set-Up

In an industrial application, the detection procedure would have to be as fol
lows: on commissioning, the force-to-displacement transfer functions must
be measured for several rotation speeds and tools, using the device de
scribed in the previous section. Maybe the spindle could be equipped with
temperature sensors in the AMBs and close to the rotor, such that the effect
of the temperature on the transfer functions could be measured as well. For
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these measurements, the spindle must be mounted on the machining center,
in order to include effects caused by the latter.

Later during milling, the best-matching transfer functions have to be select
ed each time when the tool or the rotation speed is changed. This selection
could be made by performing a short wobbling sequence (using the AMBs
for excitation) in the regions of interest, e.g. close to the rotor eigenfrequen
cies. Maybe the transfer functions to use could even be calculated as an in
terpolation of the best-matching ones.

6.5 Summary

This chapter describes how cutting edge breakage can be detected on-line:
the displacement signals have to be sampled during some 10 spindle revo
lutions, with a sampling rate such that a fixed number of samples per cutting
edge is taken, e.g. 20. The samples taken previously during no-load opera
tion are subtracted from these signals. The resulting signals are transformed
to frequency domain by FFT.

Dividing the amplitude spectrum by the force-to-displacement transfer
functions, the force excitation spectrum is obtained. The main axes of the
elliptical force excitation in each radial AMB are calculated for each rele
vant frequency, i.e. for the spindle rotation frequency n and for multiples of
it. With the values obtained, features can be defined which are able to indi
cate cutting edge breakage with a high reliability.

The main problem of this method is the inexact knowledge of the force-to
displacement transfer functions of the spindle shaft. It can be solved by a)
using a machining center designed for high speed cutting, i.e. with a high
rigidity, b) building a map of transfer functions in order to be able to select
the best-matching ones, depending on the tool, the temperature and the spin
dle rotation frequency, for building the features, and c) using only features
which involve frequencies where the slope of the transfer functions is flat,
i.e. which are not e.g. close to rotor eigenfrequencies.

Nevertheless, cutting edge breakage could be correctly detected with the
set-up used in this work in more than 98% of the cases.
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Chapter 7

Tool Wear Monitoring

7.1 Tool Wear

7.1.1 Tool Wear Mechanisms

Tool wear is generally defined as an alteration of the tool surface in the cut
ting regions caused by the cutting process. It is not limited to material loss,
since there is a variety of wear mechanisms taking place:
• abrasive wear caused by hard particles,
• adhesive wear (deposition of particles on the tool surface),
• diffusion wear occurring at high temperatures,
• oxidation wear, occurring at high temperatures as well, and
• fracture wear such as chipping due to fatigue.

Abrasive wear is the most common mechanism. Hard particles in the work
piece material can remove tool material at the cutting edge surface. Adhe
sive wear often occurs when machining soft, malleable materials. Small
particles of the workpiece material stick to the tool surface and change the
cutting edge geometry. When very high temperatures are present in the cut
ting edge region, molecules of the workpiece alloy may diffuse to the tool
and alter its composition, or the tool may oxidize or undergo other chemical
reactions at its surface. Fracture wear is the breakage of small particles of
the cutting edge, due to fatigue, and must not be confused with cutting edge
breakage, where the entire cutting edge breaks off.
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7.1.2 Forms of Tool Wear

The most common forms of tool wear in milling are flank wear and crater
wear:

flank face

flank wear

Figure 7.1: Forms oftool wear

The amount of flank wear is usually measured as VB, and the one of crater
wear as Krand KB. Figure 7.2 defines these parameters:

Figure 7.2: Measurement offlank wear and crater wear

There are ofcourse other forms of tool wear, and a number ofways to quan
tify it. A detailed description is given in [Konig 1990].

The predominant form of tool wear in high speed milling with hard metal
tools is flank wear. Thus, the results of the milling experiments were corre
lated with the size of VB'
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Figure 7.3: Flank wear

7.1.3 Progression of Tool Wear

The increase of tool wear is not constant during the tool's lifetime. Three
phases are distinguished: during the initial phase I, tool wear increases rap
idly, until it reaches a value from where the increase continues at a constant
rate, during phase II. Finally, in phase III tool wear is accelerated again, un
til the tool reaches the end of its lifetime. This is generally accepted to be
the case when VB reaches a value of 0.5 mm.

operating time, feed distance

Figure 7.4: Phases oftool wear

III
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7.2 Experiments

7.2.1 The Tools Used in the Experiments

In order to obtain results which are universally valid, a wide choice of tools
was used for the milling experiments (see figure 7.5). All the tools are hard
metal tools of cylindrical and ball-nose shape, with diameters D ranging
from 2.5 mm to 20 mm. The number ofcutting edges z varies between 2 and
8, and helix angles A of 0°, 28°,30°,45° and 60° were used. A list of all the
tools used in the wear monitoring experiments is given in table 7.1. Most of
the tools were kindly donated by Titex AG, Germany.

Figure 7.5: Tools usedfor the wear monitoring experiments
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Tool code Da Formb ZC Ad Wear VB [mm]

d2,5L30z2 2.5 mm L 2 30° 0; 0.15
d4L30z2 4mm L 2 30° 0; 0.18
d6L28z2 6mm L 2 28° 0; 0.15
d8L30z2 8mm L 2 30° 0; 0.26
dl0L30z2 10mm L 2 30° 0; 0.29; 0.62

dl0L30z2Le 10mm L 2 30° 0
dl0L45z2 10mm L 2 45° 0; 0.06; 0.14
d12L28z2 12mm L 2 28° 0; 0.30
d16L30z2 16mm L 2 30° 0; 0.23
d20L30z2 20mm L 2 30° 0; 0.30
d6L28z3 6mm L 3 28° 0; 0.19

dl0L30z3 10mm L 3 30°
0; 0.04; 0.08; 0.16;
0.25; 0.26; O. 48; 0.49

dl0L45z3 10mm L 3 45° 0; 0.26

dl0L45z3TXLf 10mm L 3 45° 0; 0.09
d4L30z4 4mm L 4 30° 0; 0.16
dl0L30z4 10mm L 4 30° 0; 0.21; 0.57
dl0L45z6 10mm L 6 45° 0; 0.06
dl0L60z6 10mm L 6 60° 0; 0.16
dl0L30z7 10mm L 7 30° 0;0.18
d16L30z8 16mm L 8 30° 0; 0.14
d20L30z8 20mm L 8 30° 0; 0.15
dl0UOr5z2 10mm U 2 0° 0; 0.18

dl0U30r3z2Le 10mm ug 2 30° 0; 0.31

d3U30rl ,5z4Le 3mm U 4 30° 0; 0.10

d4U30r2z4Le 4mm U 4 30° 0; 0.08

d6U30r3z4Le 6mm U 4 30° 0; 0.18

d8U30r4z4Le 8mm U 4 30° 0; 0.13

dl0U30r5z4Le 10mm U 4 30° 0; 0.09
d12U30r6z4 12mm U 4 30° 0; 0.25
d16U30r8z4 16mm U 4 30° 0; 0.23

Table 7.1: List ofthe tools usedfor the tool wear monitoring experiments

a. Diameter.
b. L = cylindrical, U = ball nose.
c. No. of cutting edges.
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d. Helix angle.
e. Tool with a Long shaft.
f. With Titex-TXL coating.
g. Nose radius = 3 mm, i.e. tool nose is not totally spherical

7.2.2 Description of the Experiments

A number ofexperiments was carried out with the tools described in the pre
vious section. Some experiments were carried out with new tools, and some
experiments with tools of different extents of wear. As workpiece material,
again the aluminium 7075 was used. Since wearing a hard metal tool in alu
minium takes a lot of time and causes a huge waste of material, the tools
were worn in tempered steel, which strongly accelerated the process.

A complete list of all the cutting parameter combinations for each experi
ment and tool can be found in appendix A4. A brief description of the ex
periments follows hereafter:

a) Basic Experiment

First, an experiment was carried out in order to get some basic notion of the
spindle behaviour under different milling conditions. A tool with
D = 10 mm and z = 2 cutting edges was used, while the parameters ae, ap'1z

and n were varied. The experiment was carried out with a new tool and with
a tool at the end of its lifetime (VB = 0.62 mm).

b) Gradual Tool Wear Experiment

In order to study the gradual change of the signal behaviour with increasing
tool wear, a set of samples was taken at different stages of tool wear: at
VB = 0, 0.04, 0.08, 0.16, 0.26 and 0.48 mm. A 10 mm tool with z = 3 cutting
edges was used. Again, the parameters ae, ap ' Iz and n were varied at each
tool wear stage.

c) Spindle Rotation Speed Experiment

With three 10 mm tools, with z = 2, 3 and 4 cutting edges, a sample was tak
en at every 1000 rpm, starting at 10'000 rpm and ending at 40'000 rpm. In
that way, the influence of the spindle rotation speed was studied. The cut
ting parameters were set to ap = 5 mm, ae = 3mm, andlz = 0.1 mm. The ex
periment was carried out with new tools and with tools at the end of their
lifetime (VB = O. 62 mm, 0.49 mm and 0.57 mm respectively).



105

d) ae-Variation Experiment

Another experiment was carried out in order to study the influence of the
lateral tool immersion ratio. With a 10 mm tool with z = 2 cutting edges, ae
was varied from 1 mm to 10 mm with a step of 1 mm. The other cutting pa
rameters were set to ap = 5 mm and/z = 0.1 mm, and samples were taken at
n = 25'000 rpm and 40'000 rpm.

e) Different Tool Experiments

Finally, samples were taken with 30 different tools ofall kind ofgeometries
and diameters. With each tool, samples for different cutting parameters
were taken, both when new and with a certain degree of wear. The goal of
this experiment was to validate the usefulness of the tool wear monitoring
system found with the previous experiments.

7.3 Feature Extraction

7.3.1 Cutting Force

The most common approach in tool wear monitoring is the cutting force
measurement approach. It is well known and described e.g. in [Fries 1999]
that the cutting forces strongly increase with increasing tool wear. Because
the cutting forces do not only depend on the tool wear, but also on the cut
ting parameters like ap ' ae,/z, vC' tool geometry, etc., it is necessary to pass
through a learning procedure with a new tool when a new part is manufac
tured. After the history of the force curve is stored, a tolerance range is de
fined over and under the curve (also called envelope, see chapter 1.2),
within which the cutting force must remain during the milling process (see
figure 7.6).

This kind of monitoring can also be performed with the AMB spindle de
scribed in this work. The mean cutting force IFAI ' given by equation (7.1)
can be calculated from the bearing current signals according to equation
(3.13).

(7.1)
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Since the cutting forces increase by a factor of 3 to 6 from VB = 0 to
VB = 0.5 mm, the error due to hysteresis and temperature influences (usual
ly within ±15%, see chapter 3.3) does not impede this kind of tool wear
monitoring.

F

t

Figure 7.6: Tolerance range over and under the learnedforce curve

Alternatively, the force excitation amplitude at the tooth passing frequency
can be considered instead of the cutting force.

7.3.2 Cutting Parameter Independent Features

A big step forward in tool wear monitoring technology would be to find fea
tures which are independent ofthe cutting parameters. Ifsuch features could
be found, the monitoring system could count on a number of advantages.
First, the learning procedure could be eliminated, which would save a lot of
costs and time. Second, no synchronization of the machining center control
and the monitoring system would be necessary, which would mean less
communication and therefore less complexity of the system. Finally, also
single piece production could be monitored, which is not possible with con
ventional tool wear monitoring.

Several attempts have been made to find such cutting parameter independ
ent features. The influence of some of the parameters could be eliminated,
but it was not possible to find completely independent features. The found
features are described hereafter.



107

7.3.3 Cutting Force Direction

It is known and described in the literature (e.g. in [Fries 1999]) that the ra
dial cutting force component FR increases more strongly than the tangential
component F T with increasing tool wear. This leads to the fact that not only
the absolute value ofthe cutting force increases, but also its direction chang
es (figure 7.7). Thus, the direction of the cutting force can be used as a fea
ture for tool wear monitoring.

The advantage of this feature is that it is not influenced by the cutting pa
rameters ap ' fz and vC. On the other hand, it is of course depending on the
feed direction and on ae, i.e. on the direction where the cutting process oc
curs. If this direction can be determined, e.g. by getting the feed direction
from the machining center control and by keeping ae constant (which is usu
ally the case when the CNC program was generated by a CIM software),
this feature is very useful.

JI:=OmmB VB =O.5 mm

Figure 7.7: Change ofthe cuttingforce direction a with increasing tool
wear

7.3.4 Angles between the Force Excitation Ellipses and the Cutting
Force

Another quantity which changes with increasing tool wear is the direction
of the force excitation ellipses, i.e. of its major main axis. This direction can
be compared to the direction of the cutting force FA (figure 7.8), or, if avail
able, to the feed direction. The angle between the two directions can then be
used as a wear feature.
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Figure 7.8: Angley between the cuttingforce and the main axis oftheforce
excitation ellipse

7.3.5 Harmonic Components of the Tooth Passing Frequency

It could be observed that the amplitudes of the frequency components at
multiples of the tooth passing frequency nz decrease with increasing tool
wear. Thus, they can be related to the cutting force IFAI or to the amplitude
at nz , and be used as a wear feature.
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7.4 Results

The charts shown in this chapter demonstrate measurements taken during
the gradual tool wear experiment (see chapter 7.2.2), which was carried out
with a tool of diameter D = 10 mm and z = 3 cutting edges. The cutting pa
rameters are given in the legends of the figures.

7.4.1 Cutting Force

As it was expected, the absolute cutting force IFAI showed a high sensitivity
to tool wear. It was also confirmed that the knowledge of the cutting param
eters ae, ap andh, of the tool geometry and of the milling direction (up- or
down-milling) is indispensable, since they strongly influence the cutting
force. The only parameter which IFAI did not show great sensitivity to is the
cutting speed VC' i.e. the spindle rotation frequency n. Figure 7.9 shows the
dependency of cutting force on the flank wear VB'

800.-----..,.------..,.-----,------,------,-----,
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Figure 7.9: Increase ofthe cuttingforce IFAI with increasing tool wear.
Cutting parameters: ae = 5 mm, ap = 2.5 mm, fz = 0.1 mm,

n = 167... 667 Hz
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An interesting observation is that the strongest increase of IFAI occurs be
tween VB = 0.16 mm and VB = 0.26 mm, while after VB = 0.26 mm the in
crease is small.

7.4.2 Cutting Force Direction

The direction a of the cutting force changed as it was expected from theory.
A total change of ca. 45° could be observed from VB = 0 to VB = 0.48 mm.
The minimum is reached at VB = 0.26 mm; after that a remains constant
(see figure 7.10). It was found that a is independent ofap'1z and Vo as it was
predicted, but also that it is strongly dependent on ae and on the tool geom
etry.
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Figure 7.10: Behaviour ofthe cuttingforce direction a with increasing tool
wear. Cutting parameters: ae = 5 mm, ap = 2.5 mm,1z = 0.1 mm,

n = 167... 667 Hz
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7.4.3 Angles between the Force Excitation Ellipses and the Cutting
Force

The change of the angles between the force excitation ellipses atf= nz' 2·nz'

3·nz and the cutting force is plotted in figure 7.11. It can be observed that
the best feature is the one of the force excitation ellipse atf= 2·nz. Interest
ingly, it was found that the direction of this force excitation ellipse remains
approximately constant, i.e. the change of the angle y is mostly caused by
the change of the cutting force direction a (see figure 7.12).

A possible explanation for this phenomenon is that the harmonics of nz are
caused by the tangential cutting force component F T when the cutting edge
abruptly enters or leaves the workpiece material. The radial component FR

increases more smoothly while the chip is formed.

0.50.4

a(nz), F
a(2'nz), F
a(3'nz), F

---

Bearing B

0.1

40

30
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........
0.......

CD 0
0)
c:
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-20

-30

-40
0 0.2 0.3

VB [mm]

Figure 7.11: Angle y between the force excitation ellipses at different fre-
quencies and the cutting force. Cutting parameters: ae = 5 mm,

ap = 2.5 mm,1z = 0.1 mm, n = 667 Hz
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Figure 7.12: Direction oftheforce excitation ellipse atf= 2'nz (grey) and
the angle between the latter and the cuttingforce direction (black). Cutting

parameters: ae = 5 mm, ap = 2.5 mm,fz = 0.1 mm, n = 583 Hz

The advantage of a direction which is independent of VB is that in that way
it would be possible to detennine the feed direction without any infonnation
from the machining center control. Unfortunately, this direction is not "con
stant enough" to achieve this. Maybe the results could be improved by a
more exact lmowledge ofthe force-to-displacement transfer functions, or by
considering rotor dynamic effects.

Figure 7.13 shows the variance of the angle y. In the upper chart, ae and ap
are kept constant (ae = 5 mm, ap = 2.5 mm) and only the spindle rotation
frequency is varied. It can be seen that the variance is too large for an exact
prediction oftool wear. In the lower chart, all the cutting parameters are var
ied, according to the description of the gradual tool wear experiment in ap
pendix A4. Even if the trend is clearly visible, a tool wear prediction is
completely impossible.
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Figure 7.13: Variance ofthe angle y,keeping ae and ap constant (upper
chart) and varying all the cutting parameters (lower chart)
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7.4.4 Harmonic Components of the Tooth Passing Frequency

The decrease of the amplitudes of the force excitation components at mul
tiples of the tooth passing frequency could clearly be observed. An example
is shown in figure 7.14, where the major main axes of the force excitation
ellipses at 2·nz and 3·nz' divided by the absolute value of the cutting force,
are plotted against VB.

Bearing A
1.4 r------r------r------r----.--------r-----,

1.2

0.8
LL-m

0.6

0.4

0.2

0
0 0.1 0.2 0.3 0.4 0.5

VB [mm]

Figure 7.14: Decrease ofthe harmonic components ofthe tooth passing
frequency with increasing tool wear. Cutting parameters: ae = 5 mm,

ap = 2.5 mm,fz = 0.1 mm, n = 667 Hz

The problem with this feature is again its great variance, which makes an
exact prediction of the tool wear impossible. A chart showing the variance
of the amplitude of the component at 3·nz is given in figure 7.15. The only
statement that can be made is e.g. that "if the value is greater than 1, VB is
most probably lower than 0.2 mm".

Again, the feature looks promising at first sight, but taking advantage of it
is more complicated.
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Figure 7.15: Variance ofthe feature a(3'nzJ~FAI when the cutting parame-
ters are varied.

7.5 Summary

This chapter described which forms of tool wear occur in milling, how their
extent is defined and how it can be determined on-line.

The predominant form of tool wear in milling is flank wear, which is meas
ured by the width VB of its mark at the flank face. The features described in
this chapter were correlated with VB'

The conventional tool wear monitoring method uses the cutting force or oth
er features which change with increasing tool wear. The drawback hereof is
that these features are not only dependent on the wear, but also on the cut
ting parameters. It is therefore necessary to carry out a learning procedure
for each new part to be manufactured.

It could be shown that this method works well with the AMB spindle de
scribed in this work. The cutting forces can be calculated from the bearing
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current signals. Another feature which can be used for this monitoring
method is the force excitation amplitude at the tooth passing frequency.

In the second part, we tried to find features which are independent ofat least
some of the cutting parameters. The direction of the cutting force is for ex
ample independent of the axial cutting depth, the cutting speed and of the
feed per tooth. Other features suggested are the angle between the force ex
citation ellipses and the cutting force, or the relative intensity ofthe harmon
ic components of the tooth passing frequency. The problem with these
features is that their variance is too large to make an exact prediction of the
tool wear.
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Chapter8

Process Monitoring: Summary

A detailed summery of the different monitoring tasks is given at the end of
chapters 4, 6 and 7. This chapter shall briefly recall the most important
points and explain how the architecture of a system carrying out all these
monitoring tasks should be designed.

What we get from the spindle are the force signals and the position (or: dis
placement) signals for 5 channels each, and the rotation pulse signal. In ad
dition, we need the acceleration signals for collision monitoring. These are
most easily obtained by analogue differentiators, as it was performed in this
work.

A possible architecture of a milling process monitoring system covering the
monitoring tasks collision monitoring, tool breakage monitoring, cutting
edge breakage monitoring and tool wear monitoring is illustrated in figure
8.1.

In a first step, the spindle rotation frequency has to be calculated. This can
be achieved by sampling the rotation pulse signal. Since the maximum spin
dle rotation speed n is 667 Hz, a sampling rate ofIs = 20 kHz should be
enough to be sure not to miss a rotation pulse.

Knowing n, we can proceed to the monitoring tasks. For collision monitor
ing, we need to sample the acceleration signals. A sampling rate of
Is = 20 kHz is enough to guarantee the detection of a collision within
0.2 ms, as described in chapter 4.2. Ifn is greater than 0, AR filtering has to
be performed, in order not to trigger false alarms caused by rotor unbalance.
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Monitoring the resulting signals, we can detect spindle collisions with a
very high reliability.

For tool breakage monitoring, we need the bearing force signals. In order to
get usable signals, we need to calculate the moving average force signals. If
the spindle is rotating, we can setIs to 20 x n, if not, we can set it to 5 kHz
and use NSamp = 20 samples for the moving average calculation. After sub
tracting the signal values taken previously under no-load operation, we can
detect tool breakage applying the tool breakage detection functions de
scribed in chapter 4.3

The features used for cutting edge breakage monitoring and tool wear mon
itoring finally are extracted from the position signals and the mean cutting
forces. The latter can easily be calculated from MA force signals. For sam
pling the position signals we can setIs to 20 x z x n or at least lOx z x n for
tools with more than 4 cutting edges. In order to filter out signal oscillations
caused by rotor unbalance, we have to subtract the no-load operation sig
nals. Performing FFT on the latter, we can calculate their amplitude spec
trum. Dividing them by the force-to-displacement transfer functions, we get
the force excitation spectrum, as described in chapter 5.2. From these values
plus the mean cutting forces, the features for cutting edge breakage moni
toring and tool wear monitoring are extracted.

Physically, all these operations could be carried out on an additional circuit
board, which could be integrated in the MECOS AMB electronics. In that
way, the spindle could be sold with a built-in process monitoring system.
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Chapter 9

Conclusions and Outlook

9.1 Conclusions

In this work, an on-line process monitoring system for a high speed milling
spindle with active magnetic bearings was developed. It could be shown
that it is possible to monitor the milling process, i.e. to:
• detect collisions and tool breakage,
• detect cutting edge breakage, and
• know the wear state of the milling tool

without the use of any additional sensors. All the necessary information can
be taken from the signals provided by the active magnetic bearings. The
monitoring system works completely on-line or in-process, i.e. the milling
process does not have to be interrupted in order to get the desired informa
tion.

In the first part, the different test rigs were described. The available sensor
signals were investigated, i.e. the position signals and the bearing current
signals, and it was demonstrated how the shaft acceleration signals can be
generated from the position signals. With these signals, together with a spin
dle rotation pulse signal, the milling process can be completely monitored.

A special device (PA5+P) was built for the generation of the acceleration
signals and for the sampling of the signals at high sampling frequencies.

In the second part, the different monitoring tasks are described. It was
shown which signals are used for each monitoring task, how the signals
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have to be processed, and which are the features providing the information
on the tool state and the milling process. A theoretical background for the
different features is given.

Collisions can be detected by directly monitoring the acceleration signals.
If the spindle is rotating, a special filtering method, called AR-filtering, has
to be used in order to compensate for shaft unbalance. Spindle collisions can
be detected within 0.2 ms.

Tool breakage is best detected by the moving average of the bearing force
signals, i.e. the controller output signals. Two methods were found: one is
to calculate the first derivative of the MA force signals, and the other is a
function which makes use of the overshoot of these signals when a tool
breakage occurs.

For cutting edge breakage monitoring, the position signals are used. They
are transformed into frequency domain by FFT. From the resulting spec
trum, the force excitation spectrum is calculated, and features are extracted
using the appearance of frequency components at the spindle rotation fre
quencyand at sidebands of the tooth passing frequency.

For tool wear monitoring, the absolute value of the cutting force or the am
plitude of the force excitation at the tooth passing frequency can be used.
These features depend also on the cutting parameters, which makes a learn
ing procedure necessary. Several attempts were made to find features which
are independent of the cutting parameters. Some interesting traces were
found, but the problem could not yet be solved.

Finally, the last chapter illustrates how the different monitoring tasks could
be combined into one process monitoring system, and how it could be inte
grated in the magnetic bearing electronics.

9.2 Outlook

With the process monitoring system developed in this thesis, the active
magnetic bearing spindle used in this work could be provided with an extra
feature. Bearing in mind that the spindle did not find great acceptance on the
market, probably due to its low dynamic stiffness at low rotational speeds,
its complexity and its higher price, this could be its key advantage over a
conventional ball-bearing spindle.
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Thus, the next step is certainly to analyse the need for a spindle with an in
tegrated process monitoring system. If the reaction of potential clients is
positive, one could proceed to develop a computer circuit board, carrying
out the process monitoring algorithms, for series production.

Once the system works successfully for milling applications, other process
monitoring systems could be developed, e.g. for grinding or drilling.

The experience gained in this work could also be applied to monitoring sys
tems for conventional spindles. Eddy current sensors could be fixed close to
the spindle shaft, inside or outside the spindle, and the same process moni
toring algorithms could be applied. Compared to solutions with piezoelec
tric force measurement, this would probably be easier, and certainly the
spindle characteristics (stiffness etc.) would not be changed.

A point which is still not solved is to find tool wear features which are in
dependent of the cutting parameters. The methods suggested in chapter 7
could be traced. Maybe a more exact knowledge of the force-to-displace
ment transfer functions or the consideration of rotor dynamic effects leads
to success. However, it is worth the effort, since the learning procedure
could be eliminated in that way, which makes tool wear monitoring possible
also for single piece production.
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Appendix

Al Feature Matrix

Column No.

1:
2:
3:
4:
5:

6:
7:
8:

9:
10:
11 :
12:

13:
14:
15:

Description:

diameter D [mm]
type [cylindrical (L) =0, ball nose (D) =ball radius]
no. of cutting edges z
helix angle A [0]
tool wear VB [mm]

spindle rotation frequency n [l/s]
feed f[m1min]
sense [1 = down-milling, -1 = up-milling, 0 = slot
milling]
lateral cutting depth ae [mm]
axial cutting depth ap [mm]
additional information [-]
= Np , no. of frequency component values at multi
ples ofn in the amplitude spectra ofAMB channels
AX...Z

mean force in channel AX [N]
mean force in channel AY [N]
mean force in channel BX [N]



16:
17:
18:

19:

20:
21:
22 ... Np+21:
Np+22 ... 2 Np+21:

2 Np+22:
2 Np+23:
2 Np+24 3 Np+23:
3 Np+24 4 Np+23:

4 Np+24:
4 Np+25:
4 Np+26 5 Np+25:
5 Np+26 6 Np+25:

6 Np+26:
6 Np+27:
6 Np+28 7 Np+27:
7 Np+28 8 Np+27:
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mean force in channel BY [N]
mean force in channel Z [N]
linear approximation for orbit in bearing A (gradi
ent ~y/Llx)
linear approximation for orbit in bearing B (gradi
ent ~y/Llx)

sum of all amplitude values of channel AX
sum of amplitude values of channel AX below n
amplitude values at (1 .. .Np) x n of channel AX
phase values at (1 .. .Np) x n of channel AX

sum of all amplitude values of channel AY
sum of amplitude values of channel AY below n
amplitude values at (1 . ..Np ) x n of channel AY
phase values at (1. ..Np ) x n of channel AY

sum of all amplitude values of channel BX
sum of amplitude values of channel BX below n
amplitude values at (1 .. .Np) x n of channel BX
phase values at (1 .. .Np) x n of channel BX

sum of all amplitude values of channel BY
sum of amplitude values of channel BY below n
amplitude values at (1 .. .Np ) x n of channel BY
phase values at (1 .. .Np ) x n of channel BY

8 Np+28: sum of all amplitude values of channel Z
8 Np+29: sum of amplitude values of channel Z below n
8 Np+30 9 Np+29: amplitude values at (1. . .Np ) x n of channel Z
9 Np+30 10 Np+29: phase values at (1. . .Np ) x n of channel Z
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A2 Spindle Transfer Functions

a) Transfer Functions for the Collet Tool Holder

Amplitude responses:
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b) Transfer Functions for the Weldon Tool Holder

Amplitude responses:
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c) Rotor Dynamic Effects

Amplitude responses (waterfall plot):

frequency [Hz] o

40'000

spindle rotation [rpm]

For these measurements, the wobble-command of the MEeOS-interface
was used. The curves represent the gain between the controller output signal
UO (excitation) and the displacement signal SXO (measured), both of chan
nel AX (see figure 2.2). Note the splitting ofthe peak at the first rotor eigen
frequency at ca. 1000 Hz. The peaks arising at the spindle rotation
frequency, well visible in the curves of 20'000 rpm, 30'000 rpm and
40'000 rpm (i.e. the peaks at 333 Hz, 500 Hz and 667 Hz, respectively), are
caused by rotor unbalance and can be ignored.
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d) Distortion of the Transfer Functions by Machine Modes

Amplitude responses:
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These measurements were again taken using the wobble-command of the
MECOS-interface. The curves represent the gain between the controller
output signal va (excitation) and the displacement signal sxa (measured),
both of channel AX, for different Y-coordinates of the machining center.
Note the shifting of the peak at ca. 440 Hz to 360 Hz, which indicates that
this peak is caused by a vibration mode of the machining center.
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A3 Cutting Edge Breakage Experiments

smooth milling
weak chatter
strong chatter
impossible cutting conditions
no experiment made because of impossible cutting conditions

x
(X)

In this section a table of the cutting edge breakage experiments carried out
with each tool is given, together with the chatter observations during mill
mg.

Legend:
o

a) Tool dlOL30z2

D = 10 mm, cylindrical, z = 2, A= 30°

VB = 0 mm (new tool), I cutting edge broken

VB = 0.63 mm, 1 cutting edge broken
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b) Tool dlOL30z3

D = 10 mm, cylindrical, z = 3, Iv = 30°

VB = 0 mm (new tool), 1 cutting edge broken

0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0

VB = 0.48 mm, 1 cutting edge broken

x (X) (X) (X)
o
o

c) Tool dlOL30z4

o

o
o

o
o

o
o o o

o
o

o
o

o
o

o
o

X

D = 10 mm, cylindrical, Z = 4, Iv = 30°

VB = 0.59 mm, 2 consecutive cutting edges broken
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d) Tool dlOU30z4L

D = 10 mm, ball-nose, z = 4, A= 30°, tool with a extra long shaft

VB = 0 mm (new tool), 1cutting edge broken

1 xl: underline = direction which was moved; i.e. in this case the work
piece was moved in ae-direction.

e) Tool d16L30z8

D = 16 mm, cylindrical, z = 8, A= 30°

VB = 0.15 mm, 1 cutting edge broken

f) Tool d6L28z2

D = 6 mm, cylindrical, z = 2, A= 28°

VB = 0.15 mm, 1 cutting edge broken
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A4 Tool Wear Experiments

In this section a list ofthe tool wear monitoring experiments is given, show
ing the chatter observation for each experiment. Legend: see appendix A3.

a) Basic Experiment

Tool dl0L30z2: D = 10 mm, cylindrical, Z = 2, A= 30°

VB = 0 mm (new tool)

(X)
0 0 0 0 0 (X)
0 0 0 (X)
0 0 0 0 0 (X)
0 0 0 0 (X)
0 0 0 0 0 0 (X)
0 0 0 0 0 0 0 (X)
0 0 0 X X (X)
0 0 0 0 (X)
0 0 0 X (X) (X)
0 0 0 0 0 (X)
0 0 0 X (X) (X)
0 0 0 0 0 0 0 (X)
0 0 0 0 0 0 0 (X)
0 0 (X) (X) (X)
0 X X (X)
0 0 0 (X) (X) (X)
0 0 0 (X) 0 (X) (X)
0 X (X) X (X) (X)
0 0 0 0 0 (X)
0 0 0 0 X 0 (X)
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VB =0.63 mm

(X) (X)
X (X) 0 (X)

0 X 0 (X) 0 (X)
0 0 0 (X) 0 (X)

X (X) X (X) (X) (X) (X) (X)
0 0 (X) (X)
0 0 0 X 0 (X)

X X (X) (X) (X)
X (X) (X) (X) (X)

0 X 0 (X) 0 (X) (X)
0 (X) (X) (X)
X (X) (X) (X) (X) (X) (X) (X) (X)
0 (X) (X) (X)
0 0 0 (X) 0 X (X)

(X) X (X) (X) (X) (X) (X)
(X) X (X) (X) (X) (X) (X)

0 X (X) 0 (X) (X) (X) (X)
(X) (X) (X) (X)

(X) (X) (X) (X) (X) (X) (X) (X) (X)
0 X (X) (X) (X)
0 0 X (X) (X) (X)

b) Gradual Tool Wear Experiment

Tool d10L30z3: D = 10 mm, cylindrical, z = 3, A= 30°

VB = 0 mm (new tool)

o 000 0 0 0 0 0 0 0

o 000 000 000 0

o 0 0 0 0 0 0 0 000

o 0 0 0 0 0 0 0 000

000 0

o 0 0 0 000

00000

o 0 o
o
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0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0

VB = 0.08 mm

0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0

VB = 0.16 mm

o
o
o
o
o
o

o

o

o

o
o
o

o
o
o

o

o
o

o

o
o
o
o

o

o

o
o
o
o

o

o
o
o
o

o
o
o
o
o
o

o
o
o
o

o
o

o
o
o
o
o
o

o
o
o
o
o

o

o

o

o
o
o
o



VB = 0.26 mm
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0 0 0 0 0 0 0 0 0

X X X (X) (X) (X) (X) (X) X
0 0 0 0 0 X 0 0 0 0

0 0 0 0 0 X 0 0 0 0

0 0 0 0 0 X 0 0 0 0

0 0 0 0 0 X 0 0 0 0

VB = 0.48 mm

o

X X

o
o
o
o
o
o

o
o
o

o

o
o

o

o

o
o

o
o
o o

X
o
o
o

o
o
o

X
o
o
o

o
o
o
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c) Spindle Rotation Speed Experiment

Tools:
d10L30z2: D = 10 mm, cyl., z= 2, A= 30°, ae = 3 mm, ap=5 mm,J;,.=O.l mm
d10L30z3: D = 10 mm, cyl., z= 3, A= 30°, ae = 3 mm, ap=5 mm,J;,.=O.l mm
d1OL30z4: D = 10 mm, cyl., z = 4, A= 30°, ae = 3 mm, ap=5 mm,J;,.=O.l mm

VB = 0 mm (new tool)

0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0

0 0 X X

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0 0

0 X 0 0

0 X

0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0

0 0 0

0 0

0 0

0 0

0 0 0 0

0 0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0
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VB = 0.50 mm, 0.60 mm

0 0

X X X
X

X X
X

0 0

0 0

X 0 0

X X X 0 0

(X) (X) X 0 0 0

X 0 0 0 0

0 0 0 0

0 0 0

X X
X

d) ae-Variation Experiment

Tool d10L30z2: D = 10 mm, cylindrical, Z = 2, A = 30°, ap = 5 mm,
fz= 0.1 mm

VB = 0 mm (new tool)
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VB =0.29mm

VB =0.60mm

0 0 0 0

0

0

X X
X (X) X X

(X) (X) (X) (X)
(X) (X) (X) (X)
(X) (X) (X) (X)

e) Different Tool Experiments

Tool d2,5L30z2: D = 2.5 mm, cylindrical, z = 2, A= 30°

VB = 0 mm (new tool)

B: tool broken; /: no experiments possible due to tool breakage
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B: tool broken; /: no experiments possible due to tool breakage

Tool d4L30z2: D = 4 mm, cylindrical, z = 2, A= 30°

VB = 0 mm (new tool)

B: tool broken

Tool d6L28z2: D = 6 mm, cylindrical, z = 2, A= 28°

VB = 0 mm (new tool)
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Tool d8L30z2: D = 8 mm, cylindrical, z = 2, A= 30°

VB = 0 mm (new tool)

VB =0.30mm

Tool d10L30z2: D = 10 mm, cylindrical, z = 2, A= 30°

VB = 0 mm (new tool)



143

VB =0.30mm

Tool d10L30z2L: D = 10 mm, cylindrical, z = 2, A= 30°, long tool

VB = 0 mm (new tool)

*: special noise observed

Tool dlOL45z2: D = 10 mm, cylindrical, Z = 2, A= 45°

VB = 0 mm (new tool)

VB =0.14mm
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Tool d12L28z2: D = 10 mm, cylindrical, Z = 2, 'A = 28°

VB = 0 mm (new tool)

VB =0.30mm

Tool d16L30z2: D = 16 mm, cylindrical, z = 2, 'A = 30°

VB = 0 mm (new tool)

VB =0.23 mm
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Tool d20L30z2: D = 10 mm, cylindrical, z = 2, A= 30°

VB = 0 mm (new tool)

VB =0.30mm

Tool d6L28z3: D = 6 mm, cylindrical, z = 3, A= 28°

VB = 0 mm (new tool)
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Tool d10L30z3: D = 10 mm, cylindrical, Z = 3, A= 30°

VB = 0 mm (new tool)

VB =0.25 mm

Tool d10L45z3: D = 10 mm, cylindrical, Z = 3, A= 45°

VB = 0 mm (new tool)

/: no experiment carried out

VB =0.26mm
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Tool dlOL45z3TXL: D = 10 mm, cylindrical, Z = 3, A= 45°, TXL-coating

VB = 0 mm (new tool)

VB =0.09mm

Tool d4L30z4: D = 4 mm, cylindrical, Z = 4, A= 30°

VB = 0 mm (new tool)

B: tool broken; /: no experiments possible due to tool breakage

VB = 0.16 mm

B: tool broken; /: no experiments possible due to tool breakage
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Tool d1 OL30z4: D = 10 mm, cylindrical, Z = 4, A= 30°

VB = 0 mm (new tool)

VB =0.21 mm

Tool dlOL45z6: D = 10 mm, cylindrical, Z = 6, A= 45°

VB = 0 mm (new tool)

VB = 0.06mm
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Tool dlOL60z6: D = 10 mm, cylindrical, z = 6, A= 60°

VB = 0 mm (new tool)

o
o

o
o

o
o

o

o

(X) 0

(X) 0

o
o

Tool d10L30z7: D = 10 mm, cylindrical, z = 7, A= 30°

VB = 0 mm (new tool)
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Tool d16L30z8: D = 16 mm, cylindrical, z = 8, A= 30°

VB = 0 mm (new tool)

(X) 0

(X) 0

o
o

o
o

o

o
o
o

o
o

Tool d20L30z8: D = 20 mm, cylindrical, z = 8, A= 30°

VB = 0 mm (new tool)

VB = 0.15 mm
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Tool dl0DOr5z2: D = 10 mm, ball-nose, r = 5 mm, Z = 2, A= 0°, long tool

VB = 0 mm (new tool)

VB = 0.18 mm

1 x 2: underline = direction which was moved; i.e. in this case the workpiece
was moved in ae-direction.

Tool dl0D30r3z2L: D = 10 mm, ball-nose, r = 3 mm, Z = 2, A= 30°, long
tool

VB = 0 mm (new tool)
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Tool d3U30rl.5z4L: D = 3 mm, ball-nose, r = 1.5 mm, Z = 4, A= 30°, long
tool

VB = 0 mm (new tool)

VB = 0.10 mm

Tool d4U30r2z4L: D = 4 mm, ball-nose, r = 2 mm, Z = 4, A= 30°, long tool

VB = 0 mm (new tool)

VB =0.08 mm
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Tool d6U30r3z4L: D = 6 mm, ball-nose, r = 3 mm, Z = 4, A= 30°, long tool

VB = 0 mm (new tool)

VB = 0.18 mm

Tool d8U30r4z4L: D = 8 mm, ball-nose, r = 4 mm, Z = 4, A= 30°, long tool

VB = 0 mm (new tool)

VB = 0.13 mm
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Tool dlOU30r5z4L: D = 10 mm, ball-nose, r = 5 mm, Z = 4, A= 30°, long
tool

VB = 0 mm (new tool)

VB =0.09mm

Tool d12U30r6z4: D = 12 mm, ball-nose, r = 6 mm, Z = 4, A= 30°

VB = 0 mm (new tool)

VB = 0.25 mm
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Tool d16U30r8z4: D = 16 mm, ball-nose, r = 8 mm, Z = 4, A= 30°

VB = 0 mm (new tool)

VB =0.23 mm
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