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Chapter 1

Introduction

This thesis describes the design and realization of a machining center for man
facturing miniature components. There is a continuous demand for miniaturizing
products in a broad spectrum of applications [1, 2]. Medical devicesXample,
greatly benefit from reduced dimensions. Another main driving forb@loleminia-
turization is the demand for reduced masses. For instance, the mass ofsttte Bo
ABS (anti-lock braking) system has been reduced from 6.2 kg in 19898t&dL

in 2001 [1]. When the part dimensions decrease, the demand for impdavet-
sional accuracy and surface quality increases. Figure 1.1 showsxamapées of
miniaturized components.

Figure 1.1: Examples of miniaturized components, manufactured at Tbl€nse and in-
dustry. A miniaturized gear (left) and a lab on a chip (righiRhotos courtesy
of Philip Broos / Leiden, MicroMegazine

The left picture in Figure 1.1 shows a miniature gear wheel manufactured by
micro milling. The right picture in Figure 1.1 shows an example of a Lab on a Chip
(LOC). A lab on a chip combines several laboratory functions on a sirfgfe c
Miniaturizing laboratory functions reduces the use of reagents, p@amerspace.
Currently, a LOC is typically manufactured using lithographic processegroM

1



2 CHAPTER 1. INTRODUCTION

milling potentially enables fabricating LOCs from a broader range of materials,
with reduced costs due to less machining time, a smaller footprint, and the absenc
of clean room processing.

The mould and die industry has a great interest in machining moulds for manu-
facturing small components by injection moulding. The moulds are typically manu-
factured from hardened steel and therefore need to be machineccosiventional
processes such as milling or electronic discharge machining. Micro millingesnab
the machining of moulds and dies from hardened tool steel with more and finer
details.

1.1 Background

Lithography is the leading technology for manufacturing micro components like
LOCs and other micro system technologies. Lithographic processeisereging
expensive masks and, thus, are best suited for the production obkigjees. Micro
machining using lithographic processes is limited to machining silicon-like materi-
als in 2.5 dimensions. A 2.5D, or areal process, means the build up ofssiwee
two dimensional layers into the third dimension.

To structure metallic materials in three equally independent dimensions, tech-
nologies such as micro milling, Micro Electrical Discharge MachinipgDM),
Micro Electro Chemical MachininguECM), and micro grinding are used. Micro
milling is the mechanical removal of material using a sub-millimeter diameter cut-
ting tool. With uEDM, material is removed by the discharge occurring between a
tool electrode and a workpiece emerged in a dielectti€CM is the controlled elec-
trochemical dissolution of workpiece material in an electrolyte by applyingtsho
voltage pulses.

With ultra precision macro machining, shape accuracy levels better thamD.1
can currently be achieved [1]. However, for downscaling these nraachining
processes to the micro scale properly, machine and process must beachpeev
garding material removing rate, machining speed, surface quality, fesingreand
accuracy.

Concluding, there is a gap to be bridged between the manufacturing of micro
systems with lithographic processes in silicon-like materials, and the ultra regh pr
cision macro machining with very high accuracy in metallic materials.

1.2 Micro Milling

Milling is the mechanical removal of material using a rotating cutting tool. A top
view of this milling mechanism is shown in figure 1.2. As the cutting edge passes
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through the workpiece, material is removed.

Micro End Mill

R [
\

\ ’

-

Feed Per Tooth ™~ Workpiece Material RN 7

—
Workpiece direction

Figure 1.2: Top view of the end milling mechanism (left) and the minimuhipcthickness
effect as a result of scaling down the milling tool (right).

Micro milling can be defined as milling with tool diameters below 1 mm. Com-
mercially available micro milling tools currently have diameters down to 0.05 mm.
Figure 1.3 illustrates two micro milling tools, with diameters of 0.2 mm and 1 mm.
A scanning electron microscope image of a 0.3 mm end mill is also shown.

Figure 1.3: Micro milling tools; The figure on the left shows a 0.2 mm miered mill and
a 1 mm end mill, the SEM picture on the right shows the cuttidges of a 0.3
mm end mill.

The cutting conditions for micro milling are generally obtained by scaling down
the process parameters used in the macro domain, which is a well undegpsteod
cess. However, this approach does not result in a satisfactory cutiaigycduring
micro milling [3].
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The minimum chip thickness effect is illustrated on the right in figure 1.2, and
is an example of the difference between macro and micro cutting. A cutting edge
which is considered sharp in the macro domain, has a large cutting edgendmtin
observed in the micro domain. A minimum chip load is therefore required due to
the micro cutting tool geometry [4]. Thus, micro milling is actually performed with
relatively blunt tools.

Micro cutting tools suffer from relatively large geometrical runout, typically
5 um for a 100um tool [5]. This runout is of the same order of magnitude as
the Feed Per Tooth (FPT), resulting in large fluctuating loads on the cuttihg too
In addition to this dynamic effect, micro cutting tools are subjected to large tool
bending deflections due to their small diameter.

For these reasons, a novel approach is needed to improve the qualéynattio
machining process. This quality is defined by the geometrical accuragythan
quality of the cut. Such an approach would include the downscaling of maghin
process combination, on machine toolmaking, vibration assisted machining, and
improved process monitoring. These improvements to the micro milling quality
will be discussed later in this chapter.

Micro milling requires a rotational speed far above the maximum rotational
speed of conventional milling spindles [6, 2]. This speed is required te baffi-
cient cutting speed at the tool edge, which partly defines the quality of thé,c.
When reducing the diameter of the cutting tool, the rotational speed must also be
increased to maintain productivity [3]. Commercially available micro milling tools
have diameters down to 0.1 mm. Theoretically this requires a spindle rotational
speed of 500.000 rpm, in order to achieve a typical macro milling cutting speed
of 200 mmin~—1. In conventional macro milling spindles, a very high rotational is
difficult to achieve due to high rotor masses, large rotor diameters and ¢hef us
mechanical bearings.

The minimum chip thickness effect, in combination with the high rotational
speed, requires high feed rates. Conventional spindle driven saiege®t able to
achieve the accelerations and speeds for micro milling. Therefore, dlylolegen,
fast workpiece positioning system is required.

This thesis describes the mechatronic design and realization of a micro milling
setup, comprising a high speed spindle and a fast workpiece positiorstgrsy
This thesis focuses on designing a spindle capable of reaching theecdugh
rotational speeds and tool tip positioning accuracy using Active Magneticiiggy
(AMB) technology.
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1.3 Micromachining Technology

Two trends are visible in micro machining; micro machining with conventional ultra
precision machines and micro machining with small "micro factories”. Micro facto
ries are micro machining stations on a small footprint and will be further dsscus

in Section 1.3.2.

A typical macro scale design philosophy is to construct a heavy and stiff ma-
chine, where the accuracy is determined by the manufacturing precistbe of-
dividual parts of the machine. When such a machine is used in a micro milling
application, several problems may arise. First, the tool stiffness of a micrasmill
very low due to its small diameter. The stiffness of a micro tool is on the order of
10 kN-m~1, which deteriorates the high stiffness design approach of the rest of the
machine. Tool bending reduces the accuracy of the milled part [8].

In this section different aspects of micro machining tools are described. Fo
each aspect, the contribution of this research to the state of the art issgidcus

1.3.1 Downscaling

When downscaling machinery, some parameters scale beneficially withadecre
ing size while others scale unfavorably [9]. Thermal deformations, Xamgple,
decrease with decreasing machine tool size [10]. Flexural resotigatpeencies
increase as the machinery is reduced in size. The vibration amplitudes armedow
with decreasing size due to the difference in scaling between inertialsf@oe
elasticity [10, 11].

In this research, the lowest spindle resonance frequency shoulddetron-
siderably higher than the cutting frequency which is one or two times the rahtion
speed. By not exciting the spindle resonances with the cutting frequetimesut-
ting process quality is increased. The higher flexural resonanaedinecgs, and the
lower moving masses enable higher control bandwidths, resulting in aragezte
virtual stiffness.

With the lower masses however, the sensitivity to disturbances from thegzoc
increases. As mentioned, these disturbances have a frequency @nhpbone
or two times the rotational frequency, this is well above the closed loop Ldtidw
of the system. The trade off between a higher control bandwidth and treasex
sensitivity to the high frequent disturbances will be investigated. By iadube
size of the spindle, the bandwidth of the cutting force estimation can be imecreas
[12].

The low moving mass will enable fast open loop interventions. Such an inter-
vention could be the retraction of the tool in case of a short-circuit durkigM, or
in case of a sudden increase in cutting force during micro milling. A cuttingeforc
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increase can potentially lead to tool breakage. By using Active Magnetiariggs,
the spindle is actively controlled in 5 DOF. In this research project we ligate
the use of the axial magnetic bearing to swiftly retract a machining tool outeof th
workpiece.

Machine downscaling is furthermore required to reach a very high rottion
speed, as this is limited by the combination of rotor outer diameter and the tensile
strength of its material.

1.3.2 Micro Factory

The concept of a micro factory was first introduced in 1990 by the MachhEn-
gineering Laboratories (MEL) in Japan [13]. Their motivation to realizesktbp
micro factory was based on the fact that conventional machining tools inegpe
propriate for producing miniature components. By reducing the machinssy s
space and energy can be saved. The main challenge in micro machiningmsithg
machinery is to achieve high accuracy and high surface qualities, mainggrays
the reduced stiffness and mass of smaller machines.

Several micro factories are described in literature. Often, the miniaturized ma
chine tools are referred to as Meso-scale Machine Tools (MMT). Thaef
miniature machine tools used in a micro factory are described by Kussul[#0%l.
Kussul stated that machinery must be downsized accordingly to producgtumin
ized parts. The described design approach is the downsizing of damnamma-
chinery. In the research of Kussul, typical accuracies gfi20are achieved. In this
thesis, the target part accuracy is sub micrometer.

Axinte et al. [14] describe the design and analysis of a 4 axis machine toel. T
machine tool is equipped with a commercially available 200.000 rpm. air turbine
spindle for micro grinding or a commercially available 50.000 rpm. brushless dc
spindle with ceramic bearings.

Okazaki et al. [15] describe the machining of thin ribs using a desktop NC
milling machine. The spindle consists of a miniature, 200.000 rpm. AC motor.

Honegger et al. [6, 16] describe the development of an automated mitooyfa
Their micro factory consists of two machine tools, a metrology station, and part
handling. They aim at sub micron accuracy. In stead of the standatdedédrive,
this machine tool is equipped with an air bearing spindle that is turbine driven,
capable of speeds up to 160.000 rpm.

Other micro factories, specifically focused on the miniaturization of machinery
have been reported by Verettas et al. [17], Vogler et al. [9], andz@laet al. [18].

Takeuchi et al. [19] describe the design of an ultra precision milling machine
using only contactless servo systems. This research is focused owiagladigh
accuracy instead of downsizing the machinery. The spindle as well as @& lin
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guides and the rotational axis are aerostatically supported. The develbpfree
commercially available 5-Axis high precision machine is described by Sriyotha et
al. [20].

The work in this thesis is part of a larger research project where we envision
a desktop-sized micro factory. The micro factory features a workpiece positioning
stage, a miniature spindle (this work), a haptic assembly line, and a workpiece
inspection platform. In this thesis, this larger project will be referred to as the
Ufac project.

1.3.3 Process Combination

Each of the processes mentioned in Section 1.1 has its inherent limitation®§2]. F
example, runout is unavoidable in micro milling due to tool geometry and high
rotational speeds, and the material removal ratedslDM andy ECM are very low.

By combining the different processes, we can benefit from their indaligualities.
The positioning accuracy imEDM anduECM is high due to the absence of process
forces and low rotational speeds [21]. The surface finish is gendrigler in micro
milling. The surface roughness pEDM can be improved bpECM.

Fleischer et al. [22] describe the potential of combining micro millipgPM
and micro laser ablation for the manufacturing of micro molds.

In the[.lfac project, we consider three types of micro machining, namely, micro
milling, tEDM anduECM. A general process flow for manufacturing a small com-
ponent is as follows. A relatively coarse first machining step with a high mahter
removal rate using micro milling is performed. Then, a highly accut&®M step
is performed and finished hyECM to improve the surface quality.

With the combination of these processes, high accuracy parts can be iittade w
reasonable throughput. In tlf.dfac project, the merits of using the same spindle for
micro milling, tEDM, anduECM are investigated. By performing the machining
steps on a single machining station, no accuracy will be lost by re-mounting the
workpiece. A miniature spindle is thus required for micro milling, as well as for
wEDM anduECM.

1.3.4 On Machine Toolmaking

The accuracy can be further increased when making EDM tools on theimeach
Asad et al. [23] describe the fabrication of EDM tools on the machine. Winen
EDM tool is manufactured on the machine, no accuracy is lost in re-clampéng th
EDM tool. The machine described in this research is commercially available from
MikroTools. The MikroTools-DT110 [24] is a three axis machining centéich
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combines multiple machining processes, such as milling and EDM on a single sta-
tion. The milling spindle has a maximum rotational speed of 140.000 rpm.

Kurita et al. [25] describe the development of a machine tool which combines
micro milling, tEDM, and tECM. An electrode is machined by micro milling.
Subsequently, this electrode is used fiddDM, and the surface finish is improved
usinguECM.

In the Ufac project we aim at performing a first machining process with micro
milling. Subsequently we will machine the rotating milling tool down taEDM
tool by WEDG (Wire Electro Discharge Grinding). A final machining step wal b
performed with the machinedEDM tool in the same spindle. By machining the
electrode on the rotating spindle, runout is eliminated.

1.3.5 Vibration Assisted Machining

Moriwaki [26] showed that introducing an elliptical vibration (167 Hz) inte th
micro milling process improves the machining precision. In the EDM and ECM
processes, using an additional vibration of the machining spindle improydiewh
of dielectricum and the machining conditions.

This research focuses on developing an Active Magnetic BearingsI8pirhe
active nature of the bearings, and the relatively large gap betweendheadseand
the spindle allow for the desired vibrations to be introduced into the machining
processes.

1.3.6 Process Monitoring

In the[,lfac project, we investigate whether more control of the cutting process will
improve the quality of micro machined parts. When the milling process is properly
monitored, the cutting conditions can be changed to improve the cut quality or to
avoid tool breakage. When a macro milling spindle is used for micro milling, tool
breakage is often not observed by the operator. Tool breakadeeadetected when
the cutting forces are observed. When an increase in cutting forcdseadetected,
tool breakage can even be avoided by changing the feed rate ortlgtfastion of
the tool.

Typical techniques for monitoring the cutting conditions in the macro milling
domain are acoustical measurements and force measurements. Cutecot tte
art force sensors have a maximum bandwidth of 1 kHz and thus, do wettha
bandwidth to monitor the cutting forces in the micro milling process at the desired
rotational speed [3], due to the low amplitude [2], and high frequencyeo€titting
forces. In industry, there is a strong need for process monitoring aémdies that
are more integrated in the machine tool structure [27].
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In the Ufac project, we aim to develop a new method for monitoring the forces
during micro milling by using information from the spindle bearing signals. By
using active bearings in the milling spindle, information is available on the position
of the rotor and the forces in the bearings. Research on the estimatiortHeom
cutting forces using the position and current information from the beaisrggsried
out by Blom [28].

1.3.7 State of the Art Micro Machine Tools

Micro milling is often performed using commercially available precision machine
tools. In order to achieve the high rotational speeds required for micro milling
rather conventional ultra precision machines are equipped with high speaetles.
These high speed spindles are commercially available with spindle spegisyran
from 40.000 up to 200.000 rpm.

Examples of these micro machining stations are: the Makino HYPER2J [29],
the Kern Micro [30], the KUGLER Microgantry nano3/5X [31], the Atomet@d-
Ultra [32], the Microlution 363-S [33], and the Brungltra Mill [34].

One common thing between all thee machining centers is they are equipped with
passive spindle bearings, rather than active spindle bearings.

1.4 Problem Statement

This thesis focuses on addressing these issues by designing and gealizictively
controlled magnetic bearing spindle. Briefly summarizing; AMBs allow for high
rotational speeds and high accuracy. At low angular speeds, aragybibtational
axis can be chosen together with additional motion patterns for vibratiortexbsis
machining. Finally, AMB signals can be used for process monitoring anttaton
In an Active Magnetic Bearing, a control loop determines the position oftioe in

the bearing. The position of the rotor is measured using a contact lesdisyaat
sensor, and an electromagnetic actuator is used to position the rotor.

This leads to the problem statement for this thesis:

Design, build, and investigate Active Magnetic Bearings
applied in a high speed micro milling center
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Several related issues are addressed in this thesis to answer thishepsss-
tion.

- The design and realization of a miniature milling spindle with active magnetic
bearings.
In order to investigate the use of AMBs in a miniature milling center, a proto-
type miniature AMB spindle has been designed and realized. The miniature
AMB spindle is a typical mechatronic system. The design and realization of
a mechatronic system is an iterative process which starts with an assessment
of the system requirements. Subsequently, the disturbances acting gs-the s
tem are identified, followed by the mechanical design of the plant, and the
design of the controller. Modeling of both is required to investigate whether
the requirements are met or whether the design needs to be changed, Finally
the performance of the system is experimentally investigated.

- The investigation into high speed rotation.
A main demand on a micro milling spindle is a very high rotational speed. A
study in high speed rotation with AMBs will be required for the realization
of the milling spindle. A rotor dynamic analysis is performed to investigate
the influence of the gyroscopic effects on the accuracy and stability of the
fast rotating spindle. In the design of the electromagnetic actuators, the is-
sues regarding rotating losses are addressed. The challenge akingrthe
rotational speed as well as the flexible spindle resonance frequeniiles w
maintaining a stable rotating AMB system has been addressed.

- The realization of a three axis miniature machining center.
In order to investigate the performance of the miniature AMB spindle, it is
integrated into a 3 axis miniature machining center. A mechatronic design
approach is followed for the realization of a downsized machining center
for micro milling, integrating the miniature milling spindle. A preliminary
machining test has been performed, showing the use of the miniature AMB
spindle during micro milling. Several issues have been addressed intorder
perform milling with the designed spindle, such as the design of a high speed
tool holder.

This thesis will also provide design guidelines for hybrid reluctance aatjato
in an application where high accuracy and high speed are required.
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1.5 Thesis Outline

In the next chapter, the basics of Active Magnetic Bearing technologybwillie-
scribed. This chapter will describe the analytical derivation of the foirca simple
AMB and the state of the art in AMB spindle technology, focusing on spinfdles
milling, spindles with high rotational speed, and spindles for accurate rotation

Chapter 3 covers the design of a miniature AMB spindle prototype. Therdesig
of the rotor and bearings is described, as well as the controller dedignregliza-
tion of the spindle is described as well as the experimental results. The validity
the models used for the actuator design, as well as the rotor dynamic modedling a
experimentally verified.

When the speed of milling spindles is increased, the mounting of the tool holder
poses a challenge due to the high centrifugal stresses causing rdldeestool. In
Chapter 4 a solution to this problem is presented by the design and realizbtion o
novel tool holder system.

The applicability of the miniature AMB spindle prototype has been investigated
by integrating it into a milling system. Chapter 5 describes the realization of a three
axis, vertical micro milling center, featuring the miniature AMB spindle prototype,
an xy-positioning stage, and a z-stage. In this chapter, a preliminary millpgyiex
ment is discussed.

The design and realization of the prototype presented in Chapter 3, aaswell
a literature survey shows the importance of avoiding flexible spindle resesan
micro milling. The flexible resonance frequencies can be increased hbigined
rotor length. In Chapter 6, the consequence of reducing length onttiredyamamic
behavior is investigated. Chapter 6 presents a novel AMB spindle dessuipport
a very short rotor, comprising the recommendations from the first miniatitB A
spindle prototype described in Chapter 3.

The position measurement of a fast rotating shaft is challenging. Chageer 7
scribes the investigation into different position measurement technologidgli A
systems, with the goal to find a suitable position sensor for the short spiesitgnd
presented in Chapter 6.

In Chapter 8, the work presented in this thesis is discussed as well astine-re
mendations that can be done based on this thesis work.
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Chapter 2

Magnetic Bearing Spindles

In this thesis we investigate the application of active magnetic bearings in a minia-
ture milling center as a part of tthac project described in Chapter 1. In this
chapter, the working principle of an AMB system is described. The ugeMBs

in rotating systems and in precision systems is described. In Section 2.1ythe ke
components of a typical AMB system are described. The classical coatign

of an AMB in a rotating application is described as well as several alteenedin-
figurations. The analytical derivation of the force in an electromagnetiatar is
given in Section 2.2. In Section 2.4 an overview of state of the art AMBs/esgi

2.1 Magnetic Bearings

Active Magnetic Bearings have often been applied in rotating machinety asic
turbo molecular pumps, flywheels, and milling and grinding spindles. They are
mainly applied because of their lack of mechanical contact. This frictionless o
eration reduces wear in the bearings, maintenance, and energy caiosuriagith
AMBSs very high positioning accuracies can potentially be achieved [3%jeMe-
cently, AMBs have found their way in linear applications in high precision nmach
ery [36]. The[.lfac project research objectives include the use of active magnetic
bearings to have more control on the milling process, to achieve high posiionin
accuracy, and to be able to have more freedom over the position of thiérstiee
bearings.

This section describes the fundamentals of Active Magnetic Bearingsdiechn
ogy. Figure 2.1 illustrates the basic operating principle of an Active MagBetit-
ing, and its key components. An electromagnetic actuator acting on a femetiag
body has a negative stiffness, and is therefore an unstable systersydteen with
negative stiffness, the force increases in the direction of the displaterfieere-

13
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Electro magnet

Controller

Floating body

g Position senor

Figure 2.1: Fundamental Active Magnetic Bearing and its basic comptsépating body;,
position sensor, controller, amplifier, and electro magnet

fore, a control loop is required to stabilize the system and position the bady.
typical AMB system therefore typically consists of a contactless sensichwinea-
sures the position of a floating body, a position controller, and an amplifienglr
the current to the electromagnet acting on the floating body. In our casiéo#ting
body is the high speed rotor. The integration of these technologies intoystesrs
make AMBs typical mechatronic systems.

2.2 Reluctance Type Actuator

Commonly, reluctance type actuators are used in AMB systems. Reluctara@typ
tuators can achieve relatively high force densities, compared to for égdofentz
force actuators. In this section, the force between the electromagnet femab-
magnetic target is derived. Figure 2.2 illustrates the actuator and the adboaied
In our application, the actuated body is the spindle with micro cutting tool, which
is levitated by ten reluctance actuators and controller in five Degrees ©t&ire
(DOF).

To analytically derive the force in a reluctance type actuator, sevesahgs
tions need to be made. These assumptions, and their consequencesabcutiaged
force are described below.

- There is no leakage flux, so called stray field. When leakage flux igiptes
the flux density in the airgap is lower than expected, resulting in a lower
actuator force.
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il

e A

Figure 2.2: Reluctance type actuator

The field in the airgaps is homogeneous and does not blossom out at¢he p
edges. When the field is not entirely concentrated in the airgap, this results in
a lower actuator force.

The permeability of iron is infinitely large. The permeability of air and mag-
net material is several orders of magnitude smaller than the permeability of
iron. The permeability of iron does however contribute to the total reluctance
of the circuit, resulting in a lower flux density in the airgap than analytically
predicted.

There is no hysteresis. Hysteresis is present in the iron of a reluctgmnee
actuator, thus the force depends on the force history in the actuator.

there is no saturation, which is only valid when the flux densities are low.
When saturation does occur, the force is non-linear with respect to fie@p
current, and will eventually saturate.

The force in a magnetic actuator can be derived from the magnetic eriergg s
in the airgap. By taking the partial derivative of this energy with respetigairgap
length, the magnetic actuating force can be derived.

The field energyW) in the airgap is given by equation 2.1,

1

whereBy is the flux density in the airgaplg is the magnetic field intensityg is the
pole shoe surface ariglis the length of the airgap (see Figure 2.2). For the deter-
mination of the magnetic field energy in the airgap, the magnetic flux demitg (

the airgap is determined. The flux density in the airgap is determined usingcthe se
ond and the fourth Maxwell’s equations. The two equations are given uiatem

2.2, the second Maxwell equation states that the flux in the magnetic circuit4s co
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served. The simplified, fourth Maxwell equation is also called Ampére’sitakc
law where we integrate the magnetic field strendtlover the flux path:

f&mzo and fozm, (2.2)

whereB is the magnetic flux density amlis the cross section areld, is the mag-
netic field intensity anadi is the total current, windinga and current. In this
derivation we assume that the surface area in the actuator and the aicgaptent.

The resulting force from the derivativéW(dIg)‘l, in one reluctance type ac-
tuator is given by:

1, 02
f = —pon“Ags, (2.3)
4 12

whereyy is the relative permeability of air. From Equation 2.3 we can conclude
that the force from one magnetic actuator is highly non linear and depentie o
square of the coil current, The force in the actuator is inversely dependent on the
gap lengthlg squared.

2.2.1 Differential Driving Mode

The actuator described in the previous section can only provide an aitrémtte,
therefore a second actuator is needed to provide a force in the opposigoah.
This actuation method is referred to as the differential driving mode [37¢ dif-
ferential driving mode actuation in a rotating bearing application in two diregi®n
illustrated in Figure 2.3. This configuration of the AMBs is relatively easy to-man
ufacture, due to its constant cross section and the absence of petmeugrets.

Bias Flux + Control Flux

Figure 2.3: Typical application of reluctance type actuators, configuin differential driv-
ing mode for two degrees of freedom, in a rotating AMB system.
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The force from the actuator on the body is highly non linear dependetiteon
current and the gap, as shown in Section 2.2. Due to the quadratic nétine o
force current dependency, the force slew rate of the actuator isleerywhen no
current is applied to the coil. The force-slew rate is described by MoldB38%
and is the rate at which the force in an AMB can be applied. The force siaw r
furthermore depends on the amplifier voltage.

When a bias field is applied to both the actuators, the force slew rate, and thus
the dynamic performance of the bearing is improved. The bias field linedhees
force position and force current dependency in the actuator. In tm@ghe shown
in Figure 2.3 the bias field is generated with a bias current.

The derivation of the force in the actuators in differential driving mode with
bias current is shown in Equation 2.4, showing the increased linearity a€tbator.

f:}“ nZAgM_}u nZAg(iO_iix)2 (24)
i N (A L N (S e '

We can see that several higher order terms vanish from this equatiomglad
force current, and the force position dependency of the actuator mees.lWhen
we linearize the remaining part of the equation in the operating piir@ @ndx =
0) with respect to the position and the current we get the expressioreffwrite in
the reluctance actuator:

f = kex+ ki, (2.5)

wherek is is the force position dependency of the bearing, also called the negative
stiffness, and wherg ks the force current dependency of the AMB. When we derive
ks andk;, they are given by:

n2Agi2 n2Agi
K = ”0,75“ K = Holifw (2.6)
g g

2.3 AMB Configurations

The bias field of the actuator described in Section 2.2.1 is generated byrapaly
bias current to the bearing coils. The bias field can also be created wesimgp
nent magnets. The use of permanent magnets reduces the power ctosyanal
thus the heat generation in the bearings. Permanent magnets can beddtagra
a series configuration and a parallel configuration. In the series coatfign, the
permanent magnet is in the path of the control flux lines, reducing the afficie
of the actuator. The coil has to drive the flux through the permanent rhadneh
has a low permeability. In the parallel configuration, the control flux line® lza
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different path than the bias flux lines. This type of hybrid bearings isnedeo as
non-coplanar AMBs.

Control Flux

Bias Flux

Permanent Magnet

Figure 2.4: Heteropolar AMB system to support a rotating shaft wherebthe flux is pro-
vided by permanent magnets.

Figure 2.4 illustrates the integration of permanent magnets to provide the bias
flux. This is an example of a parallel configuration of bias flux and corfiwa|
where the bias flux is generated by permanent magnets. A drawback obthis
figuration is the difficult manufacturability, and the integration of the permianen
magnets is expensive due to the difficulty to achieve strict tolerances byirsinte

The AMBs illustrated in Figures 2.4 and 2.3 are both heteropolar AMBSs. In
heteropolar AMBs the bias flux lines run perpendicular to the rotor axis.

2.3.1 Homopolar AMBs

In our application, where we aim at extremely high rotational speed, it is itaupior
to consider the losses in the magnetic actuators. The main losses in AMB systems
can be divided into three types, and are described below.

- Ohmic losses
Ohmic losses are losses in the bearing windings due to the resistance of these
windings. These losses can be reduced by the use of permanent magdets
thus reducing the required current.

- Hysteresis losses
Hysteresis losses occur when the rotor or stator material has to be remagne
tized. The magnetization of a ferromagnetic target is described by the BH
curve. A typical BH curve is illustrated in Figure 2.5. The surface under th
BH curve of the material is proportional to the dissipated energy, since the
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product BH is equal to the energy density. The rotating rotor is magnetized
as it passes an AMB stator. When the rotor is magnetized, and then remagne-
tized, the small loop in Figure 2.5 is traveled. The exact location of this small
loop depends on the bias and the history. As the hysteresis loop is traveled,
the enclosed surface in the loop is a measure of the energy loss.

/% \ entire BH loop
/
//

Magnetic Field Intensity [H]

Magnetic Flux Density [B]

small loop

Figure 2.5: BH curve, showing the entire hysteresis loop, as wel as aldowd which
could be followed when remagnetizing a rotor with the bias.flu

In a heteropolar AMB, as illustrated in Figure 2.3, this small loop will be
traveled four times during each revolution. At very high rotational spibés,
results in large rotating losses. These losses can partly be avoideddsjrano

a suitable magnetic bearing configuration.

- Eddy current losses
Eddy current losses are ohmic losses occurring in the rotor or statotiese
an current is induced due to a changing magnetic field. These losses can
occur by a change in flux density when the AMB is actuated, in this case the
eddy currents introduce a phase lag into the actuator, reducing theaaiev
bandwidth. Eddy currents can also occur when the bias flux density in the
rotor is changed due to the rotation of the rotor. In this case the ohmic losses in
the rotor cause it to heat up. Furthermore, the eddy currents dragtétiemo
of the rotor. Eddy currents are generally reduced by the use of lamisation
the stator and rotor material or by the use of oxidized or compound materials.

As explained, the heteropolar bearing configuration causes the roterre- b
magnetized several times in each revolution. The remagnetization results-in hys
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teresis losses and eddy current losses in the rotor. In our applicatienewe aim
at very high rotational speeds, it is important to avoid changing fields irotioe r

This can be achieved by using a configuration where the bias flux lines run
parallel to the rotor axis. This type of bearings is referred to as homopdi&s.
A particular kind of homopolar bearing configuration, where the bias fiedtbiated
with permanent magnets in a parallel flux configuration, is illustrated in Figére 2
This type of bearings has been described by Lee et al. [39]. Thisnpearalso
a 2 DOF actuator. A disadvantage of this actuator is that it consists of twrs|aye
which requires more rotor length. By increasing the bearing length, arsdtiieu
shaft length, the resonances of the shaft are shifted to lower fregsen

Control Flux Rotor

Bias Flux Permanent Magnet

Figure 2.6: Permanent magnet biased, homopolar, reluctance typet@ctua

2.4 State of the art Active Magnetic Bearing Spindles

Active magnetic bearings are applied in many rotating applications. In this sectio
some of those AMB systems are described. Especially the spindles de$igned
milling, for high rotational speeds, and for high accuracies will be takezxam-
ples.

The first AMB spindle for application in milling was built by the company S2M
in cooperation with Arnold [40] in 1985. S2M, currently part of the SKBup, is
still one of the worlds largest suppliers of magnetic bearings. One of tradupts
is a 30.000 rpm 70 KW aluminum macro milling spindle. Auchet describes the
use of bearing signals for cutting force estimation using an S2M spindle |n [41
Siegwart presented a digitally controlled AMB milling spindle in 1989 [40]. This
spindle has a maximum rotational speed of 40.000 rpm and a cutting powsr of 3
kKW.

As mentioned in Chapter 1, the monitoring and control of the cutting process us
ing the information from the bearing signals is investigated withinftHec project.
The preliminary research on this topic has been carried out on a commeasiailly
able AMB spindle from EAAT [42]. This spindle is equipped with analog aece
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tralized PID controllers. In a decentralized controller, the gap betweeneteéng

and the rotor in the bearing is locally controlled in each actuator. This spindle ha
a maximum theoretical operating speed of 120.000 rpm. In practice, thd spee
limited to 80.000 rpm by the flexible resonances of the spindle including the cutting
tool. Cutting operations at high rotating speeds are heavily influenced bglthe
atively low flexural resonances of the spindle, having a deterioratiiegtedn the
quality of the cut and on the estimation of the cutting process. The mass ofithe sp
dle in this application is 1.2 Kg. This spindle is provided with homopolar AMBs
with a linearizing bias current.

A spindle for high rotational speeds has been developed by Larsoehal
[43] in 1990. The work from Larsonneur describes the mechanical limitstio
the design of a rotor for high speed rotation. The spindle described ijspeEglwith
digital decentralized controllers, the passing of the first two flexural atiigeeds is
described. The spindle has a maximum theoretical speed of 100.000 rpevdro
the rotational speed is in practice limited to 64.000 rpm due to a combination of
amplifier saturation and unbalance.

The design of a spindle for 120.000 rpm. has been described by Betgbto
Betschon presents the principles for the design of active magnetic bearTig
design of a homopolar radial bearing, as well as a homopolar combiniedtaxdl
bearing system with permanent magnets for bias is described. The coméduiiield
axial bearings enables reduction of the rotor length. In his researchxianoma
rotational speed of 90.000 rpm has been realized.

An example of the application of Active Magnetic Bearings for high acgurac
applications is given by Jabben [35]. Jabben describes the designagetically
levitated platform for optical disk mastering.

2.5 Conclusions

In this chapter, the basics of Active Magnetic Bearing technology hagea pee-
sented. Furthermore, the application of AMBSs in rotating systems in diffeamnt
figurations has been shown. Current technology in rotating active riediear-
ings, with regard to high speed rotation, high speed milling and high acctescy
been treated. In the next chapter, the design of a miniature active mageaticd
spindle for micro milling is presented.
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Chapter 3

A Miniature AMB Milling Spindle

This chapter describes the design and realization of a miniature milling spindle with
Active Magnetic Bearings (AMBs). Permanent magnet biased, reluetype ac-
tuators position the rotor in five Degrees Of Freedom (DOF), leaving ttation
unconstrained. A rotordynamic model has been developed for the ddslgmcon-
troller, and enabled simulation of the spindle’s performance under the rictuef
cutting forces. A Center of Gravity (COG) decoupled controller, inclugingeg-
ative stiffness compensation scheme, has been implemented. The spingihedes
with these controllers has been tested successfully at rotational sgedsi0.000

rpm.

3.1 Introduction

As described in Chapter 1, micro milling requires rotational speeds fareathev
maximum attained by conventional milling spindles, in order to have sufficignt cu
ting speed at the tool edge and to be efficient [3, 4, 7]. In such systeenstational
speed is limited by high rotor masses, large rotor diameters and the use offmecha
ical bearings.

The aim of this research is to improve these aspects by designing a spindle with
Active Magnetic Bearings (AMBS) specifically aimed at micro milling applications.
A rotor suspended by AMBs can achieve very high rotational speeégothe ab-
sence of mechanical contact. Furthermore, AMBs can be used to achienry
high positioning accuracy. With AMBs an arbitrary rotational axis of rotatan
be chosen, or vibrations to improve micromachining process conditionsecam b
troduced using the magnetic actuators. Another distinguishing advantagpaced
to passive bearings, is that by using AMBSs in the milling spindle, information is
available on the position of the rotor and the forces in the bearings. Resaathe
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estimation from the cutting forces using the position and current information fr
the bearings is carried out by Blom [28] as a part of[;hﬂéac project.

In this chapter, first the spindle specifications and the disturbances ayshe
tem are identified. Secondly, the design the spindle is presented. In S8djon
modelling of the spindle supported by AMBSs is presented to see whetherslgnde
meets the specifications and to enable the design of stabilizing controller for the
unstable plant. Finally, the spindle has been realized and levitated. The simulatio
results are compared to the experimental results, and the performanesspfritle
is discussed.

3.2 Spindle Specifications

In this section the requirements for the miniature milling spindle are described. Fu
thermore, disturbances acting on the spindle during the milling process ate ide
fied.

¢ Rotational speed of 150.000 rpm.
Current state of the art AMB milling spindles have a maximum rotational speed of
120.000 rpm. [43, 42]. The target spindle speed for this researcl®i®dGrpm.

e Tooltip position error of 1.5um at 150.000 rpm.
In this research, the target total three-dimensional part uncertainty isn® after
two or more machining steps and processes. A high material removal nateaced
with micro Electrical Discharge MachiningtEDM) and micro Electro Chemical
Machining @{ECM) can be achieved with micro milling at high rotational speeds.
Due to spindle runout, tool bending and geometrical errors in tool sladypeétion,
the achievable shape uncertainty is limited. The final machining steps aoerped
using micro Electrical Discharge MachiningDM) and/or micro Electro Chemi-
cal Machining ({ECM) at much lower rotational speeds, in order to reach the final
shape uncertainty of 0.dm. The goal is to integrate several machining steps into
one micro machining center, thus being able to perform all the required nireghin
steps in one span. The spindle will therefore be modular, enabling its uethy
processes. This thesis focuses on micro milling applications, and has artotal e
budget of 1.5um (1 o) on the tooltip position. This budget is determined by the
maximum allowable cutting depth variation on the tool tip to avoid early tool break-
age. This error budget is mainly consumed by the rotor unbalance aeditecities
in tool holder, and tool geometry.
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3.2.1 Disturbances

The identification of disturbances is essential in the design of a mechatystécrs

Depending on the source and magnitude, unwanted disturbances sarctatter,
tool breakage, and part accuracy errors. The disturbancesadistmguished into
the following contributions.
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Figure 3.1: Simulated cutting forces, and their mean values, during rsitling in hard
steel with a tool diameter of 0.2 mm, feed rateq per tooth, cutting depth:
5 um. In this simulation, z is the spindle axis and y is the feeddation.

e Cultting forces.
There are several force models for determining effects on the end niiligdenicro
milling. In this research, a cutting force model by Dow et al. [8] was usedddipt
the forces acting on the tooltip during micro milling. This cutting force model
has been successfully applied and verified in a tool bending compensetieme.
The modeled cutting force is a function of work piece material propertigsngu
conditions, and the tool geometry. The results of this simulation are showrie fig
3.1.

Cutting forces acting on the tooltip were modeled for slot milling with a 0.2 mm
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tool in tool steel, with a HRC of 55. From Figure 3.1 the simulated cutting forces
clearly exhibit static and dynamic parts. The mean value of the cutting fortsois a
illustrated in Figure 3.1. The static cutting forces in x-,y-, and z-directioes@08
N, -0.05 N and 0.5 N, respectively. The dynamic component has a ey
twice the rotational speed, because the tool has two cutting edges. The dmplitu
of the dynamic part of the cutting force is 0.3 N. These levels for the cuttirog$o
typical for micro milling, and have also been described in literature [9, 2].

e Stage accelerations
During stage acceleration, i.e. when cornering during milling, the static pasfion
the cutting force builds up. The spindle must be able to deal with this distuebanc
The target acceleration for this system is where the stage reaches the optiing
velocity within 3 spindle revolutions. This sets the requirements on the workpiec
stages with a 25 mm! velocity, assuming a rotational speed of 150.000 rpm.
and 5um Feed Per Tooth (FPT). The acceleration requirement on the stage is thus
21 ms 2. The response of the spindle under the influence of the cutting force
disturbances is discussed further in section 3.5.2.

¢ Rotor unbalance
When the rotor rotates with a frequency below the closed loop bandwidtheof th
system, so called sub-critical, the bearings try to force the rotor to rotatedits
geometrical axis [45]. The unbalance fordg, is given by

i = mew?, (3.1)

wheree is the distance between the rotor’s inertia axis and geometricalratig
spindle mass, and the spindle rotational speed. When the rotor rotates with a
rotational speed higher than the closed loop bandwidth of the bearingslled
super-critical, the rotor rotates around its inertia axis. The bearingsoamdre to
compensate for the unbalance force. In this case, the bearingffprise

fio = Ke, (3.2)

whereK is the positive bearing stiffness. From this, the spindle runout will remain
due to rotor eccentricity.
e Magnetic Unbalance
The permanent magnets from the synchronous motor are not perfectgree in
the stator of the motor. Therefore, an attractive force exists between toe stetor
and the permanent magnets on the rotor, synchronous with the rotatieedl. sp
More disturbances act on the system, such as stage reaction foroesritb
frame vibrations, acoustic noise, AD and DA noise, electrical noise, leemba,
and thermal noise, which have to be considered. For this thesis, theifoons
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the disturbances from the process and the effect of high rotationatilspn the
performance of the system.

For an initial estimation of the influence of disturbances on the system we con-
sider the AMB an ideal mass spring system. In this case we may write it as a Linea
Time Invariant (LTI) system. The plant can then be written as G(s) anddhe ¢
troller can be written as C(s). Figure 3.2 schemetically shows the cutting dorce
the tooltip, f;, as a disturbance input to the plant G(s), the rotor, tool, and AMB
assembly.
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Figure 3.2: Schematic view of the controller (C), the plant (G) and thépwhere the
cutting force disturbance enters the system (left) and P&pectral Density
(PSD) of the force disturbance on the rotor (right).

The right part of Figure 3.2 shows the Power Spectral Density (PSiteof
cutting force disturbance. In this PSD we recognize the two main disturbasce
mentioned earlier, a low and a high frequency component. The low fregaent
of the PSD is determined by the setpoint of the xy-stage and the magnitude of the
static part of the cutting forces, in this case 0.5 N, see Figure 3.1. For tDistRS
stage is accelerated to the desired cutting speed with the parameters as rdentione
earlier in this section. The stage is positioned using a third order setpoiataien
The high frequency component is visible as a high peak at the rotati@ugidncy,
in this case 2 kHz.

In this section, a first indication of the required bandwidth is made. This indi-
cation is required in the design of the AMB spindle, as the aimed bandwidth deter
mines the requirements on the flexible resonances of the system, and thékdlowa
phase lag introduced into the controller loop by for example sensors,,fdtaighe
plant itself. For the estimation of the required bandwidth, the system is a@pprox
mated as a mass-spring system, thus for example integral action in the cotdroller
neglected.
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The area under the PSD in figure 3.2 results in an RMS value of 0.014 N for
the low frequency component of the cutting force disturbanfedf the controller
has to compensate for these cutting forces, with an allowable erribve spring
must have a stiffneds of f.-£~1. When assuming a spindle mass of 0.18 kg, and
requiring a maximum contribution to the error by the cutting forces ©f0.1 um,
an estimation of the required bandwidth can be made:

1 ke 1 /1410
o = =y = =/ —140H .
=57V m~ 2V 018 OHz (33)

In this research, we define the bandwidth as the frequency where ¢ndanp
transfer function, C(s§5(s), crosses the 0-dB line.

As an example, we model an AMB system as a 1 DoF mass spring system with
a negative stiffness, as described in Section 2.2.1. A mass of 0.18 kgises$and
a negative stiffness of-10* N/m. A PID controller is used to stabilize the system.
The PID controller has the following structure:

Tis+1 19s+1
s gs+1

C(s) =Kp (3.4)
with 1, = 2mtf; and 1y = 27mtfy. In this example, the following controller settings
have been used, = 1610°, fq =50 Hz, f; = 20 Hz, andN = 4. The system in this
example is tuned such, that it has an open loop 0-dB crossing of 140 Hz.

Figure 3.3 shows the Frequency Response Function (FRF) from a clattosy
disturbance to the output of the system. The high frequency part of tiisféra
function can be approximated by the transfer function of a moving rfrasy 1.

The FRF of the moving mass is illustrated in figure 3.3 with a dotted line. Jabben
[35] shows that the PSD of the output of the system can be determined by multi-
plying the PSD of the input (see figure 3.2) with the corresponding trahsgfe-

tion (see Figure 3.3) squared. From this PSD the Cumulative Amplitude Spectru
(CAS) has been determined, shown in figure 3.3. The final value of ti& s<haws

that the cutting force disturbance causes in this case an RMS error ofufhIfh

the output.

We can conclude that the spindle response to the dynamic part of the cutting
forces is entirely determined by the mass of the spindle. At 2.5 kHz, the ghio+e
tion is 0.18(2-1:2500¥= 4-107. With a 0.1 N amplitude for the cutting force at 2.5
kHz, the resulting displacement is thus in the order of 2 nm, which is well within
the specifications. Considering the dynamic part of the cutting forces, the caa
be considerably lower than 0.18 kg, and still perform within the specification

For reduction of the low frequent disturbances a bandwidth of at |&&sHz is
specified.
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Figure 3.3: Frequency response function from a force disturbance orspih@le to the
output (left) and Cumulative Amplitude Spectrum (CAS) oé thutput under
the influence of a cutting force disturbance (right)

3.3 Design of the AMB Spindle

This section describes the design of the miniature AMB spindle.

3.3.1 Concept

In this AMB spindle concept we make use of a classical spindle bearirggoosa-

tion. Two radial bearings and an axial bearing suspend the rotor in égedes Of
Freedom (DOF). This leaves one degree of freedom unconstraimedytation of

the rotor around its longitudinal axis. A commercially available permanent nhagne
(PM) synchronous motor drives the spindle around this axis.

3.3.2 Rotor

The target bandwidth of the AMB actuators is 150-200 Hz. With this goal,ithe a
is to keep the first flexible resonance of the spindle at least one ordeagfitude
higher than the bandwidth of the actuators. Furthermore, it is preferalaleotd
the flexible resonances of the rotor during spin up. Thus the first a@sermode of
the spindle is designed to be above 3 kHz, leaving some margin for attaching too
and toolholder which will again decrease the resonance frequency.

Magnetic bearing rotors are often laminated by press fitting a stack of lamina-
tions on a solid core to reduce eddy current losses. In our applicatgmtida thus
non-laminated rotor is used. A laminated rotor is not applicable, becausefloss
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contact between the rotor and the laminations can occur at high rotaticeed sp
due to high centrifugal stresses [43]. The material properties of theatdisted

in table 3.1. This rotor material has a higher resistivity, reducing the eddgrdu
losses. This will be discussed further in section 3.3.4.

Table 3.1:Rotor Material Properties, Sandvik 1802

Density 7.7-10° | kgm=3
Yield strength 280 MPa
Poisson’s ratio 0.3 -
Resistivity 600 nQm
Saturation flux density 1.45 T

A thrust disk is an integral part of the rotor, and it is used in the axialibgar
The thrust disk is the part of the rotor with the largest outside diameterefdrer
its strength determines the maximum rotational speed of the rotor. The maximum
rotational speedtwmax in rads1 is determined using equation 3.5 [43]:

(V+3)p’ (3.5)

Whrax =T

wherer is the radiusgy is the yield strengthy is the Poisson’s ratio and is the
density of the rotor material. The maximum theoretical rotational speed oftiie ro

as specified in table 3.2, without plastic deformation, is 190.000 rpm. It steuld
noted that a safety factor should be applied to this theoretical maximum speed to
account for i.e. inhomogeneities in the rotor material. Table 3.2 lists the physical
dimensions of the rotor.

Table 3.2: Rotor dimensions

Length 130-103 [ m
Diameter 12:10° | m
Diameter thrust disk| 30-102 | m
Thickness thrust disk 3-103 m
Rotor weight 1.8-101 | kg

A frequency analysis on the solid rotor with Finite Element Modeling (FEM),
was used to determine the natural frequencies of the rotor at zero raefagjmed.
The modes corresponding to the rigid body resonances, as well asstHtekible
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natural frequency, are illustrated in figure 3.4. Section 3.6.1 describatesign of

the controller, and thus the closed loop bearing stiffness, in detail. The sinmulatio
showed that the first bending mode of the rotor has a frequency of Z4kkero
rotational speed.

Figure 3.4: From left to right, the spindle at rest, three rigid body meHapes, and the first
flexible mode shape

3.3.3 Axial Bearing

In this section, the design of the axial bearing is described. The axieghgezon-
sists of two magnetic actuators on each side of a thrust disk, as shown e Bigu
The magnetic actuators in this setup are reluctance type actuators whicst obns
a circular u-shaped core with a tangentially wound coil. The core is, likeotiog, r
manufactured from Sandvik 1802 steel in order to reduce eddy d¢wffects.

The force in the two reluctance actuators in differential driving mode kas b
derived in Chapter 2. The linearized expression for the force on toe iroaxial
direction is given hy:

Fz — Kiziz + Kzz, (36)

wherekK;|; is the force current dependency akgis the force displacement depen-
dency.zis the axial rotor displacement ainda the axial control current; is often
referred to as the negative stiffness of the bearing. The bearingtouatrent,i, is
added to the bias currentof one actuator and subtracted from the bias current in
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Figure 3.5: Axial bearing principle

the opposing actuator, aizds the vertical displacement of the rotdét; andK; are
defined as:

2 12
o uonaAgal 0

_ HonZAgaio K, —

B
ga
whereL is the magnetic permeability of aim, is the number of windingsiga is

the pole shoe surface. Table 3.3 lists the properties of the axial bearasg, llave
been obtained after an iterative design and verification using FEM.

Kiz , (3.7)

|3
ga

Table 3.3: Axial Bearing Properties

Pole shoe surface Aga | 1.2:10°% [ m?
Airgap length lga | 0.3-1073 [ m
Number of windings nga | 80 -

Bias current ) 2 A
Negative stiffness K, | 7-10° N-m~—1
Force current dependencgyK;, | 10 N-A-1

3.3.4 Radial Bearings

In the radial bearings, we apply the homo-polar bearing concept, assdext in
section 2.3. The use of this configuration reduces the hysteresis lasses]l as
the eddy current losses. The reduction of the losses by using a hombpaltiang
concept is highly important, since the rotor is not laminated, see Section 3t&2. T



3.3. DESIGN OF THE AMB SPINDLE 33

use of a rotor material with a relatively high resistivity, shown in Table 3.xhér
reduces the eddy current effect.

Rotational axis

Rotor \ |
. : g—X
Bias flux : s
\ |
[ F~ v 0 Q- -----"
| v B |
!
| ! ‘ Y !
I Ly !
[ ' (L T N !
!
i
|
Permanent i
!
Magnet \ z
a. Side view with bias flux b. Top view with control flux

Figure 3.6: Radial bearing principle, whetg is the gap length in the radial bearingand
y are the displacements of the rotor in x and y directioris the number of
windings andy andiy are the applied control currents in x and y direction

In the homo polar radial bearing configuration, one radial bearingistsnsf
two four-pole stators, separated by permanent magnets. This cotifiguaiows
the placement of the AMB position sensors vertically between the two poleseof o
reluctance type actuator. This configuration allows for the sensor anatacto be
co-located.

A second benefit of the homopolar bearing configuration is that the twostato
one radial bearing can be used as two separate actuators. By addiamphibers
and two controllers we can create a 4 DOF actuator from a single bearavinde
the axial direction and the rotation unconstrained. The 4 DOF radial lgsseimable
future research of over actuation of the rotor shaft to suppresslféexd@bonances.

The determination of the force in permanent magnet biased actuators is some-
what more elaborate than for current biased actuators. For the foatgses in the
radial bearings, we determine the flux in the airgap caused by the pernmagn
nets and the flux generated by the control coils separately. The contraleh be
added to the bias flux because of the superposition principle. Again, shenps
tions listed in Section 2.2 are made, in a later stage, the validity of these assumptions
will be verified using Finite Element Analysis (FEM).

Equation 3.8 illustrates the application of Equation 2.2 to the right bias flux
path in figure 3.6a, whergis the flux path and is the displacement of the rotor in
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x-direction.

74Ho|s:|fereJr Hunlm + Hgr2(lgr — %) = 0 (3.8)

WhereHp, is the field intensity in the permanent magnet &nds the length
of the permanent magnetl, is also called the magnetomotive force from the
permanent magnety is the field intensity in the radial bearing airgap dgdis
the length of the radial airgap. The law of flux conservation in Equationa2s?,
holds for this magnetic circuit, resulting in:

Where By is the flux density in the radial airgap caused by the permanent
magnet anddy is cross sectional area of the radial bearing airgap.is the flux
density in the magnet, an,, the magnet surface area. We consider the situation
where the rotor is in equilibrium position, whexe= 0. The combination of the two
Maxwell equations in 2.2, together with the fact tBgt = oHgr leads to the "load
line" of the permanent magnet in this specific circuit [46]. Figure 3.7 illusirate
the load line for this magnetic circuit. The load line of a magnetic bearing circuit
enables the determination of the flux density levels in the magnetic circuit, and
thus the flux density in the airgap. The energy prodidi(at the intersection is a
measure for the energy density that a permanent magnet can deliverdarticalar
magnetic circuit. The load line for this specific circuit is given by:

= —Ho
o O An2ly

The point where the load line, equation 3.10, intersects with the demagnetization
curve of the permanent magnet, is the operating point of the magnet, illusimated

Figure 3.7. From this operating point, the bias flux density in the airgapedaus
the permanent magneBf) can be determined, as shown in equation 3.11.

B _ Agrlm (3.10)

HolmHcAmBr
2AmlgrBr + LoAgrImHc

B, andH. are the remanence flux density from the permanent magnet and its
coercive force. Similarly Ampére’s circuital law, in Equation 2.2, applies ® th
magnetic circuit in radial bearings caused by the coils. Each radial lgsaoimsists
of two stators. The magnetic circuit in the radial bearing stator consistvefale
magnetic loops. Figure 3.8 illustrates this magnetic circuit from the bearing prin-
ciple illustrated in Figure 3.6. Equation 3.12 shows the circuit equations fee thr

Bgrm = (3.11)
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Figure 3.7: Plot of the demagnetization curve of the permanent magrktrenload line of
the permanent magnet in this circuit, illustrating the netgperating point.

of the loops shown in Figure 3.8. In equations 3.12 and 3.13 the subsonpty
indicates the number of the corresponding airgap, as illustrated in figure 3.6

loop 3: Hga(lgr +Y) — Hga(lgr +X) = Nriy — Nriy

We apply the law of flux conservation to the magnetic circuit caused by the coils
See equation 3.13.

§BdA ~0
—Bg1Ag1 — BgoAg2 + BgzAgz + BgaAga =0

Solving this set of equations, equations 3.12 and 3.13, results in the sxpres
for the flux density in the radial airgaps, caused by the control dBjjg)( The flux
density in the right airgap, for actuation xdirection, thus withy andiy equal to
zero, is given in Equation 3.14.

(3.13)
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Nely lgr —y

Nely

Figure 3.8: One half of a radial bearing stator illustrating the magnketops when consid-
ering the control flux.

Nrix(2lgr +X)
25 —x2
The total flux density in the airgap is the sum of the flux caused by the penihane

magnets and the flux caused by the coils. The total flux density in the riglajairg
(Bgr), with the rotor in equilibrium position is thus given by:

By = o Nrix(2lgr +X) Mol mHAMB: ‘
9 22 —x% " 2AnlgBr + HoAgr I mHe
The derivation of the force in a reluctance actuator using virtual wank fthe
flux density level in the airgap has been described in Section 2.2, Equatfion 2
Similarly, the force in the permanent magnet biased actuator is derivedsidéon
the force inx-direction ), with a rotor displacement and a current applied on
the coils on thex-axis (x). Derivation of equation 3.15 for both airgaps, results in
the force in x-direction,

Bgrc = Ho (3.14)

(3.15)

2 2
- BgrrightAgr . BgrleftAgr

Fx (3.16)
Ho Ho
The net force in one direction in the radial bearing is given by
2
R = < (I-|10|mH)cAmBr | + IJOnrié(ZIQTZJFX)) Ay
- 2AmBr (Igr —X)+ HoAgr ImHc 25 —x H
s ’ , (3.17)
HolmHcAmBr _ HoMvix(2gr—X) Age
2AmB (Igr +X)+HoAglmHe 2|§r—X2 Mo’

whereH; represents the coercive force from the magBetis its remanence flux
density, A is the magnet surface ardg, the magnet thickness, amg, the pole
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shoe surface. Equation 3.17 illustrates the force current and fopceetionship
is less linear in case of a non-coplanar AMB with permanent magnets than in the
case of a coplanar AMB with a bias current. This has been addresdezkl®st al.
[47]. The linearization from Equation 3.6, as used for the axial beadogs not
simply apply here. However, under the assumption of small variations in fhe ga
the linearization of the force of the AMB with respect to current and gaplig.v

The linearized bearing force is given by

FX = Kixix + Kxx, (318)

where the force position dependenky, also called the negative stiffness, is given
by

2142A3 R3
(= IchAmBrAQFIJO - (3.19)

(2Am|gr Br + HOAngch>

and where the force current dependency is given by
K — Hol mHcAmBr Agr Ny (3.20)

- 2Am|§rBr+qugrlm|ngc-

3.3.5 Bearing Dimensioning

The previous section shows the dependency of the bias flux and thieveeggiffness

on the bearing geometry. While dimensioning the bearings, we aim to create a
negative stiffness which is of the same order of magnitude or, at mostrdee o
lower, as the desired positive, or controlled stiffness. The estimate ofetfieed
positive stiffness is given in section 3.2. The considerations which heee imade

to determine the optimal bias flux level are described below.

- Avoid saturation of parts of the flux path.

- No reversing of the magnetic field in the airgap.

- Operating in the linear range of the BH curve of the rotor and stator material.
In this application, the rotor material has the lowest saturation flux density
(1.4 T). The BH curve is almost linearup to 1 T.

- The force slew rate increases with increasing bias flux level.

Taking this into consideration, we aim to set the flux density in the airgap at 0.5
T. The initial dimensions have been chosen using the analytical modeilmiscr
above, the final dimensioning is done using the Finite Element Method (FEM)
model described in the next section. With the above considerations, tla¢ Aael
tive Magnetic Bearings, including the permanent magnets can be dimensgicared
iterative fashion. Table 3.4 lists the radial bearing dimensions and prapertie
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Table 3.4: Radial Bearing Properties

Pole shoe surface area | Ay | 3.9-107° | m?
Airgap length lgg |0.4-103 | m
Number of windings Ny 30 -
Magnet area An | 1-10% [ m?
Magnet length lm [1-10° |m
Magnet Remanence B |11 T
Magnet coercive force | H. | 880-10° | A-m !
Force current dependendyK; | 4 N-A-T
Negative stiffness Ky | 4-10% N-m~!

3.3.6 Finite Element Method Modeling

This section describes the verification of the flux density levels in the radigé ma
netic actuators using Finite Element Method (FEM) Modeling. The FEM modeling
indicates whether the assumptions made in section 3.3.3 are valid. The FEM analy
sis has been performed using ANSYS simulation software.

Figure 3.9 shows the simulated flux density levels in a radial bearing unit with
maximum actuation. Figure 3.9 shows that the assumption that no blossoming is
present has been valid. The average bias flux density created by ritnarmsant
magnets in the airgap modeled using FEM was 0.55 T. The average flux diensity
the airgap when a current of 4 A is applied to one set of coils without pezrian
magnets was 0.35 T. The flux density in the airgaps with the rotor in equilibrium
position when a current of 4 A is applied to one set of coils, results in flmsitie
levels in the two upper airgaps of respectively 0.86 T and 0.21 T, as &xpiEom
the superposition principle. Figure 3.9 shows that the stator leg is close tatgaiu
when the maximum current is applied. The FEM results generally show fhsitgle
levels considerably below what could be expected from the analyticalliiibedy
to be caused by neglecting saturation, leakage flux, and hysteresis.

3.3.7 Position Sensors

Eddy current sensors measure the gap length variations in the AMBse $ansing
principles have been considered for measuring the gaps, eddy Gwapacitive,
and optical reflective. The eddy current sensors were selectedismthey do not
require target grounding, contrary to capacitive sensors.

In this application, a relatively large stand off between the sensor tip and the
target is required. At low speeds, the rotor will spin around its geometmaal
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Figure 3.9: FEM simulation of the radial bearing unit

With increasing rotational speed, the unbalance force, and thus thetinneases.
When the rotational speed equals a spindle resonance, rigid in this casesgonse
is amplified. When the operating speed further increases, the runqa keson-
stant value, equal to the eccentricity in the rotor. Thus a certain displaterhen
the rotor while spinning up has to be allowed. Capacitive sensors of the szl
suitable for our application, generally require a very small stand off fitoentar-
get in order to achieve a high resolution, eddy current sensors dicdlagflective
sensors have a larger sensor stand off.

Furthermore, eddy current sensors are not sensitive to reflectivitgges on
the rotor surface, contrary to optical sensors. The drawbacksusing eddy cur-
rent sensors in this application are that they are sensitive to inhomogeneities
ferro-magnetic rotor material. The eddy current sensors used in the men/siB
milling spindle have a static resolution of 25 nm. The position measurement of the
rotor in the magnetic bearings discussed in more detail in Chapter 7.

3.3.8 Rotational Speed Measurement

The measurement of the rotational speed is required for the implementatioomf a
troller accounting for the changing dynamics due to the changing rotatipeats
The implementation of this controller will be described in Chapter 6. Commercially
available optical rotational encoders lack the bandwidth to measure the malatio
speed of a spindle with very high rotational speeds. Integration of habse into
the spindle drive is not possible. Due to the limited dimensions and the high power
of the drive, a reliable measurement cannot be performed. Therafoamgular
speed measurement sensor is developed. The principle of the rotapierdlmea-
surement sensor is illustrated in Figure 3.10.

This sensor consists of a reflective opto switch and black and white sé&gmen
on the spindle. The output from the opto switch is connected to two low pass,
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Figure 3.10: Measurement principle for the rotational speed

RC filters, both connected to the inputs of an operational amplifier. One lew pa
filter creates an average value, reducing the influence of ambient lights@dond
filter filters out the high frequency disturbances, and its output is cordgarthe
average value from the first low pass filter. The operational amplifierrifgured

as a comparator, resulting in a square wave output, synchronous with ttveice
rotational speed.

3.3.9 Spindle Drive

A commercially available permanent magnet synchronous motor drives ite sp
dle. The motor has been obtained from E+A in Switzerland, type mSpW 4/a5-2-
Enca. The motor is a two pole, three phase drive with a slotted stator. Thetheo
ical maximum speed of this drive is rated at 250.000 rpm. A sensorless luy
been used due to the compactness of the motor and the high rotational $peed.
reliable measurement of the rotor position using hall sensors is impossibke due
the compact geometry. An optical encoder could also not be used duanetdia
limitations and the high rotational speed. The inverter used to drive the mator ha
been obtained from Sieb und Meyer, Germany, type FC-80.

3.3.10 System Overview

Figure 3.11 shows a section view of the AMB spindle. Figure 3.11 show®tbe r
with on the top and bottom ends the two radial bearings consisting of the stators
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permanent magnets, and the eddy current sensors. Backup bdeaiggbeen in-
tegrated in the radial and axial bearings to support the rotor when thimgeare
switched off, and to catch the rotor in case of a bearing failure. Theupelo&ar-
ings are ceramic plain bearings. The figure also shows the axial beigsibgckup
bearing, and the axial bearing sensor on the top end of the spindle.efimaipent
magnet synchronous motor is positioned above the axial bearing.

Axial displacement sensor

\

Eddy current sensors —

Rotor

Radial bearing 1 — |

Permanent magnet motor

Axial bearing

Backup bearin \
p g —

Axial bearing stator —_

Radial bearing 2 —_
Permanent magnets —

Backup bearing —
Radial bearing stator —

|

Figure 3.11: Section view of the miniature AMB spindle setup.

3.4 Realization

This section describes the fabrication of the miniature AMB spindle. Figui2 3.1
shows a picture of the manufactured spindle.

The sections of the miniature spindle, the two radial bearings, the axial bear
ing and the electric drive, have been manufactured as cylindrical elem&hts
cylindrical elements have been placed in a v-groove base, to ensucelaat@ and
repeatable alignment of the individual spindle sections. The modular sealyes
the simple replacement of the spindle sections.
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Figure 3.12:Realized micro milling spindle

The rotor has been grinded from Sandvik 1802 stainless steel asheesior
section 3.3.4. The steel is annealed ensuring optimal magnetic properteeanTh
nealing process is a trade off between magnetic and mechanical propdrgas
higher rotational speeds are required. The annealing processesethe yield
strength while improving the magnetic properties of the rotor material.

A steel sleeve with the motor magnets was press-fitted onto the ground rotor.
The permanent magnets are protected with a fiber sleeve. During thefipréss
fiber sleeve is pre-tensioned. This pre-tension will retain the motor magrtatgha
rotational speeds.

One radial bearing stator, as described in section 3.3.4, consists of tke sfa
0.16 mm laminated sheets, manufactured by wire EDM. The stacks of laminations
are then press-fit in a stainless steel housing. The two housings are gifeand-
matched permanent magnet blocks ef5k5 mn?. These magnets provide the bias
flux. The coils consist of 30 windings per leg.

The position sensors are mounted in the force frame, the v-groove bhse.
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position sensors provide an analogue output signal which is conditiareithd
dSPACE inputs. The controller hardware is a dSPACE 1103 system, whéchtes

at a 20 kHz sampling frequency. Using this controller and assuming ondesamp
delay in the controller, the resulting phase lagisaf 400 Hz. An inverse Cheby-
chev, low pass, anti-aliasing filter, designed with a cut off frequencyOokHz is
applied. The anti-aliasing filter also causes gfase lag at 400 Hz. Linear current
source amplifiers drive the bearing coils. More information about thentisource
amplifiers can be found in [36].

As described in section 3.2.1, rotor balancing is crucial for the spindferper
mance as it operates supercritical. The rotor is dynamically balanced edtes-p
fitting the motor magnets. The remaining unbalance in the rotor was 0:62%5.g
This corresponds to a difference between the geometrical axis and ttia ads
of 0.15um.

3.5 Analysis and Simulation

This model enables the design of five Single Input Single Output (SISDXEh-
trollers to stabilize the system, also referred to as a decentralized contiiier.
model simulates the tooltip error of the system under the influence of the cutting
forces from an existing cutting force model [8]. Furthermore, this moldelvs at
which rotational speed the system becomes unstable when it is controllegl by d
centralized controllers. The model helps in the design of a Multiple Input Meltip
Output (MIMO), centralized, control scheme. Early work on the modelliiigoo-
izontal shaft magnetic bearings has been described by Matsumara 48glarid

later work on this subject is done by Balini et al. [49, 50] within ﬂ:léac project.

3.5.1 Equations of Motion

Newton'’s laws require the inertial accelerations of the rotor body antharefore
best expressed in a coordinate system attached to the rotor body. Stheobir-
dinate system, defined &8y, coincides with the rotor's center of mass with the
z-axis along the rotational axis of the rotor. The second coordinate systens

the frame connected to the fixed world, and thus the stator of the AMB. The two
reference frames%; and.%y, differ in their orientation. Reference fran¥g can be
expressed i, by three successive Euler rotations about each axis. There are 12
possible orders of these rotations, choosing a suitable order of rotatropfies

the system equations. In this analysis we transfefninto .7, with a 6x — 6, — 6,
rotation order, also called a 1-2-3 system, or a tranformation using yaw, pitcl

roll angles.
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Figure 3.13: Schematic drawing of the rotor.

Equation 3.21 shows the law of conservation of linear momentum with respect
to reference frame#y, attached to the rotor body,

F =mag

= m(%vBervaB) s (3'21)

wherem is the rotor massgg is the acceleration of the rotor with respect to frame
Z1, andvg is the velocity of the rotor with respect to fran¥,. In the same way,
the law of conservation of angular momentum applies to the raigiis the angular
velocity of %}, and thus the rotor, expressed#p.

M =lgdws+wsxlgws, (3.22)

wherelg, is the inertia of the rotor. However, the equations of motion of the rotor
with respect to the inertial reference fram are of interest. We assume that the
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roll and pitch angles of the rotof. and @ are small. In this case, the orienta-
tion of the rotor, and thus#, in the inertia frame%; can be written as the vector
[6: @ Uc|". Becausé, andg are small, cog = 1 and sirf; = 0, we can write
the transformation matrix fron¥; to .%, as:

cosye Ssinyg 0
Tg = | —siny; cosy, 0|, (3.23)
0 0 1

note thatw = .. Equation 3.24 shows the result of the transformation of the equa-
tions of motion in the body frame into the equations of motion in the inertia frame.
We define the state vector as=[x. 6 V¢ (p]T. The states are illustrated in
Figure 3.13.

MZ+ wGz = Fpp (3.24)
with
m 0 0 O
M |0 k00| _[M 0
“loomo| T|o0 M2
0 0 0 I
00 0 0 (3.25)
c _|000-L| [0 G
“loo0oo0o 0| T|G 0]
(01,0 0

whereF are the forces acting on the rotdtg, F, Fy andFy, are the forces acting
on the rotor from the top and bottom AMB respectively. Using the lineariaecks
from the magnetic actuators, the forces from the AMBs are

Fo=[Fe Fe Fo Fpl =Kii+Kgx (3-26)

Equation 3.26 contains the forces derived in section 3.3.4 and Equation 3.18
written for the four radial actuators in the inertia frames a vector with the actuator
control currents ana contains the displacements of the rotor in the airgaps. The
force current dependenci(;, and the negative stiffness matri&, are diagonal
matrices described by:
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Ki 0 0 O
Ko — 0 KK 0 O _[Kil 0}
710 0 K O 1 0 Kp
0 0 0 K;
K, 0 0 O (3.27)
K. _ 0 Ky 0 O _[Kgl 0]
9 710 0 K O Tl 0 Kg |
0 0 0 Ky

Now, we have the equations of motion described COG coordinates of the roto
and the bearing forces as a function of rotor displacements in the beakiagsx
C, which contains the distances from the bearings to the COG, transformartise tr
lation and rotation of the Center Of Gravity (COG) of the rotor to the variationan th
gaps in the AMBSs, thug = Cz. Naturally,CT transforms the forces from the AMBs
back into to forces and moments acting in the COG of the r&igr= CTFy;. C is
given by:

0

o| [c o0
S-S 3
lp

le
Iy

0

0

(3.28)

O OPr Pk
PR, OO

To write the system in state space form, we define the state vector, containing
the gaps and their derivatives as:

Xt Wt
) Yo
X1=| . Xo= | 7. . 3.29
1 i 2 S (3.29)
X Yo

The complete state space system of the plant can be described as
Xl o A1 wA1 X1 4 B1 0 il
Xz o wA21 Ao X2 0 B i
Y1 | O 00 X1
] = Lol Vol 650

where
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A = 0 I ]
L7 | (M) H(CiTKgr) 0
N 0 |
2 = (M2C2_1)_1(C2TKg2) 0
Ao _ |0 0 }
2 8 _(Mlcl_lz)_lGlzcz ! (3.31)
A21 - i 0 —(M20271)71G21C1 1 :|
B, — | 0 ]
o . (M 1C1HY(C1TKip)
B, — 0 ]
207 | (MG HYCKyp) |

with i as input currents angl the variation of the gaps as outputs. This notation is
allowed whenCy, Cp, M1C; %, andM,C,* are invertable. This is the case since

they are full rank|; will never equal-Il,. The state space system of the plant can in
a short form be written as:

Xp = Ap(w)-xp +Bp-u

y= Cp-Xp +Dp-u’ (3:32)

with Dp = 0 and where, represents the states of the planthe input to the plant,
andy the output. The PID controllers have the structure as described in Section
3.2.1, we can also write them in state space form:

Xec= Ac-Xc +Bc-(r—y)

U= Co-Xo +De-(r—y)’ (3.33)

wherex; contains the controller states ands the reference. This is a diagonal
system with the PID controllers on the diagonal. Combining the systems andxlosin
the loop gives us the state space matrices for the closed loop system:

= Ap(w)—Bpgcgp Bpic } X 4 [ Bpgc } r
P e ¢ (3.34)
%)

Other systems such as anti aliasing filters, sampling delays, and digital filteneg
been added in the same way.
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3.5.2 Simulation Results

In this section, we simulate the response of the spindle under the influetice of
cutting forces. The cutting forces consist of a static part and a dynantic iae
cutting forces on the tooltip are simulated during slot milling with a 0.2 mm di-
ameter tool in hardened steel. The rotational speed is set at 150.000 rpen. T
simulations in this section are performed with the controller as implemented in the
actual system, the controller parameters are listed in Table 3.5. More informatio
on the controller design is given in Section 3.6.3.

Table 3.5: Controller settings

Tilting mode Translational mode

K 30-1C° [] | Kp 60 []
fi 20 Hz fi 10 Hz
fq 100 Hz| fq 170 Hz
N 15 [] | N 15 [

First, the response of the tooltip to the static part of the cutting force has been
simulated. The static part of the cutting force builds up when the workpiesdeae
ates to cutting velocity, i.e. when cornering during milling. This assumes the stage
accelerates to 25 mst?® in 0.0012 s, which corresponds to three spindle revolu-
tions when milling at 150.000 rpm. The magnitude of the static part of the cutting
force 0.1 N was simulated. Figure 3.14 shows the response of the tooltip mx- a
y-directions when the static part of the cutting force was applied only ineetian.

Figure 3.14 shows that the maximum response of the tooltip wasB.6-igure
3.14 also shows a response of the tooltip in the y-direction, which is a réshk o
gyroscopic coupling in the fast rotating spindle. In this simulation, the stag@ha
constant acceleration and the tooltip response will improve with a less apgres
acceleration profile.

Second, we simulated the tooltip response to the dynamic portion of the cutting
force in the x-direction. The dynamic part of the cutting force was simulaigd w
a sinusoidal cutting force of 0.3 N and an excitation of twice the rotation&idsfie
kHz, see section 3.2.

Figure 3.15 shows that the maximum response of the tooltip is in the order
of 0.1 um. Therefore it can be concluded that the spindle design performs within
specifications when considering the dynamic part of the cutting forcetio88.6.2
and 3.6.3 describe the implementation of a more advanced, centralized cowimolle
the realized system, also showing the increase in performance.
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Figure 3.14: Tooltip response in x and y direction when the static partha tutting
force(0.1 N) is applied in x-direction. The workpiece aecates with 21
m-s—! and we simulate full slot milling in hard steel with a tool diater
of 0.2 mm at a rotational speed of 150.000 rpm.

3.6 Experimental Results

In this section the design of the spindle controller is presented. The mddsere
quency responses are compared with the simulated responses of tme sgstg
the model discussed in the previous sections.

3.6.1 Controller

The AMB open loop transfer function has been simulated using the mocdteilokd

in section 3.5. Initially a decentralized PD controller has been designed tinsng
modeled open loop transfer function. The model uses a linearized siqpres
the non-linear plant. The PD controllers stabilize the open loop inherenttghlas
plant, enabling system identification to properly tune the system. In the dakentr
ized controller, the rotor position in a bearing is the input, and the currentto th
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Figure 3.15: Tooltip response in x and y direction when the dynamic partef cutting
force(amplitude: 0.3 N) is applied in x-direction. We simat full slot milling
in tool steel with a tool diameter of 0.2 mm at a rotationalexpef 150.000
rpm.

same bearing is the output of the controller. Figure 3.19a illustrates this tontro
principle.

To investigate the quality of the model, and the performance of the radiahbear
actuators, the frequency response function (FRF) of the plant lemsrbheasured.
Many of the frequency response function measurements in this thesidbane
performed in close co-operation with Blom [28]. The open loop plant isainhes,
therefore the FRFs have been measured in closed loop. The plant BirRF-bden
estimated using a Joint Input-Output estimator (JIO) [51]. In the JIO estimator
plant G is estimated using

G=Y.RU[U-RM] Y, (3.35)

whereY is the Discrete Fourier Transform (DFT) of the output signal, &End
andR are the DFTs of the input and reference signals respectively. H santthe
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Figure 3.16:Frequency response of the plant at O rpm, rotor displacemantinput cur-
rent §//u), simulated as wel as measured.

complex conjugate transpose. This method has been chosen becausssisinle
sitive to distortion of the FRF due to low Signal to Noise Ratios (SNRs) compared
to for example arH; estimator. More detailed information about the closed loop
system identification of non linear AMB systems can be found in [28].

The measured response is illustrated in figure 3.16. The phase lag dueisethe
of a digital controller is assumed to be one sample, and is included in the simulated
response, as well as the anti-aliasing filter. The anti-aliasing filter is a thet,or
inverse chebychev analog filter. We are interested in the additional {#psethe
actuator because a non-laminated rotor is applied. Figure 3.16 showditiared
phase lag of 7to the simulated response at 500 Hz. The total phase lag at 500 Hz
in the plant is 22. The additional phase lag can only be partly explained by the
eddy current effect, the lags introduced by the eddy-current seagd the current
amplifiers have also not been included in the model.

Figure 3.16 shows a difference of 4 dB in the simulated and measured gain of
the plant. The negative stiffness has been predicted quite accuratelyeSdmance
peaks are caused by the dynamics of the spindle suspension. This emasuhas
been performed with the spindle attached to the vertical stage describedppteCh
5. These peaks were not present when the transfer is measured wéhiriée
attached directly to a granite block.

Figure 3.17 shows the frequency response of the plant over a watgrency
range. Figure 3.17 clearly shows the first flexible resonance of thdlsghaft at
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Figure 3.17:Frequency response of the plant at O rpm, rotor displacemamtinput cur-
rent f//u), showing the first bending mode of the rotor at 3400 Hz.

3.4 kHz. This was modeled with FEM in Section 3.3.2.

3.6.2 Modal Controller

Figure 3.18 shows the measured gain plots of the MIMO plant, radial baaoitly.

This figure shows the cross coupling between the magnetic bearing astu@ior

the diagonal, the plant responses as shown in Figures 3.16 and 3.1& oacob-
nized. According to the theoretical model, only a coupling between the top and
bottom actuators in the same plane can be expected, thus between top ttarmd bo
X, and between top y and bottom y. This coupling is visible in figure 3.18. An
additional coupling between the x and y direction in one bearing is presénts th
magnetic cross talk. This cross talk can for example caused by the fathéhat-

tor is not exactly centered in the bearing center, as assumed in SectionThg.4.
remaining off-diagonal terms are minimal.

In the decentralized control scheme, the MIMO plant is controlled usin@SIS
controllers. Reasonable results have been achieved with the decedtcali¢mller.
However when using a decentralized controller, the individual modeshaitdres-
onances can not be influenced.

Therefore, a centralized controller has been developed. The faueet of
freedom in the radial bearings are transformed into statically decouplée 50
referred to as a modal controller [52] or as COG decoupled controllee. tfans-
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Figure 3.18: Frequency response gain plots of the MIMO plant at O rpm,ataukkarings
only. Rotor displacements over input currentsu)

formation matrixC ! transforms the displacements in the top and bottom bearing
into a translation and a rotation around the Center of Gravity (COG) of the s&®
section 3.5. PID controllers control the translation and rotation of the GO
transforms the required force in the COG and the required moment arcaIQG
back to forces in the top and bottom bearing. The working principle of thi sta
decoupling is illustrated in Figure 3.19b. Static decoupling simplifies the controller
design and allows control of the rigid modes of the rotor.



54 CHAPTER 3. A MINIATURE AMB MILLING SPINDLE

/\

: |
[ NSC g

Fxt Otx m Fxt Otx I_, &>+

X X _

6 6c
Fo Gox m Fao |_LI_| Gox @ . ()’f
|

Jj |

a. b.

Figure 3.19: Two control schemes, the decentralized controller, figurerd the modal
controller including the negative stiffness compensaf8C), figure b.
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3.6.3 Negative Stiffness Compensation

The tranformation of bearing coordinates to COG coordinates does tir@ede-
couple the system. The negative stiffness in the bearings couples the Ctiiasno
when the COG is not exactly positioned between the two bearings. Therafor
Negative Stiffness Compensation (NSC) has been implemented to entirely-deco
ple the system. The NSC consists of a local proportional feedback locgiratad

in Figure 3.19. The proportional gain of this loop is chosen identical to thative
stiffness of the bearings. The negative stiffness of the bearingsdeasdetermined
from the plant transfer function, see Figure 3.16. Since this propottiema is a
linear approximation of the negative stiffness, the negative stiffness exsation

is only effective for small displacements. With the negative stiffness ofdtea r
compensated, the COG controllers of the rotor can be designed.

The static decoupling, and the negative stiffness compensation havenbeen
plemented on the AMB system. The PID controllers are structured as desbanib
Section 3.2.1, equation 3.4. The initial controller settings have been designed
ing Ziegler-Nichols tuning rules. Subsequently they have been iterativelpirag,
while observing the spindle positioning error, and ensuring stability oveertlkiee
speed range. The controller settings for the translation and tilting modesrotthne
are listed in table 3.6, the controllers in two vertical planes are identical. F3g0e
shows the frequency response functions of the two controllers.

Table 3.6: Controller settings

Tilting mode Translational mode

Kp 30-10° [] | Kp 60 [

fi 20 Hz | f 10 Hz
fq 100 Hz| fq 170 Hz
N 15 1 | N 15  []

The open loop frequency response functions are shown in figure Biglire
3.22 shows a zero dB crossing of 180 Hz for the translation of the COG aecb
dB crossing of 220 Hz for the tilting of the rotor around the COG. As shown in
Section 3.5 the plant dynamics depend on the rotational speed. The RiDllers
have been designed at zero rotational speed, while checking the stabdityhe
entire operating range. The influence of the rotational speed will bestisdun the
next section, Section 3.6.4. The design of a controller accounting footaganal
speed dependency of the plant will be discussed in Chapter 6.

Figure 3.22 shows the closed loop response of two controlled modes in one
vertical plane.
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Figure 3.20: Frequency responses of the controllers of the tilting aadslational modes
of the rotor in the vertical plane.
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3.6.4 Mode Splitting
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Figure 3.23: Simulated Campbell diagram, illustrating the resonanddte system, de-
pending on the rotational speed (left) and Measured closep frequency
response of the tilt mode at 0 rpm and at 125.000 rpm. Referever output
in COG coordinates. One recognizes the splitting of the madel25.000
rpm (right).

A Campbell diagram shows the dependency of the resonance fregs@fi@
rotor as function of the rotational speed. Figure 3.23 shows the simulateghied
diagram of the realized spindle. The resonances corresponding to ttgeriltides
depend on the rotational speed. Figure 3.23 shows the splitting of the tilting mode
into a forward whirl mode and a backward whirl mode with increasing rotation
speed, also referred to as gyroscopic stiffening. The translationa$mdmnot de-
pend on the rotational speed when the COG is located exactly in the middle hetwee
the two radial bearings.

The mode splitting has been measured by taking the closed loop frequency re
sponse of the tilting mode at zero rotational speed and at 125.000 rpm.eFigur
3.23 shows the measured closed loop response of the tilting mode for twomatatio
speeds, and the splitting of the resonance peak into two peaks at 12pm00The
highly amplified peak at 100 Hz illustrates the importance of accounting foothe r
tational speed in the controller. The design of such a controller will be skésclin
Chapter 6. The simulated Campbell plot shows resonances well below tsamméa
resonance peaks, this is caused by a simplification of the model. The delays d
sampling and anti aliasing filtering have not been accounted for in this simulation
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3.6.5 Spindle Performance

This section describes the performance of the AMB spindle. The CumuRxdiwver
Spectral Density (CPSD), and the Cumulative Amplitude Spectrum (CAS)ureeas
ments of the error signals are considered. The final value of the CAf g@guals
the RMS value of the of the error signal ¢}, and thus gives an indication of the
system performance. The Cumulative Power Spectral Density givesiniorma-
tion of the contribution of the individual frequency components to the firrakeas
described section 3.2.1. The CAS is calculated by taking the square ribat G-
mulative Power Spectrum of the error signal. Figure 3.24 shows the nesasot
of the CAS of the error signal at zero rotational speed. The final saltithe radial
bearing errors are: 0.036m and 0.038:m for the top bearing and 0.029 and 0.037
um for the bottom bearing. The final value of the axial bearing error i2@M.0n.
The PSD shows that a large contribution to the error enters at 50 Hz arighitsr h
orders.
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Figure 3.24: The Cumulative Power Spectral Density (CPSD) (left) and Gluenulative
Amplitude Spectrum (CAS) (right) of the error signals in thamiature AMB
spindle at zero rpm.

Figure 3.25 shows the measurement of the CAS of the error signal at0025.0
rpm. The final values of the radial bearing errors are: 7.2 andu3or the top
bearing, and 5.9 and 6,9m for the bottom bearing. The final value of the axial
bearing error is: 0.4@m. One can see that the main contribution to the error signal
is the disturbance at 2.1 kHz, the rotational speed. The contribution foathal
bearings at this frequency are 6.5 and 68 for the top bearing and 4.0 and 4.6
um for the bottom bearing. This synchronous error is larger than oné&vesxpect
from the mass unbalance from the rotor, which was previously stated td bam.
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A possible cause for the remaining error is that the sensor measures-the un
roundness of the spindle shaft. This is expected to be the main contributa to th
error signal. Furthermore, the measurement of a ferromagnetic tamggtarseddy
current sensor is known to introduce a runout effect in the measutememo inho-
mogenities in the target material. Another contributor to the measured spinoile err
can be vibrations in the spindle housing in which the sensors are mountede Th
vibrations can be introduced by the spindle drive. Further researcuisred to
investigate these hypotheses.

Note that in these cases, the tool tip displacement is much smaller than the
measured sensor error. The gain in the closed loop frequency sEsjpamction
at 125.000 rpm is -40 dB, extrapolated from figure 3.22. An error ph¥intro-
duced by the sensor would thus result in a displacement of the rotor oftnQaf
the rotor. This sensor displacement can be further reduced by filterihg aota-
tional frequency. This requires a filtering at a specific frequency,diketch filter,
which is shifting with the rotational speed. This is a recommendation for future
improvement of the spindle setup. The challenge of the attenuating syctsron
disturbances using LPV control is picked up by Balini [49, 50] within ftéac
project.

In Chapter 7, more detail is given about the position sensors, and thetva
of alternative sensing principles.
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Figure 3.25: The Cumulative Power Spectral Density (CPSD) (left) and Gluenulative
Amplitude Spectrum (CAS)(right) of the error signals in theniature AMB
spindle at 125.000 rpm.
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3.7 Conclusions and Recommendations

We designed and built a miniature milling spindle with Active Magnetic Bearings.
This chapter describes the techniques used for dimensioning the actttadorsd-
eling and controlling the spindle and actuators, and the realization of thersyste
Modal PID controllers, combined with negative stiffness compensatiorcergs
feedback, control 5 degrees of freedom of the spindle. A permanaghet mo-

tor drives the spindle to a maximum rotational speed of 150.000 rpm. Expdsmen
showed that an open loop bandwidth of 220 Hz has been achieved latatevghe
cross feedback control scheme which will be described in Chapter Gulative
Amplitude Spectrum measurements show that a static standard deviation abthe er
of 38 nm has been achieved. The standard deviation of the spindleedr®%.000
rom is 7.5um. The unrondness of the spindle shaft is expected to be the main
contributor to the remaining error, more research is required to verify yigeth-
esis. This chapter shows the suitability of homopolar, permanent magnetpias
reluctance type actuators for high speed AMB spindles.

In order to increase the rotational speed to further optimize the cutting condi-
tions, a spindle with a smaller diameter must be built. The reduction of the spindle
length will allow for the increase of the rotational speed while remaining below
the flexible resonances of the rotor shaft. In order to reduce the negbspindle
runout, an investigation into the measurement of the spindle position is required
This investigation is described in Chapter 7.
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Chapter 4

Design of a High Speed Tool
Holder

4.1 Introduction

A tool holder forms the connection between the spindle shaft and the cutthg to
This chapter describes the design, modelling, realization and testing oeataol
clamping system. In Chapter 3 the realization of a miniature AMB milling spindle
is described. In order to investigate the spindle under cutting conditiongtiagc
tool needs to be attached to the spindle rotor. Current state of the artaogding
systems are not suitable for this application for two main reasons.

Firstly, the mass of commercially available tool holders is very large with re-
spect to the miniature AMB spindle. The motivation for downsizing the miniature
AMB spindle has been given in Chapters 1 and 3. The mass we can add to the
spindle by attaching the tool holder is very limited.

Secondly, current state of the art tool clamping systems are not able to with-
stand ultra high rotational speeds. The effect of high speed rotatidresgecially
centrifugal stresses, on a rotating system has been addressed ierChafgool
clamping systems are even more sensitive to this because they are oftersedmpo
out of several components or need to be flexible in order to mount a cuthg to
Current commercially available tool clamping systems tend to lose clamping force
at very high rotational speeds due to the centrifugal forces.

In order to address these issues, a hovel tool clamping system haselagen
ized. The need for an investigation into novel tool clamping technologiebdeas
formulated by Chae et al. [3], mainly with regard to the runout which is pithse
introduced by the available tool clamping systems.

63
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4.2 Background

A toolholder generally consists of two connections, one with the spindlé¢ ahdf
one with the milling tool. In conventional tool clamping systems for macro milling,
relatively large tool holders are mounted on the spindle shaft using atsieep or

a HSK (Hohl Shaft Kegel, german) connection. The clamping force in & t68l
clamping system increases with increasing rotational speed. Small colletstinsid
tool holder move outwards due to the centrifugal forces, clamping thelsdiodn

the inside.

The milling tool can be mounted in the tool holder in various ways [53]. The
most common way of mounting a cutting tool is using a collet. A collet consists of a
slotted sleeve of which the outside is tapered and the inside is cylindrical. dhe to
is inserted in the collet, and the collet is inserted into a tapered sleeve. A tigitenin
nut presses the collet in the tapered sleeve, clamping the tool. Collet toeltale
known to introduce considerable runout in the system [54], high precisitiets
have an initial runout of wm which increases with rotational speed. Collet type tool
holders loose clamping force with increasing rotational speed. As the tigbteat
expands, clamping force is lost. Small milling spindles often use a collet cbonec
directly on the spindle shaft in stead of a separate toolholder

The traditional way of mounting a cutting tool using a side lock screw is still
used in present day machining operations. These tool holders are msaalynap-
plications where runout tolerances are not very critical. The screwtogddolders
are able to exert a very high clamping force, compared to other types| dicioiers.
Tool holders of this type loose clamping force as the rotational speedisese

Shrink fit tool holders are an upcoming technology in machining industry. A
shrink fit connection between shaft and tool is made by passing an etegnetic
field through the tool holder. As the tool holder heats up, it expands aodla
can be inserted. A shrink fit connection introduces very low runout irsghiedle
shaft combination, and is therefore preferable over collet type tookmldCur-
rently, shrink fit toolholders are used in applications with high rotationa¢dpe
Furthermore, the mounting of a tool using a shrink fit connection requieesgh
of expensive heating and cooling machinery. Also in heat shrink toolrgpldire
tool holder will expand due to the centrifugal stresses, and thus the clgrigroe
is reduced with increasing rotational speed.

In a hydraulic tool holder, the tool is mounted in a sleeve in the tool holder.
Hydraulic pressure is applied in a chamber around this sleeve, pushistetwe
inwards and clamping the milling tool. Because the pressure is applied allcaroun
the tool holder, the tool is properly centered. The oil pressure is appjiedijust-
ing a piston in the tool holder. Advantages of hydraulic toolholders are itite h



4.2. BACKGROUND 65

accuracy and high clamping force, a disadvantage is the high complexjty [54

The Schunk Tribos tool holder is an elastic deformable structure [55.tadl
is mounted in the tool holders using a polygonal clamping technology. Thie-wor
ing principle of the Schunk Tribos tool holder is illustrated in Figure 4.1. DOwrin
mounting of the tool, the tool holder is deformed enabling the insertion of the tool.
When the structure is released the tool is clamped into the tool holder. Thalsch
Tribos toolholding system for small end mills, is designed for rotational spepd
to 60.000 rpm, and has even been tested up to 205.000 rpm. The claimetirunou
the Schunk Tribos toolholder is below.dn .

circular cavity

TRIBOS-Mini toolholder mountingforce  tool is calmped

NN

clamping cavity is polygonal tool is inserted

Figure 4.1: The clamping method of the Schunk Tribos tool holder.

All presented tool clamping systems have in common that they loose clamp-
ing force with increasing rotational speed. A connection where the clanfipiog
increases due to the high speed rotation, such as the HSK connection lis high
desirable. Toolholder types have been classified by Rivin [54] into staié $ool-
holders and toolholders which are comprised from multiple components. e la
are generally large and are more sensitive to uneven displacementenudoese
distributions, unbalance, and failure. Therefore, in our application axddnlike to
use a monolithic structure for the tool holder.

Several patents have been filed with designs to reduce the loss of clamgmag f
during high speed rotation in the commercially available tool clamping systems.

A novel way of clamping a cutting tool is patented by Haimer [56]. Figure
4.2 shows the cross section of the design proposed by Haimer. Haimertbtites
the holding torque in the Schunk Tribos tool holder is limited because the tool is
clamped using line contacts. Figure 4.2 shows three separate cylindricgdic
surfaces for the tool in Haimers design, increasing the clamping surface.

The three clamping surfaces are connected by spokes to an outer rimsas illu
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Figure 4.2: Figure a. illustrating the tool clamping system propose#ibimer [56]. Figure
b. shows the tool holder with additional mass to compensste of clamping
due to centrifugal forces.

trated in Figure 4.2a. The three spokes are subjected to an outwardediiktsile
force when the tool holder is subjected to a compressive load. The Wineérical
clamping surfaces expand radially outwards, allowing for the tool to be tadun
When the tool holder is subjected to centrifugal forces the spokes maweiwls,
eventually causing loss of clamping force. This effect can be redugetitiing
mass to the outer rim connecting the spokes, the centrifugal force actititesa
masses create a compressive force on the spokes.

An alternative method to clamp a milling or drilling tool for very high rotational
speeds is presented by Tempest [57]. In the tool holder presenteehtyyett, the
tool is clamped by a combination of sprag forces and centrifugal forEegure
4.3 shows an illustration of the tool holder presented by Tempest. As illusirated
figure 4.3, the tool holder consists of an outer rim, to which three jaws areected
by hinges. The three jaws allow for mounting in the center of the sleeve, diieito
cylindrical inner shape.

The three jaws move outwards as a result of the centrifugal forcespiaod
around the hinges. Due to the pivoting of the jaws, one edge of the cylahdriter
shape of the jaw, edge 1 in Figure 4.3, is pushed against the milling tool. This ha
two consequences, the grip on the tool is tightened due to the pushing ofithe ja
and it introduces a sprag effect between edge 1 and the tool. The effeagis
comparable to the wedging effect. The jaws firmly grip the cutting tool like in a
sprag clutch, creating both a clamping force and a high holding torque.

When the jaws pivot under the influence of the centrifugal forcese edm
Figure 4.3 releases from the tool, and the tool is clamped on three line coracts
spragging force can become very large, resulting in deformation of thiedtuter or
the tool. Due to the spragging effect, the exact position of the clamped cytade
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Figure 4.3: Tempest tool clamping system.

be uncertain. After spragging has occurred in this type of tool holdecial means
can be necessary in order to remove the cutting tool. Often a high torquiiisae

to release the jaws from the tool. Furthermore, the stiffness of the outeedinces
the clamping force as the pivot points themselves move radially outward ander
centrifugal load.

4.3 Specifications

In this section we formulate specifications for the tool clamping system for the
miniature AMB spindle. The two main specifications regard sufficient clamping
force in the entire speed range of the miniature AMB spindle, and the maximum
runout introduced to the system by the tool holder.

The tool clamping system has to function at an operating speed of at least
150.000 rpm which is the maximum rotational speed of the developed miniature
AMB spindle. The desired rotational speeds for micro milling are even higher,
the order of 500.000 rpm, and tool clamping should function reliable at Speses
as well in the future.

The runout introduced by the spindle-tool holder-tool connection mei&iept
to a minimum. This runout can be caused by a mass unbalance in the toolholder
itself, or by a misalignment of tool, tool holder, and spindle axis. Sevesahrehers
have investigated tool runout, and the effects of different type of toluldrs [3].

For example, set-screw type tool holders introduce more runout than tgke
tool clamping devices due to their non-rotation symmetric design, and thuiseequ
dynamic balancing. The lowest runout is currently achieved with heatkstool
holders [53], and is in the order of 2n. The micro tools themselves suffer from
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geometrical runout, that is the difference between geometrical centes tifdhand
the cutting edges. Currently, the achievable tolerance on the geometrioat n
micro cutting tools is in the order of bm. We aim to keep the runout of the tool
holder alone, due to mass unbalance and eccentricity, belaw.2

The tool holder must provide sufficient clamping force to hold the milling tool.
During the micro milling process, the tool-tool holder combination experiences a
braking torque. The braking torque is distinguished into a braking torcpra f
the milling process, and a braking torque caused by airdrag acting on thedbo
holder combination.

This braking torque exerted by the milling process is derived from the tdiade
component of the cutting forces, predicted by Dow et al. [8]. The tatimjqrart
of the cutting forces is simulated for slot milling with a 0.5 mm cutting tool in tool
steel with a feed per tooth of 10m and a depth of cut of also 10n. The maximum
tangential cutting force under these conditions is 1.4 N, which results inuéreeq
holding torque of 3.8.0~*Nm.

A method to determine the air drag on a rotating spindle is described by Zwyssig
[58]. This method has been used to estimate the braking torque created by the
airdrag acting on the tool-tool holder combination. For this approximation, tie to
holder is assumed to be a smooth cylinder, rotating at 150.000 rpm. Accdading
the model from Zwyssig [58], this would result in a torque created by thdrar
of 1e-4 Nm. Thus a total clamping torque of 46 *Nm, 0.45 Nmm is required at
150.000 rpm. Including a safety factor, we specify a clamping torque ahiniat
150.000 rpm. An overview of the toolholder specifications is given in Taldle 4

Table 4.1: Toolholder specifications.

Rotational speed 150.000| rpm
Clamping force at O rpm >0 Nmm
Clamping force at operating speed. Nmm
Added runout 2 um

4.4 Novel Tool Holder Design

This section describes the design of the novel tool holder. The firggrdeloice

is to machine the spindle end such that is has the same diameter as common micro
milling tools, namely 6 mm. The tool holder is then designed as a sleeve, connecting
the tool holder and the spindle. The tool holder can thus be prismatic, i.e. ahav
uniform cross-section. This basic concept is illustrated in figure 4.4.
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Figure 4.4: Basic tool clamping concept.

Theoretically only 6, well chosen, point contacts are required to haagiealy
determined support of a rigid cylinder. On the other hand, full cylindricadtact
is common in milling, e.g. in a shrink fit connection. In this research we choose
to support the cylinders with three line contacts as a result of the tradetwfebn
a statically determined connection and sufficient contact surface toespsaper
clamping. By designing a rotational symmetric and monolithic tool holder, runout
can be kept to a minimum.

One goal in the design of the tool holder is to maintain, and preferably iserea
its clamping force at high rotational speeds. Therefore, tool holdégmieses the
fast rotating mass as an advantage. The basic concept is to transfatwaarc
directed centrifugal force into an inward directed clamping force.

This is done by carefully placing the mass of the tool holder, and thus the pos
tion where the gross part of the centrifugal force acts. A properligded linkage
transfers this force to an inward directed clamping force at the line cortatt®en
the tool holder and the shaft.

Figure 4.5 shows a top view of the novel toolholder and a schematic view of
one of the six linkages between the contact lines and the masses of theltsl ho
Point B indicates the contact lines between the tool holder and the tool, thesmass
located at point A. The centrifugal force thus acts in point A and is indiclye;

When using a rotating coordinate system, and assuming constant rotational
speed, the tool holder will reach a static equilibrium. The dashed lines ing-igur
4.5 are planes of symmetry. The centrifugal force acts on A, and resaltsaanter
clockwise rotation of point C. Point B is therefore pushed inward, regultina
clamping force. The system is assumed to be linear elastic. Thus, a fixdidesnd
relationR exists between the centrifugal force and the radial clamping fdrce (
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Figure 4.5: Top view of the novel toolholder including a schematic regrgation of one
sixth of the tool holder, showing the contact line (B), thekhge (C), and the
tool holder mass (A). The dashed lines indicate the symnzedisy

Fci/Fg). In conclusion, the centrifugal force and the clamping force both asmre
guadratically with rotational speed under the mentioned assumptions.

The placement of the masses (point A) is bounded from below by the tiakra
(r). The upper limitis the location of Awhere BCA becomes a line. The insideef
toolholder is in that case a triangle which becomes larger upon rotation. tRoaly
calculations proved that the clamping force is maximal if the masses are losated a
close to the inserted cylinder as possible.

At zero rotational speed, the clamping force is determined by the slightlyrlarge
diameter of the cylinder (tool or spindle shaft) with respect to the tool halaldty.

The six links together define the inside geometry of the tool holder. The eutsid
geometry of the tool holder is designed cylindrically to minimize the air drag at
high rotational speed. The masses are connected to the inner ring asttbpez
as circular segments on the outside. The outside diameter is chosen identical to
the rotor diameter, 12 mm. This provides sufficient mass to have good clamping
behavior. The height of the tool holder is 15 mm, resulting in two times 7.5 mm
potential engagement length. The contact lines are interrupted by theislbts in
the left image in Figure 4.6. These slots decouple the clamping lines from the two
cylinders, reducing the influence of diameter differences on the clampingd.

The material yield stress poses a fundamental limit on the outer radius of the too
holder. In a solid ring, rotating at 300.000 rpm, a yield strength of 1000 ikPa
be exceeded when the radius is larger than 18 mm, resulting in catastrdphe. fa
The new tool holder design has a much lower upper bound for the owtersra
because the tool holder is not a solid disc, but a flexure mechanism. Fooites a
considerable safety factor should be applied to this maximum diameter to accoun
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for e.g. inhomogeneities in the tool holder material. The maximum stresses in the
tool holder are investigated using Finite Element Method (FEM) Modeling.reigu
4.6 illustrates a cross sectional view of the final design of the tool holdiithen
manufactured tool holder.

Mass
Tool opening

Contact line

Linkage

Figure 4.6: Top view of the final tool holder design, and image of the maotufred tool
holder. Photos courtesy of Philip Broos / Leiden, MicroMzga.

4.4.1 Mounting of the Micro End Mill

To mount the tool, inward forces have to be applied to relax the tool holder. T
apply these forces at the right positions on the circumference of the tbadérh

a mounting tool has been developed. This tool enables the forces to ledapp
exactly on the centrifugal masses. The tool holder fits in the mounter in oely on
way its rotation is prevented by the three ridges. The mounting tool is illustrated in
figure 4.7. The mounting tool has a triangular inner shape. One of thettlaegle
edges is suspended in a flexure mechanism. When moving this edge inthezds,
inwards directed forces are applied to the tool holder at exactly 12@eggwith
equal magnitudes. The flexure is moved inwards simply using a bolt.

4.5 FEM Analysis

This section describes the Finite Element Method (FEM) modeling of the pedpos
tool holder. The FE analysis shows the working principle of the tool hplaied
allows for its dimensioning. We are mainly interested in the initial clamping force
and the increase in clamping force with increasing rotational speed. Tingicig
force is determined by first determining the stiffness of the legs of the triavgta

the stiffness of the legs known, the influence of e.g. manufacturing talesan the
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Toolholder

Mounter

Figure 4.7: Top view of the mounting tool design, and image of the martufacl mounting
tool. Photos courtesy of Philip Broos / Leiden, MicroMegezi

clamping force is easily determined. The simulations are performed using BNSY
FEM software.

Total deformation [m]
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Figure 4.8: FEM analysis of the tool holder rotating at 150.000 rpm, shoyits deforma-
tion.

4.5.1 Leg Stiffness

A force has been applied to the legs of the triangle to determine their stifffiless.
average displacement at the clamping contact line ist6:8m when a force of
1000 N is applied. This combination results is a leg stiffness ofL0/3N/m.

4.5.2 Clamping Force at Standstill

The clamping force at standstill is determined by size difference betwedndhe
holder and the clamped shaft. We will refer to this overlap, or negativeasiea
between the shaft and the toolholder as the interference. At standstillathping
force is at its lowest and will only increase with rotational speed. Theaibtithe
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clamping force at zero rotational speed does not need to be very highitonly
have to hold the weight of the tool and the tool holder. In theory the initial cliagnp
force can be such, that the tool can be mounted by hand and still daliffieient
clamping force at its operating speed. In practice, the clamping force is highly
termined by the manufacturing tolerances. Its exact magnitude is only krftevn a
accurate measuring of the inner triangle and the clamped shafts. Thereneds
mentioned here are worst case interferences considering manufgdtlarances,
thus resulting in the lowest initial clamping forces.

The holding torque is determined by first determining the normal force on one
line contact, from this normal force the tangential friction force is determivitd
the friction coefficient. The tangential force and the tool shaft radigsltrén a
holding torque. Because we have three line contacts, the total holdinget@qu
three times the torque of one line contact. The value for the friction coeffigen
very uncertain, and highly dependent on contaminations on the surfeltesalue
for the friction coefficient will be further discussed in section 4.7.

Two tool holders have been manufactured. One with an interferencaiof 5
with the tool on the radius, and one with an interference ofub? The 5um
interference tool holder would theoretically result in a total holding torguero
Nmm. The holding torque for the 10m interference tool holder will obviously be
340 Nmm, assuming a friction coefficient of 0.25.

The manufacturing tolerance of a cutting tool shaft jsni2 on the radius. Con-
sidering the tool holder manufacturing tolerances, there is an uncertdidty.m
in the overlap, corresponding to a holding torque of 135 Nmm. The valugkdo
calculated holding torque are all well above the specification of 1 Nmm.

4.5.3 Clamping Force when Rotating

Figure 4.8 shows the deformation of the tool holder when rotating at 1500000
clearly illustrating the working principle of the tool holder. Figure 4.8 shoved th
the edges of the triangle move inwards with rotational speed, thus incresing
clamping force. The holding torque is determined in a similar way as in the pieviou
section. The inward deformation of the triangle leg is 18% In combination with

the leg stiffness of 1.80” N/m, this results in a normal force of 250 N. This gives
an additional holding torque due to the rotation of 560 Nmm, assuming a friction
coefficient of 0.25.

4.5.4 Mounting

As mentioned in section 4.4, the tool can be mounted by applying forces on the
three edges of the triangle. Figure 4.9 shows the deformation of the toadrhold
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when 1000 N is applied to each corner of the triangle. The legs of the triangle
move outwards, enabling the mounting of the tool holder on the rotor shdfthan
insertion of the cutting tool.

Tolal deformation [m]

[ 2.005 0.01 (m}
[ m— —
nnnnnnnnnnnn

Figure 4.9: FEM analysis of the tool holder during mounting of the to@0@ N is applied
to the three edges of the triangle.

455 Stresses

The tool holder is a monolithic flexible structure with relatively large deformation
Therefore it is of utmost importance to use high strength tool steel, and ¢éovabs
that the yield strength is not exceeded. The stresses in the tool holdstudied
under various conditions with a FEM analysis. The largest stresses achigh
operating speeds, and during mounting of the milling tool. The danger exists in
exceeding the yield strength when mounting the tool. An improvement of thedesig
of the tool mounting device can avoid this.

Small local plastic deformations due to high stresses at high rotationalspeed
result in a slightly lower initial clamping force at zero rotational speed.

45.6 Contact Mechanics

The interface between the inserted cylinders and the inner cavity of thiadtutsr

can be described using a Hertzian contact model. A cylindrical body $s@deon

a flat body, resulting in a rectangular contact area, assuming a conteetdf 200

N. According to the Hertzian model the contact width isi4@l and the indentation
depth is 0.08um. This depth is not large enough to have a significant effect on the
clamping behavior. The stresses predicted by the Hertzian model areei@i b
the yield strength (500 MPa) and suggest that there will be very limited geicaietr
wear at the contact interfaces during normal operation.
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4.5.7 Diameter Differences of the Clamped Cylinders

The line contacts in the proposed toolholder are interrupted where the tmpath
cylinders meet, as mentioned in section 4.4. However, the tool holder has rigid
centrifugal masses over the entire length of the tool holder. Therdf@meoupling
between the clamping force on the top and bottom cylinders has been intetiga
The influence of a difference in the clamped cylinder diameters on the clamping
force has been investigated using FEM.

The FEM results have shown that the clamping force drops linearly with the
cylinder diameter, similarly to the situation with no diameter difference. A decou-
pled design by separating the centrifugal masses for the upper anddiangsing
half, did not significantly improve the clamping behavior.

Therefore we conclude that the top and bottom halves of the tool holder are
decoupled, and that the tool holder is thus insensitive to small differ¢rcésum)
between tool and spindle diameter.

4.6 Fabrication

Two tool holders have been manufactured from AlISI 630 Quenchédardened
steel. The material is subjected to a process of precipitation hardeningesuitng
yield strength is well above 1000 MPa, one of the highest available. Thedtters
have been machined by wire EDM (Electrical Discharge Machining). Theracy
of the EDM process is in the range of 1 tou#n. The inner contact surfaces are
machined in several runs to achieve the highest accuracy and the fowgbkhess.

4.7 Experimental Work

This section describes the experimental investigation into the clamping chiaacte
tics of the tool holder. In this section the relation between a load on the toathold
masses and the clamping force is investigated under static, non rotating aosditio

4.7.1 Methods and Materials

A static approach has been chosen in order to have controllable exptioen-
ditions. Under non-rotating conditions the clamping force can be meassiregl a
torque test bench and a load cell. The static conditions enable accuraggatien
of the influence of wear on the tool holder, the reproducibility, and thegoree of
deformations.
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When performing these experiments under static conditions in stead of rotating
we have to consider the following:

e We assume that the centrifugal load acts mainly on the three masses on the tri-
angle corners. The contribution of the centrifugal forces acting onitreglie
edges are neglected. This is valid because the centrifugal masses #re muc
larger than the masses of the linkages, and are located at a larger radius.

e We do not take into account any dynamics. The behavior of the tool holder
when passing critical speeds is not studied, nor is the influence of the add
tional tool holder-tool connection on the flexibility of the spindle.

Characterization of the clamping behavior during rotation of the tool holder is
part of future work.

Applied radial force ‘

e &

Original
tool holder

Figure 4.10: Top view of the design of the dummy tool holder for the statanping test,
and the manufactured dummy tool holder with tool shaftsrieske

To enable the application of forces on the centrifugal masses, a spergav
of the tool holder has been designed. Figure 4.10 shows the design dtithiay
tool holder as well as the manufactured dummy tool holder with two tool shafts
inserted.

The tool holder is radially loaded using the test setup illustrated in figure 4.11.
This test setup is mounted in the torque test bench. The torque test bewukis as
Zwick/Roell Z005, equipped with a HBM T20WN torque load cell. This load cell
has a maximum load of 500 Nmm, and an accuracy of 0.2 %.

In this experiment the tool holder is radially loaded with forces ranging from
100 N to 2000 N, limited by the range of the torque load cell. The top cylinder
follows a prescribed angular motion while measuring the applied torque. Tduesto
at which the tool starts to slip is taken as a measure for the clamping force. This
is allowed because the radial clamping force and the tangential frictior #re
linearly related by the friction coefficient.



4.7. EXPERIMENTAL WORK 77

Prescribed angle
Torque cell

Radial load

05—

tool holder

Figure 4.11: Schematic view of the test setup used to apply radial loads@dummy tool
holder and a picture of the realized setup.

The experiment has been performed with two tool holder dimensions, one with
an interference on the radius ofusn and one with an interference of 1@n. For
each radial load on the tool holder, this measurement has been perfibmaetimes
to investigate the reproducibility. The reproducibility can give an indicatiothef
presence of wear or plastic deformations of the tool holder.

4.7.2 Experimental Results

The results of the three repetitive measurements for thenbinterference tool
holder under a load of 1400 N is shown in Figure 4.12. In this figure wetsee
initial loading to overcome the flexibility of the setup until the tool tool holder con-
nection starts to slip.

Figure 4.12 shows a clear difference between the torque characteristie in
first experiment and the following experiments. The stick slip behavior isess
nounced in the first experiment. The measurements showed similar resgonse
two different tool holders under different loads.

To investigate the relation between the radial load on the tool holder and the
clamping force, the experiment from Figure 4.12 has been repeatedfferedt
loads. From each set of three measurements, the average maximum siickie (
torque) and the average final dynamic torque (slip torque) have beéemmieed.
These measurements have been performed for thre Bterference and the 10m
interference tool holder to investigate the difference in initial clamping hehand
to see whether this difference is maintained under increasing radial lbade$ults
of these experiments are presented in Figure 4.13.

From Figure 4.13 we can conclude that the maximum slip torque, and thus the
clamping force when assuming a constant friction coefficient, increasieshe ap-
plied radial load. This increase can be linearly approximated, also showigune
4.13. This linear relationship is as expected, see Section 4.4. Note thatlthe ra
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Figure 4.12: Three measurements of the torque angular displacemetioretd the 5pum
interference toolholder under a radial load of 1400 N.

load, and thus the clamping force, will increase quadratically with rotatiqresdc
A radial load of 2000 N corresponds to a rotational speed of 130.0®0ofpthe
original tool holder.

This linear relation and the reproducibility of the experiments indicate that no
plastic deformation occurs in the tool holder. Furthermore, the clampingcasf
seem not to suffer from severe wear, which would reduce the clamping.f

In Figure 4.13 we can see that the relations between the radial force @and th
holding torque, for the two different tool holderspi interference and the 0m
interference, are nearly parallel.

As mentioned in Section 4.5, the value for the friction coefficient between the
two surfaces is highly uncertain. This value can differ between 0.1 ande@&nd-
ing on the surface quality and contaminations of the surface.

The relative interference of the two tool holders is assumed to be quiteadecu
since they are manufactured on the same machine. From the differendeiimgho
torque of the two tool holders, the friction coefficient can be determinedloThis,
the leg stiffness determined by FEM from section 4.5 has been used. $hitsria
a friction coefficient of 0.25.
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Figure 4.13: The dependency of the holding torque on the radial forceiegpd the tool-
holder.

The clamping forces at standstill are predicted in Section 4.5, and arecresp
tively 170 Nmm and 340 Nmm for theom interference and the 10m interference
tool holder. These differences can possibly be explained by a fesesalihe EDM
process has a typical surface roughnégg ¢f 2 um. During the slip of the tool
in the tool holder, the roughness peaks can be flattened. Furthermaditdcsral
plastic deformations in the flexible structure of the tool holder can redudaittzé
clamping force. Finally, the lower initial clamping force can be a result oéeged
manufacturing tolerances.

From these experiments we can conclude that the clamping force is wed abov
the specified holding torque of 1 Nmm at 150.000 rpm.

4.8 Influence of Tool Toolholder Combination on the Spin-
dle Dynamics

In the design of the miniature AMB spindle, until now, only the flexural resmes
of the rotor without a tool and toolholder have been considered. Figlideshows
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Figure 4.14: Plant frequency response of the top radial bearing, rotsplacement over
input current y/u), showing the effect of the tool toolholder combination on
the first flexural resonance frequency.

the frequency response functions of the top radial bearing in x-direetith and
without a micro end mill. Figure 4.14 shows that the first flexural resonémeee
quency is lowered from 3.6 kHz to 2.4 kHz. Although the effort has beetenta
keep the added mass en length of the tool toolholder combination as low @d¢oss
its influence is considerable. A first flexural resonance of 2.4 kHesponds to
two critical speeds around 144.000 rpm.

4.9 Milling Experiment

The tool holder has been successfully tested in a micro milling experiment. The
toolholder was able to properly clamp a milling tool at 80.000 rpm, and was able to
deal with the micromilling conditions. This experiment is described in Chapter 5.

4.10 Conclusions and Recommendations

A novel tool holder has been designed and built for micro milling with rotational
speeds up to 150.000 rpm. This chapter described the design of the tdef,ho

as well as experimental verification of the working principle. The tool hoisle

a one piece, monolithic sleeve, which holds the spindle end as well as the micro
milling tool. The tool holder is designed such that the clamping force incredtes
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increasing rotational speed. A finite element analysis is presented totiballye
investigate the performance of the tool holder.

A static test shows the increasing clamping force with an increasing load on
the tool holder. The clamping force increases linear with increasing loddling.

The influence of wear on the clamping force is neglectable. The tool hidder
successfully tested in a micro milling experiment, this will be described in Chaper
5.

Future work includes the dynamic testing of the tool holder. The increabe of
clamping force has to be measured under dynamic conditions to fully identify the
behavior of the proposed tool holder at high rotational speeds. Fortine, more
micro milling experiments with the tool holder have to be performed to investigate
its performance under different cutting conditions over an elongateddoer
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Chapter 5

Design of a Micro Milling Setup

5.1 Introduction

This chapter describes the design and realization of a miniature micro milling setup
The goal of this setup is to investigate the miniature AMB spindle designed alhd re
ized in Chapter 3 under machining conditions. Furthermore the micro milling setup
enables testing of the proposed tool holder in Chapter 4 in a milling experiment.

Machining centers typically consist of a spindle and multiple linear stages, of-
fering three up to five axes of motion of the tooltip with respect to the work piece
The machining center has to position the work piece with respect to the tooltip dur
ing milling as well as duringtEDM anduECM operations.

One of the goals formulated in the introduction of this thesis is the downsiz-
ing of micro milling machinery. Chapter 3 describes the design and realization of
a miniature AMB spindle. In this Chapter, the downsizing of the rest of the ma-
chine is investigated. In micro milling, the minimum chip thickness effect requires
a minimum Feed Per Tooth (FPT), as described in Chapter 1. Therefdrstaige
velocities and accelerations are required. The lower mass of small mackimer
ables the increase of velocities and acceleration. A higher control bditvan be
achieved due to a reduction of moving mass. Furthermore, a reduced rmoagsy
in the work piece positioning stage will enable fast open loop interventionsid a
tool breakage or short circuit inEDM.

5.2 Specifications

A milling experiment with the miniature AMB spindle requires the machining of
work pieces in at least 2.5 dimensions, which is the consecutive build ugisf 2
mensional layers. Therefore we need to design and build a machining oetite

83
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at least three moving axes.

The Feed Per Tooth (FPT) partly determines the quality of the cut during micro
milling. The FPT determines the thickness of the chips formed during cutting. In
order to form a proper chip, a minimal chip thickness is required [59, @ljen
the chip thickness is much smaller than the cutting edge radius of the tool, a chip is
not formed because the work piece is elastically deformed. When the chipéisie
is about equal to the cutting edge radius a chip is formed by shearing ofditke w
piece material. In both cases, the quality of the cut is poor and the cuttingsforc
acting on the tooltip are relatively large, causing tool wear and potentiallynigad
to tool breakage. The minimal FPT in the micro milling operations described in this
research is um, and the maximum rotational speed of the miniature AMB spindle
is 150.000 rpm. When cutting with a two-flute end-mill, this results in a minimum
stage velocity of 25 mms~1. We aim to reach this velocity within three spindle
rotations when cornering inside the work piece. This minimizes the path where th
FPT, and thus the cutting quality, is low. This results in a stage acceleratidh of 2
m-s~2 (2.1 g). Mechanical retraction to avoid short circuits duitEDM requires
even higher accelerations, where distances of 1Q+80must be bridged within 1
ms. This results in accelerations in the order of 48 1H

In the Ufac project, we aim to reach a total three dimensional work piece ac-
curacy of 0.1um (1 o) after two machining steps or more. We aim to reach micron
accuracy in the first, coarse machining step with micro milling. In micro milling,
the spindle will operate at high rotational speed and the stage accelenatiions
high. The work piece accuracy will then mainly be determined by the spindle ru
out. In the successive, fine machining stggDM and/oruECM, where the final
work piece accuracy needs to be achieved, the spindle rotational spleed as
well as the stage accelerations. Furthermore, in the coarse machining\stefesal
with cutting forces, while in the fine machining steps, no tool-work piece foace
present.

5.3 Conceptual Design

The aim is to design and build a 3-axis machining center. The miniature AMB
spindle described in Chapter 3 is designed to be used vertically. The ddgusta
bias flux in the axial bearing allows for straightforward gravity compensaflthe
bias flux in the radial bearings is fixed due to the use of permanent magmkts a
the bearing geometry. Gravity can also be compensated by giving the rotdf- a
set position in the magnetic bearings. An off-set position or an increasaihl
current will decrease the linearity of the actuator. An offset position @fdior in

the radial bearing would result in an uneven bias flux distribution in the,ratat
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would thus increase the rotating losses. For this reason, and to avoid additom
linearities in the radial bearings, the spindle is used vertically. The spiniidsax
defined as the z-axis of the milling setup. The spindle is mounted on a lineayez-sta

The work piece is positioned along the remaining two axis, x and y, using a
stacked positioning stage. The setup is mounted on a granite base with thal vertic
stage mounted on a granite bridge. Granite is chosen because it has arloal the
expansion coefficient, high mass, and a high stiffness.

Figure 5.1: Micro milling setup with miniature AMB spindle.

5.4 Z-stage

A commercially available z-stage from Physik Instrumente (PI) positions thdlsp

in vertical direction, and thus determines the depth of cut. The main requitéonen
this stage is to maintain a high positioning stability when the cut is made. This stage
does not have to meet any velocity or acceleration requirements. Thepiamgk
surface is found by making small incremental steps with the z-stage. When the
work piece surface is touched, a control effort can be observee iadilal magnetic
spindle bearing. Subsequently the cutting depth is set. We specify a stsitjerpo
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accuracy while cutting below 04m.

The z-stage is spindle driven and uses an optical encoder mountedsmiritie
shaft. The encoder has a resolution of 2048 counts per revolutiongeat aatio of
29.6:1. A spindle drive is chosen over, for example, a direct drive,liorear motor
for the possibility to lock the stage when powered down.

5.5 XY positioning stage

The downscaling of the machinery for micro machining is also applied to the xy-
positioning platform. By downscaling the positioning stage, we can realizehigh
accelerations, improving the quality of the cut when cornering inside thie piece.

The fast accelerations make it possible to react to unforeseen evenassildden
increase in cutting forces or a short-circuit duringDM.

For that purpose, a positioning platform from the semiconductor industry is
used. This platform consists of two Lorentz actuators and a stackedstigming
stage supported by needle bearings. The positioning platform hardhaarbeen
made available by NXP/ITEC. The Industrial Technology and Engine&®emnger
(ITEC) is a department of NXP, former Philips Semiconductors. The »gjtipaing
stage has been designed for the use in the Phicom wire bonding machine.

A platen is designed interfacing the voice coils, the positioning bearings and th
work piece. The moving mass is kept as low as possible.

5.5.1 Actuators

Linear current source amplifiers are used to power the voice coil motbes am-
plifier design is identical to that of the current source amplifiers for the mimatu
AMB spindle as described in Chapter 3. For application in the xy-positiornages
the amplifiers are designed for a maximum output current of 10 A.

5.5.2 Encoder

The xy-positioning stage is equipped with a two dimensional grid encoder fro
Heidenhain, the PP 271R. The encoder has a gratinguoh8 The signal period,

is 0.4 um after an interpolation of 10 times. After quadrature, this results in a
resolution of 0.1um. From this we can conclude that the final position accuracy of
0.1 um for uEDM and utECM, specified in section 5.2 will already not be reached
due to encoder resolution limitations only, regardless of the other uncersaimtie
the system.



5.5. XY POSITIONING STAGE 87

5.5.3 Controller Hardware

The controller hardware is a dSPACE ds1005 modular system. The micro milling
setup requires at least 5 analog inputs for the AMB spindle sensors. 20@IS
board is used providing 16 16 bit A/D converters. Eight analog outpetssguired
for the spindle reluctance actuators and the xy-stage voice coils. Twd@2S2
boards provide a total of 12 16 bit D/A converters. One digital input isiired
for the spindle velocity sensor, only a few digital outputs are neededirfgle
switching tasks.

Two encoder inputs are used for the xy-stage encoders. The ersigdals are
interfaced using a dSPACE DS3002 interface board, providing a tosat ehcoder
inputs. The system runs at a sampling frequency of 20 kHz.

5.5.4 Controller

The moving mass of the stage is 3.2 kg in x-direction and 2.8 kg in y-direction.
The required servo stiffness has been approximated in Section 3.2.1 jie€Ba
1.410° N-m~L. From this an initial estimation of the required bandwidth can be
made, resulting in a target bandwidth of at least 40 Hz.

’— FFW
+
+

PID s Stage

H/

Setpoint
generator

Figure 5.2: Control loop of the XY positioning stage.

The xy-stage is positioned using classical PID controllers. Figure 5.2 dhastr
the control principle for one Degree of Freedom (DOF). The PID odletis have
been tuned obeying the Ziegler Nichols tuning rules for PID control. Thetpla
frequency response is illustrated on the left in Figure 5.4. In Figure 5danesee
that the first higher order dynamics are present at 320 Hz. The sysisrbeen
tuned to a bandwidth of 130 Hz. The closed loop frequency responsesisalied
in figure 5.4.

A feed forward path has been added to the controller to improve the servo p
formance. A third order set point generator is used to generate the motifile p
The set point generator has been developed by Wesselingh [61tdde velocity
is given by the desired Feed Per Tooth (FPT) as described in Secticam8. &5 25
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Figure 5.4: Measured open loop frequency response function from esroutput, illustrat-
ing a bandwidth of 130 Hz (left) and measured closed loopstearfunction,
from reference to output (right) of the XY stage in X directio

mm-s~L. The desired acceleration is 2187 as specified in section 5.2. From this
information a suitable motion profile can be generated. The maximum jerk is set at
16000 ms—3, determined bydl (dt)~%, and thus the electrical time constant of the
coil, L(R)~%, and the maximum amplifier voltage. The tracking error during this
motion is shown on the left in Figure 5.5. The desired set point trajectoryas als
illustrated in Figure 5.5. The error in the orthogonal direction is illustrated ithen
right in Figure 5.5.
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Figure 5.5: Measured stage tracking error in moving direction (left)l ahe orthogonal
direction (right) including the scaled set point trajegtorhe stage accelerates
to a constant velocity of 25 mm/s, and decelerates to stadhd st

The completed milling setup is shown in Figure 5.1.

5.6 Milling Experiment

This section describes the first milling experiment using the miniature milling setup.
The goal of this experiment is to investigate whether the miniature AMB spindle and
the micro milling setup is able to perform a proper cut. It is beyond the scapésof
research, however, to find the optimal cutting conditions and to perfotemsixe
milling experiments.

5.6.1 Cutting Conditions

The milling experiment is performed using a two flute, square end mill. The mill
is made out of solid carbide, and has an TiAIN coating. The end mill has a tooltip
diameter of 0.2 mm.

In this experiment, we perform slot milling in brass. Brass is chosen for the
first experiments because it is a relatively soft material. The tool is coehéz the
miniature AMB spindle using the novel tool holder described in Chapter 4.

For this experiment, the rotational speed of the spindle is set at 80.000 rpm,
which corresponds to 1.3 kHz. This speed is chosen to stay well belowrshe fi
flexible spindle resonance of 2.4 kHz as described in Chapter 4. With toorath
speed of 1.3 kHz we operate safely above the rigid spindle resond@:800 Hz,
as described in section 3.6.4. Considering the above, the velocity of tiepieae
positioning stage has been set at 5081 resulting in a feed per tooth of 20m.
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The depth of cut is set at{pm. There is a maximum depth of cut until which a
stable cut is performed for each spindle speed, as illustrated by the sib staltel-
ity lobe diagram. Therefore a low depth of cut is chosen. The work piedace
is found using the axial active magnetic bearing. The spindle is lowered wveité-in
ments of onqum while observing the control effort for the axial AMB. When the
work piece is touched, a control effort is observed in the axial bedoimgaintain
the rotor position. The work piece is passed 5 times until a total depth ph2Es
reached.

5.6.2 Milling Result

Figure 5.6 shows the slot milled in the described experiment. From this expérimen
several things can be observed.

Figure 5.6: First milling result of the miniature machining center cwgimilling in brass
with a 0.2 mm end mill, at a rotational speed of 80.000 rpm

Figure 5.6 shows that a stable cut has been performed. The regulanpatte
indicates that no chatter occurred during this experiment. Figure 5.7 shatso
burrs have been formed in this milling experiment.

The width of the milled slot can give an indication of the run out at the tooltip
position. From the cumulative amplitude spectrum in Figure 3.25 from Chajgter 3
run out in the lower radial bearings of at leastf is to be expected, without taking
into account the geometrical run out of the cutting tool, and the run out untexti
by the tool holder.

The left image in Figure 5.7 shows the milled slot, with the top work piece
surface in focus. The width of this slot is 2@, as illustrated in figure 5.7. When
considering the width of the milled slot, we may expect a run out of cutting tool
tip in the order of 7um. SEM (Scanning Electron Microscopy) inspection of the
milling tool shows that on of the two cutting edges has been lost in the milling
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process. This has to be considered when observing the width of the slme M
experiments need to be performed to determine the exact run out at the tooltip.

Figure 5.7: The milled slot, focus on work piece surface (Left) and SEbtynie of the used
micro end mill (right)

There are several possible explanations for the loss of the cutting btige
milling tools have a typical geometrical run out of several microns, upjmbas
described in Chapter 1. This run out is in the same order of magnitude ase¢lde F
Per Tooth (FPT). This can cause highly fluctuating loads on the end mill,amd ¢
double the cutting force on the cutting tooth with the largest radius. Furthermor
additional run out is introduced by the spindle, as explained beforaneiry this
effect. It has been known from literature, that micro milling with two flute end mills
is effectively done only by one of the two cutting edges due to this effed.ofier
cutting edge is only balancing the tooltip. In future experiments it is important to
ensure that the cutting tool is intact when mounted in the spindle. In this expgrime
this has not been established before the milling experiment.

The loss of one tooltip increased the feed on the remaining tooltip with 2 times
to 40 um. This corresponds to the difference between the marks in the work piece
in Figure 5.6. The chosen FPT of 20n, and the effective FPT of 40m are high
when using micro milling tools. This can also be the reason for the loss of one
cutting edge. Generally an FPT of 4-Lfn is used in micro milling, The optimal
FPT will have to be found by performing further experiments. Figure Sowshhat
the intact cutting edge is still of a reasonable quality.

The surface quality of the performed cut can be improved. Figure 5%ssho
that plastic deformation of the work piece material has occurred. This mphp
caused by the relatively low depth of cut, namelyr, and the high feed per tooth
in this experiment. We expect that an increase in depth of cut, and a lovediting
feed per tooth will improve the cutting quality, this has to be investigated in future
milling experiments.

Furthermore we can conclude that the tool holder design, which is pegsen
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in Chapter 4 was able to provide sufficient clamping force over the ugeticioal
speed range to hold the cutting tool. No unwanted vibrations have beenuogwd
by the tool holder. The run out introduced by the rotor-tool holder-toainection,
needs to be investigated.
Several other milling experiments have been conducted. Different cutiimg c
ditions have been investigated, among others a lower FPT. In these exmtsrtime
tool remained intact, contrary to the first milling test. However, these expetsmen
emphasized the importance of further research into the optimal cutting comsdition
proved hard to find stable cutting conditions, and considerable run aupreaent.
Thus, further milling experiments need to be conducted to find the optimal cut-
ting conditions with this milling setup. The run out at the tooltip needs to be deter-
mined, as well as the stability lobe diagram for this micro milling setup.

5.7 Conclusions and Recommendations

This chapter described the realization of a three-axis micro milling setup.€fie s
comprises of the vertically mounted miniature AMB spindle described in Chapter
3, an xy- positioning stage and a vertical z-stage.

The xy-positioning platform is a voice coil driven, needle bearing stade
xy-stage has been provided by NXP/ITEC and is originally designed éousle in
a wire bonding machine. The high spindle rotational speed and the minimum chip
thickness effect require a minimum stage velocity of 5-8h We aimed to reach
the optimal Feed Per Tooth (FPT) within three spindle revolutions. Therafaork
piece acceleration of 21 me12 (2.1 g) is required. The xy-stage is PID controlled
to a bandwidth of 130 Hz, and has met the velocity and acceleration requiteme
The spindle has been mounted to a commercially available z-stage from PI.

The novel tool holder as described in Chapter 4 forms the connectioreepetw
the spindle and the micro cutting tool. The miniature AMB spindle and the tool
holder have been investigated under milling conditions. A stable cut haspeeen
formed in brass using a 0.2 mm mill. The spindle rotational speed was set 8080.0
rpm. Tool and work piece inspection learned that the cutting conditionstodwssl
improved. The Feed per Tooth was too high, and one cutting edge was edmag

Future work includes optimization of the cutting conditions. The performance
of the spindle and the setup need to be investigated at higher rotationdsgpee
further optimize machining conditions. The spindle is capable of rotationaldspe
up to 150.000 rpm. The finishing machining steps wiEDM andpuECM require a
higher positioning accuracy of the xy-stage. Currently this is limited by therkD g
encoder. The positioning accuracy can be improved by increasing treineezent
resolution.



Chapter 6

Design of a Short Rotor Spindle

6.1 Introduction

The rotational speed of spindles is continuously increased for applisatiarh as
micro-milling, grinding and flywheels for energy storage. The applicatiohabive
Magnetic Bearings (AMBs) in a micro milling spindle for high rotational speeds
is shown in Chapter 3. High speed AMB spindles are commonly supported usin
two radial bearings and one axial bearing. This classical setup resaltglatively
long rotor. The shape of the rotor heavily influences its dynamical beharithis
chapter, we investigate the consequences of a drastic reduction oftahderayth

in a high speed milling spindle. Rotor length reduction affects the speedin§j up o
the rotor, rotor stability in an AMB system, AMB design, and the performance in
the milling process. A novel AMB concept will be presented to supportasieort
rotor.

6.2 Motivation

The flexibility of a rotor often creates problems in high speed rotor application
Flexible resonances are encountered when the rotor speeds uph bpligd micro-
milling, vibrations can be introduced into the milling process. Regenerativa-vibr
tions in the milling process are referred to as chatter. By reducing the sjendi,
flexible spindle resonances are shifted to a higher frequency. Assegoence ex-
citation with the milling process is avoided. Furthermore we avoid exciting them
during speeding up of the rotor.

93
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6.3 Analysis and Simulation

The modeling and control of a rigid rotor suspended by AMBs has beserided
in Chapter 3. In this chapter we consider the influence of the rotor shrethe@er-
formance of a rigid spindle. The parameter under investigation is the rati@eptw
the polar moment of inertid; and the transverse moments of inetfidy. A rotor
is referred to as short whdp> Iy, ly, and as long wheh, < Iy, ly. From literature
[62, 45], we learn that there is a difference in rotor dynamic behavishoft and
long rotors.
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Figure 6.1: The two rotor shapes described in this section. The trawititong rotor, and
the short version with increased flexural resonance frecjasn

We consider two rotor shapes, illustrated in Figure 6.1, both suspended with
AMBs. In order to compare only the effect of the change,ifl ! ratio, we take
identical masses and identical transverse moments of inégtand Iy) for both
rotor types. Initially the modal PID controllers are designed at zero rottspeed.
Therefore the controllers for both modes, translating and tilting, are idéfdidae
long and the short rotor.

Note that in case of the application of a short rotor spindle for very hitge ro
tional speeds, the rotor diameter has to be reduced to avoid high certsifiggses.
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6.3.1 Critical speeds

In early literature [45], it can be found that it is less complicated to bringaatsh
rotor up to high speed than a long rotor, partly considering critical spéedstical
speed is that rotational frequency where it equals a spindle resofr@gcency
[62].

We distinguish the critical speeds into two types. The first are the rigid body
critical speeds. In conventional spindles with ball bearings, hybridifgsor air
bearings, the rigid rotor resonance frequencies are generally higirethe flexible
spindle resonances. The stiffness of Active Magnetic Bearings ig@gnene or
two orders lower than the stiffness of contact bearings or air bearTingsefore the
rigid body critical speeds of AMBs are relatively low and encounterelieedhan
with contact or air bearings.

The rigid body modes are controlled by the modal PID controllers and cegtthe
fore be relatively well damped. Passing the rigid body critical speedsialysot
troublesome when a well-balanced rotor is applied.

The flexibility of the controlled stiffness of AMBs can be used to overcome
critical speeds. The AMB controller determines the rigid body resonaeceién-
cies. In the realized long rotor spindle described in Chapter 3, the equyiments
were performed with an unbalanced rotor. The excitation of the rigid bodyeso
during spin up by the mass unbalance made it impossible to pass the coriiegpond
critical speeds. We have overcome the critical speeds by adjusting ttreltrin
the vicinity of the critical speeds. As a critical speed is approached, thteotier
settings are changed, lowering the stiffness of the bearing. The stiffadgw-
ered in such an extent that the resonance frequency of the rotor g thel@urrent
rotational speed. This way, the critical speed is passed.

The critical speeds where the rotational speed equals a flexurallfegqueency
of the rotor are called flexural critical speeds. They are known to bcpkarly
dangerous in conventional, contact rotor bearing systems [62]. ANfBistbe pos-
sibility to damp the flexural critical speeds as well, making it possible to overcome
them. Flexural critical speeds are commonly overcome using notch filter8]g [6
but also with Linear Quadratic (LQ) control [64, 65],° controllers [66] and other
controllers [43]. Shifting the spindle’s flexible modes to higher frequenerables
increasing the spindle speed without having to pass critical speedsponding to
flexible spindle modes.

Reducing the spindle length, does not only influence the flexible spindbe res
nances, but also the rigid resonance frequencies of the spindlersegpy active
magnetic bearings.

Figure 6.2 shows the simulated Campbell diagram of the realized miniature
AMB spindle, with a long rotor as described in Chapter 3. This long rotorahas
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Figure 6.2: Campbell diagram of the "long rotor" with - 1, 1=0.04.

-1t ratio of 0.04. The Campbell diagram illustrates the four rigid rotor resananc
frequencies as a function of the rotational speed. At zero rotatioeabswo res-
onances are visible, the cylindrical mode and the conical mode. With incgeas
rotational speed, the two resonances split up in four resonancesfreigs due to

the gyroscopic coupling in the system. This is referred to as the splitting of the
modes.

The cylindrical mode does not split up with increasing rotational speed in the
case of symmetric rotors, rotors where the radial bearings are situatgdaltdis-
tance from the COG of the rotor. In the miniature AMB spindle, described apEh
ter 3, the COG is located 0.14 mm from the center of the two bearings. Therefo
the splitting of the cylindrical mode into a forward whirling mode and a backward
whirling mode is not visible in Figure 6.2. The splitting of the conical mode is how-
ever clearly visible in Figure 6.2. This has been experimentally verified itiddec
3.6.

Figure 6.2 shows a +1 slope line, the speed up line. At the intersections of
this line with the spindle resonances, the rotational speed is equal to thdespind
resonances, thus representing the critical speeds. Not all the cripeatls are
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equally difficult to overcome. A rotating unbalance, like a mass unbalarcies
the forward whirling resonances of the spindle. The backward whirl made
not excited by the unbalance of the spindle, but can for example be ektitbd
unwanted event of the rotor touching a backup bearing.

The shape of the rotor influences the dependency of the resonaqceficies
on the rotational speed. Figure 6.3 illustrates the Campbell diagram of tarstosr
with I- 1.1 = 1.3. In this simulation, the mass and the moments of inertia in the
x andy plane,ly andly, and the controller are similar to the long rotor simulation.
Therefore, the resonance frequencies for both rotors are ideatizealo rotational
speed, as can be seen by comparing Figures 6.2 and 6.3.
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Figure 6.3: Campbell diagram of the "short rotor" with- 1, 1=1.3.

In Figure 6.3 we can see that the conical modes of the short rotor \A/;_it-h;i1L
ratio of 1.3 split much faster than the modes of the long rotor, as shown ing~igur
6.2. This way, the conical forward whirl mode is avoided during spin ugckvis
otherwise most difficult to overcome. Thus, using a short rotor, not tiexyble
modes are avoided, but also a rigid mode critical speed is avoided. Thealcon
forward whirling frequency has an asymptotic valuelpfl, tw. Therefore, the
ratio I, - I, * should not be chosen close to one in the design of a high speed rotor,
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to avoid excitation of the forward whirling frequency at its entire operatjpeed
range. The resonance frequency corresponding to the conidalaatwhirl mode
is considerably lower in the case of a shorter rotor, but this mode caeretdited
by a rotating unbalance and is therefore not difficult to overcome. Tieetedf
these changing modes on stability is discussed in the next section.

6.3.2 Stability

The increase of the rotational speed of rotors with a relatively l&rglg ™t ratio
suspended by AMBSs can lead to instability when not accounted for in theotlen

[67, 68, 69]. In this section the influence of the increase of thkx1Z ratio on

the stability of a high speed rotor is investigated. To study the stability of the rotor
suspended by the AMBs we consider the closed loop poles of the systemloBed
loop A-matrix of the system has been derived in Section 3.5. For the analyBis
chapter, we now consider a COG decoupled plant, which is derived in asimaija

The closed loop A-matrix of the system is again given by

AC| - |: _BCCp AC ) (61)
where
B A]_ wA]_Z
Ap = [ WAy Ay ] : (6.2)

and where matrice&,, andA,; contain the polar moment of inertig andA 1, A1,
A1, andA; contain the transverse moment of inelfisshowing the dependency of
the system poles on the ratio lgfandly.

In this section we consider the poles corresponding to the rigid rotoraeses,
thus the conical and cylindrical whirling modes. In this simulation, the spindle is
controlled with modal PID controllers that are not compensating for ggpsc
effects.

Figure 6.4 illustrates the effect of thg I, * ratio on the location of the poles of
the rigid modes at a constant rotational speed of 50.000 rpml,The" ratio of the
long rotor described in Chapter 3 is 0.04. The cylindrical whirling polesydod
and backward, are shown in Figure 6.4 witlha The cylindrical whirling modes
coincide at 50.000 rpm because we deal with a symmetric rotor. The bgariag
located at equal distance from the COG. The conical whirling modes arealied
in Figure 6.4 with thes mark, and are clearly separated.

Figure 6.4 shows that the cylindrical whirling modes do not change with the
changing,- I, * ratio, as expected since the gyroscopic effect does not influence the
cylindrical modes due to symmetry.
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Figure 6.4: Pole map of the rigid body poles for changihgly* ratios at 50.000 rpm

The conical whirling modes change with changingl, ! ratio. The conical
modes are distinguished in a forward whirl with increasing frequenay adoack-
ward whirling mode with decreasing frequency. Figure 6.4 shows thattieafd
whirling mode first moves away from the right half plane, and then appesatt.
This can be explained by the limiting differentiating action of the controller,cedu
ing the damping at high frequencies.

The pole for the backward conical whirling mode moves towards the right ha
plane with increasing - I, * ratio. From literature it is known that this mode can
cause instability at high rotational speeds [67, 68, 69]. When PD cadstapiplied,
the conical backward whirl pole does not enter the right half plane refieally
remaining stable. However time delays can in this case cause instability. When
integrating control action is applied (PID), the gain of the controller at l@gden-
cies increases, causing the conical backward whirling pole to enter ftiiehidf
plane. Figure 6.4 shows the location of the backward whirling poles in thetragh
plane for a rotor with a,- 1! ratio of 1.8 at 50.000 rpm controlled by modal PID
controllers.
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Note that there are more poles in the system, e.g. from the controller, which
have to be considered but these are not shown in Figure 6.4.

This analysis shows that a modal controller without accounting for ggpisc
effect can not guarantee stability of a short rotor at high rotationadgpeMore
advanced control is required to stabilize a short rotor with active magresitrys
at high rotational speeds.

6.3.3 Cross Feedback

We can account for the gyroscopic terms in the AMB controller using deess$
back. Cross feedback has briefly been addressed in Chapterss f€ealback was
first introduced by Okada et al. [68] and later applied by Ahrens e6d]. Ahrens
used cross-feedback in addition to decentralized PID controllers.
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Figure 6.5: The working principle of the cross feedback controller wiised in addition
to modal PID controllers, where H is the observer.

In this research, cross feedback is used in combination with the modal con-
trollers presented in Chapter 3. The cross feedback now applies to tile @ur
modal controllers, namely the rotor tilt controllers. In the cross feedbawcttaller
design, we extended the modal PID controllers with an additional crodbdek
path. The working principle is illustrated in Figure 6.5.

The gyroscopic effect couples the rotor tilt rate around the COG in th@ane
with the rotor tilt rate in the zy-plane, illustrated by matf in Equation 3.24.
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In the cross-feedback controller, the tilt rate of the rotor in a verticaleplamea-
sured. This tilt rate is then multiplied with a, speed dependent, cross-feettve,
resulting in a torque. This torque is then applied in the orthogonal verticaépla
compensating for the gyroscopic coupling.
In the state space representation, this means that two speed dependsiatréer
placed in theD. matrix of the controller, see Equation 6 3¢ is structured in such
a way that the dependency of the closed loop system on the rotationdl disap-
pears. By doing so, the dependency of the temysandA 1 on the rotational speed
in the closed loop A-matrix is compensated. However, this requires know/leflg
all the states of the system, thus the gaps and the time derivatives of the gaps.
The position sensors only measure the displacement of the rotor in the AMBs,
thus not all states are available. Therefore an observer is used to thigtainknown
states of the plant. In this case, the observer is a differentiation of thetilbtor
obtain the tilt rate, as shown in Figure 6.5 where the observer is denotedTdaseH
system can now also be written in state space form. The closed loop A-matrix of
the system including the observer is structured as:

Ac = —BthCp Ac BcCh |, (6-3)

where subscriph indicates the state space matrices of the observer. The additional
states have been introduced by the obsemegicontains the cross feedback terms,
and is structured as

D O 0 0O 0 O 0 0

_ 0 D 0 0O 0 O 0 wKct
De = 0 O 0 0D O 0 0|’ 6.4

0 O 0 —wKer 0 Dy 0 0

whereD; and D, are the terms from the D matrix from the state space PID con-
trollers for the translational and the tilting mode, respectively. The coorefipg
state vectofxs x4]7, and the cross feedback teig; are given by

Xc Ye
6c @ [
g . = . K = = . 6 . 5
X3 Xc X4 YC cf Ki ( )
B (038

When full cross feedback is applied, the poles of the system do nogelveith
changingl, - I, * ratio. However, when full cross feedback is applied, delays in the
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system can cause instability [67]. Therefore it is advisable to partly cosapethe
gyroscopic effect with cross feedback, for example with 80 of 90grdrc

Figure 6.6 shows the results of the simulation of the closed loop poles, as de-
scribed in section 6.3.2, but now with cross-feedback applied. Figurghé\8s the
simulated poles for increasirg- I * ratio, showing that with 90 % cross feedback
the system remains stable.
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Figure 6.6: Pole map for the rigid body poles for changiiagl, * ratios at 50.000 rpm with
cross-feedback controller.

To verify the working principle of the cross-feedback controller, tressifeed-
back compensation scheme has been implemented and tested on the miniature AMB
spindle as described in Chapter 3. In order to measure the effect afabe feed-
back controller, the frequency response was measured from a tapglied in one
vertical plane to rotor tilting in the orthogonal plane, as shown in Figure 6he. T
measurement was performed at zero rotational speed as well as add 2510,
with and without cross feedback. Figure 6.7 shows that consideralnidiicg exists
without rotation between the tilt rates in the vertical planes. The couplingdees
with rotational speed, as expected. The increase in coupling is largeexpanted
from the model. The cross feedback controller reduces the couplingiByi® the
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Figure 6.7: Measured closed loop frequency response of the cross agug@iween the tilt-
ing in the two vertical orthogonal plane%). Measured at O rpm, at 125.000
rpm with and without cross feedback.

range between 20 and 100 Hz. Below 20 Hz, the measurement is unreliable.

6.3.4 Milling Performance

In this section, the effect of the rotor length reduction on the positioninfpper
mance of the milling spindle is investigated. A time simulation is done where the
static part of the milling force is applied to the tool tip, in the x-direction only. The
position of the tool tip is observed. A similar simulation is described for the long
rotor setup in Section 3.5.2.

Figure 6.8 shows the response of the long rotor as presented in Chaytbra3
I,- 1,1 ratio of 0.04 and a short rotor with- 1, *=1.3 to the static part of the cutting
force. The rotational speed is set at 150.000 rpm, with no cross feledipplied.
Figure 6.8 shows that the short rotor is unstable, as shown in Section § @&lla
The long rotor system is stable under these conditions.

Figure 6.9 shows the response of the two rotors with 95% additional cross-
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Figure 6.8: Tooltip response of the long and short rotor setup at 150tp60 Under the
influence of the static part of the cutting forces in x-dir@etwithout cross
feedback compensation.

feedback, also at 150.000 rpm. When 100% cross-feedback is gppked would

be no response in the y-direction, and the response in the x-directidd b®iden-

tical for the two rotors. However in practice, 100% cross feedbacktissadizable.
100% cross feedback would require exact knowledge of the rotaspeald, the ro-

tor properties and the position derivative states. The simulation in Figur&év@ss
that with 95% cross-feedback, the response in the orthogonal direotithe ap-
plied force is much larger for the rotor withla- 1,-* ratio of 1.3 than for a rotor
with al,- 1! ratio of 0.04. From these simulations we can conclude that when a
shorter rotor is applied, cross feedback, or other advanced castegjuired in or-

der to achieve good positioning performance. It is of utmost importancentider
whether full compensation for gyroscopic effects, for example usingssdeed-
back controller, is feasible, due to the lack of exact knowledge of thersyand

its states, or due to time delays in the closed loop system. Furthermore, otreer type
of coupling can be present in the system, such as an electromagneticcoupisg
between the actuators.
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Figure 6.9: Tooltip response of the long and short rotor setup at 150tp60 under the
influence of the static part of the cutting forces in x-dir@atwith 95% cross-
feedback compensation.

6.3.5 Conclusions

In the previous sections the effect of decreasing rotor length on thedwpt@amics
and on the milling process has been investigated. Decreasing spindle lexsgth h
a positive effect on the milling process, because spindle resonanté® caoved
away from the operating frequencies.

Reducing the spindle length reduces the number of critical speeds thht nee
to be passed during spin up. The passing of multiple flexural critical speedbe
avoided, as well as the passing of the forward critical rigid whirling modierdfore
it is easier to bring a short rotor up to speed than a long rotor.

Reducing the spindle length, however, can cause instability at high rotiationa
speed. Due to the gyroscopic effect, two poles of the system move tothardght
half plane. This can be avoided by using more advanced control algoritiicts as
a cross feedback controller. Due to the large gyroscopic couplingnaéd control
is necessary in order to achieve the same positioning performance as wildpea |0
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type rotor.

Taking this into consideration, it would be interesting to further explore the
possibility of reducing the rotor length for fast rotating spindles, such msceo
milling spindle. In the next sections, the design of a functional model to inastig
the performance of a rotor with a largie I * ratio is described.

6.4 Novel Spindle Concept

In the previous Sections, 6.1 to 6.3.5 it has been shown that a short, disdsiotor
has several advantages over a traditional long rotor. It is not fedsildepport a
disk-shaped rotor with conventional AMB technology. This section dessrthe
design of an AMB support for a rotor with a large I, ratio. Efforts have been
made in the field of AMB design to reduce the rotor length by combining raddhl an
axial bearings [47].

Figure 6.10 illustrates a novel AMB configuration to support a disk-sthape
tor. This concept is based on a combined radial-axial bearing cordépt The
functionality of the proposed bearing can be extended by adding tweeegf
freedom. A fully 5 DOF bearing system is obtained by controlling the curri@nts
the two radial bearing stators independently.

In this short rotor concept, a radially polarized permanent magnet e
bias flux for the radial as well as the axial bearing, enabling a very conaiesign.
The bias flux serves two purposes; it increases the linearity of the aGtaatbit
increases its force slew rate.

The concept illustrated in Figure 6.10 is a homo polar type. The importance of
the use of homo polar AMBs in high speed applications with non-laminated rotors
is described in Chapter 3. This way, the magnetization of the rotor doesiaonge
in each revolution.

Another way of combining radial and axial magnetic bearings is described b
Masuzawa et al. [70]. This principle is illustrated in Figure 6.11. In thisibgar
concept, permanent magnets also provide the bias flux for the radialllzasviee
axial bearing.

Disadvantages of this concept mainly regard manufacturability. The pbnce
is not rotational symmetric, and mounting of for example a milling tool is more
tedious. Furthermore the bias flux in the radial bearings is heavily inflddmcéhe
actuation in the axial direction, as illustrated in Figure 6.11. An advantagesof th
concept is that the diameter of the rotor can be smaller, making it more fé@doab
very high speed applications considering centrifugal loads. Note thaltemative
rotational axis can be chosen in this concept, for example horizontal imeF&gLl
in stead of vertical.
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Figure 6.10: The principle of the novel AMB setup

The concept presented in Figure 6.10 has been chosen to be usegdot sup
short rotor type spindle.

6.5 Bearing Analysis

This section describes the analysis of the bearings in the concept e seBec-
tion 6.4. The fundamental equations as described in Chapter 2 are applied.
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Figure 6.11: Combined radial-axial active magnetic bearing concept ashtawa et al.,
the actuation in one radial bearing is illustrated, as welthee actuation for
the axial bearing [70].

6.5.1 Radial Bearing Force

The flux density in the air gaps is calculated using the Maxwell equationsotiie ¢
servation of flux, and Ampeére’s circuital law. The same assumptionsidedadn
Chapter 2 are done. The permanent magnets create the bias flux in thairaghp
as well as the axial air gap. For the analysis in the radial bearing, a goatte
setup is considered. This bias flux in the radial air d&p, is given by:

B _ HoBrHcAmAgal m (6.6)
m BrAm(4|gaAgr + IgrAga) + 4”0Hc|mAgaAgr . .

In equation 6.6B, andH represent the remanence flux density and the coercive
force from the permanent magneg, is the relative permeability of airfy is the
pole shoe surfacdg andlg, are respectively the lengths of the radial air gap and
the axial air gapAn, andl, are the surface area and the thickness of the permanent
magnet. In equation 6.6 one can see that the flux density in the radial aamgp,
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thus the radial bearing force, depends on the length of the axial aitgap (

The flux density in the radial air gaps, caused by the control coils, isatehy
taking the circuit equations for the loops illustrated in Figure 6.10. This aléoiv
has been performed for the miniature spindle and is described in SectionTha.4.
flux density in the right radial air gap generated by the x-coils and the irot@nter
position is given by:

Nrix(2lgr +X)

) (6.7)
25 —x2

Ber = Lo
wheren, is the number of windings per leg, amdis the applied current. From
equation 6.6 and 6.7, we have the information on the total flux density in thé radia
air gaps. From the total flux density in the air gaps, we can calculate the forc
acting on the rotor in the radial AMB. The force is calculated by taking thagbar
derivative of the magnetic energy stored in the air gap with respect to tiga@air
The force in one reluctance actuator has been derived in Chaptet B, gimen by:

F— B2 29 6.8
X rt 2“0 9 ( )
whereBy; is the total flux density in the airgap. The bearing consists of two actuators
in differential driving mode. The resultant force in the right air gap is tthes
difference of these two forces, and given by:

E— Ar ( HoBr HeAmAgalm n uonrix(2lgr+x))27
X 2“0 BrAm(4|gaAgr+(|gr_X)A9a>+4IJOHc|mAgaAgr 2|§r —x2 (6 9)
Agr HoBrHcAmAgalm HoNyix(2lgr —X) 2 ’
2o (BrAm(4|gaAgr+(|gr+X)Aga)+4HoHc|mAgaAgr Tz oe )

Equation 6.9 shows that the force from the radial bearing actuator i&imean-
with respect to the bearing current and position. Equation 6.9 furtherammnes
that the force in the radial bearing depends on the axial air gap. Thissntleain
inherent in the presented design there is cross-talk between the raalimgseand
the axial bearing. Under the assumption of small rotor deviatignge can linearize
the force on the rotor in its equilibrium position. The linearized bearing fasca
function of positionx and applied currerif is given by:

In equation 6.10Ky is the force-position dependency of the magnetic bearing,
and also called the negative stiffneds,y is the force current dependency of the
bearing.Kx andKix are given by:
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K, — 2HoAG A AR BEHE IR
X7 (AmBr (Agalgr +4Agrlga) +4HoAgaAgr Helm)®
(6.11)
K: _ 2oAgaPgr AmBr Helmnr
X = lgr (AmBr (Agalgr +4AgrIga) +4AgaAgr Helmio) *

6.5.2 Axial Bearing Force

We derive the force in the axial bearing the same way as we have dathe fiadial
bearings. The expression for the flux density in the axial air gaps gekby the
permanent magnets is given by:

B — ALoBrHAWAGr Im
T B An(HgaPgr + lgrAga) + 4toHcl mAgaAgr

whereAg, is the axial bearing pole shoe surface. The flux density in the axial air-
gaps, created by the axial bearing coils is given by:

(6.12)

Bea = UO%, (6.13)
ga
whereng is the number of windings in one stator. Note that the flux density in the
airgap caused by the coils does not depend on the axial displacemeatrotdh
The reluctance of this circuit does not depend on the rotor position. &hirce

in the axial bearing actuator is given by

FZ:

Aga 41108 HoAmAg Im | Honda\? _
2o \ BrAm(4(lga—2)Agr +lgr Aga) +4tloHclmAgaAgr lga
Aga 4poBr HoAmAgr Im o uonaia> 2

(6.14)
2uo (BrAm(4(|ga+Z)Agr+|grAga)+4IJOHc|mAgaAgr lga

Equation 6.14 also shows the cross-talk between the radial and axiaidseane
can again linearize the bearing force around the working @gjmg. The linearized
force acting on the rotor from the axial bearing is given by:

FZ — Kzz+ Kiziz, (615)
where the negative bearing stiffness and force current depepdengiven by:

o L 1o meE
z (AmBr (Agalgr+4Agr|ga)+4uOAgaAgrHclm)3

(6.16)

K _ 8LoAgaAgr AmBrHclmna
127 Tga(AmBy (Agalgr +4Agr1ga) +4H0AgaAg Helm) -
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In this section, an analytical expression for the flux densities and thesanc
the proposed short rotor setup has been derived. These analyxicaksions are
used to dimension the initial design of the novel spindle prototype. Furthermor
this section presents the linearized expressions for the forces fordiad aiad the
axial bearings. These linearized forces are used for the design obtillers, in
combination with the rotor dynamic model presented in Chapter 3

6.6 Design of the Short Rotor AMB

This section describes the design of a functional model using the compéist A
principle as shown in Figure 6.10. The bearings are dimensioned usingdhia
cal derivation from previous Section 6.5. By choosing for a shortrrmdocept, the
rotor inherently has a relatively large diameter. The structural integrityeofdtor
has to be ensured under the influence of centrifugal loads, and ttersnifees its
diameter. The design of the bearings of the short rotor spindle is illustrakegune
6.12 and 6.13. The bearings are dimensioned in such a way that the rotmtelia
is kept to a minimum, without affecting manufacturability.

Axial Bearing Stator Radial Bearing Stator Radial Bearing Stator
\ o
1 1 ( P )
u/ ‘&
1 1 Rot Permanent Magnets
Roto/ Permanent Magnets

Figure 6.12: Section view and top view of the short rotor setup.

This section will focus on the design of the active magnetic bearings. A per-

manent magnet synchronous drive will be situated around the outemdgcence

of the disk, with minimal increase in rotor length. The axial bearing stator ig larg
to accommodate for the stator of the spindle drive. The integration of thelspind
drive will be further addressed in Section 6.8. The considerationdiwertsioning
permanent magnet biased permanent active magnetic bearings arbetescSec-

tion 3.3.5. The bearings are designed in such a way that the bias flux dertsity

air gaps is around 0.6 T, and that the negative stiffness of the magnetiodseis
about one order lower than the positive, controlled stiffness that wedwike to
achieve. The desired closed loop stiffness is aimed4atlD® N/m, a bandwidth of
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350 Hz assuming a rotor mass of 30 gr, see Section 3.2.1, Chapter 3foraehe
actuators are designed to have a negative stiffness in the ordet@%1- 10° N/m.
The dimensions and properties of the short rotor setup design are listdudieGta

The radially magnetized ring illustrated in Figure 6.10 is replaced by four mag-
net ring segments. The magnet ring segments can be radially magnetizedeand
therefore better manufacturable than a full ring. Furthermore, the gedween the
ring segments can be used to house the position sensors, in order teeasdmnsor
actuator co-location.

Table 6.1: Dimensions and bearing properties of the short rotor setup.

Rotor Length 19-102% | m
Rotor Disk Diameter (w/o magnet) 23-102 m
Rotor Disk Diameter (w magnet) | 33-10° | m
Rotor Shaft Diameter 8.10°° m
Rotor Mass (w/o0 magnet) 26.7-10 3 | kg
Rotor Mass (w magnet) 324-10° | kg
Magnet surface area 1.32.10% | n?
Magnet length 1.10°3 m
Bearing Magnet coercive force | 880- 10° A/m
Bearing Magnet remanence 11 T
Radial Pole shoe area 23-10° | n?
Radial Airgap length 3.10% m
Number of windings, Radial 30 —
Negative stiffness, Radial 15.10% N/m
Force current dependency, Radial 3.6 N/A
Pole shoe area, Axial 1.104 e
Airgap length, Axial 3.10% m
Number of windings, Axial 30 —
Negative stiffness, Axial 1.2-10° N/m
Force current dependency, Axial | 14 N/A

The short rotor setup is dimensioned using the analytical expressiaihe fitux
densities and expressions derived in Sections 6.5.1 and 6.5.2. Thesssops
were derived under several assumptions, listed in Chapter 2. In theewton, the
analytical derivation will be verified using Finite Element Method (FEM) Moudg
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Figure 6.13: Exploded view of the short rotor setup.

6.7 FEM Analysis

In this section the analytical derivation of the flux densities in Sections 6.511 an
6.5.2 is verified. Especially due the small dimensions of the design, it is important
to observe the leakage flux in the system, since the assumption of no |leakatyzsf|
been made. The flux densities in the air gaps, and the other iron parts in thetinag
loop are calculated with Finite Element Method (FEM) Modeling. ANSYS FEM
software has been used for the simulations.

The flux densities in the air gaps created by the coils and the permanent mag-
nets are calculated separately, as well as combined, in order to examiretivbe
differences occur. The results of the analytical calculation and the FEilelhg
are illustrated in Table 6.2.

Table 6.2 shows that the analysis of the axial, as well as the radial bearings
using an analytical model, results in an overestimation of the bias flux denbitg. T
we can conclude that the simplification described Chapter 2 is not allowedbiah
flux created by the permanent magnets is illustrated in Figure 6.14. Tabledsv& sh
that the approximation of the control flux in both bearings is much better.

Figure 6.14 shows that considerable stray flux is present on the ineeofdide
radial air gaps, and that leakage flux is present from the radial lgestators to the
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Table 6.2: Comparison of flux densities derived from analytical and F&iMulations.

Parameter Analytical | Finite Element
Radial air gaps, magnets only 07T 0.48T
Axial air gaps, magnets only 17T 0.63T
Radial air gap, 2 A radial , no PM 0.25T 0.25T
Axial air gap, 2 A axial , no PM 0.25T 0.16 T

Radial air gap high, 2 A radial, with PM 0.95 T 0.72T
Radial air gap low , 2 A radial, with PM 0.45 T 0.24T
Axial air gap, 2 A high axial, with PM | 1.25T 0.77T
Axial air gap, 2 A low axial, withPM | 0.75 T 047T

Axial Bearing Stator Permanent Magnet Radial Bearing Stator

Axial airgap Radial Airgap  Rotor

Figure 6.14:Flux density levels in the design generated by the permanaghets.

rotor. This could explain the lower flux density obtained using the FEM modeling

Furthermore, the results in table 6.2 show a difference in the results for the
actuation in the axial direction. This difference can be explained corsgdtdre
calculation of the axial actuation flux density without permanent magnets. The
results from this FEM analysis are shown graphically in Figure 6.15.

Figure 6.15 shows that part of the flux created by the axial actuation cwils e
ters the rotor through the radial air gaps. This is due to the small thickneks of
permanent magnets (1 mm). This is not a problem when accounting for it in the
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Figure 6.15: Flux density levels in the design with only actuation of thk@hbearing coils,
the permanent magnets are replaced by air elements in tiigagion

dimensioning of the axial bearing coils, and the realization of the fact thatege
ative stiffness of the radial bearings slightly increases when the axaaingecoils

are actuated. This is, however, a symmetrical phenomenon, and candustad

for by the controller. Concluding, a FEM analysis is required in the desigmo
Active Magnetic Bearing with reduced dimensions.

6.7.1 Time Simulation

By using a shorter, smaller rotor, a higher control bandwidth can bewathue to

the lower moving mass. However, in micro-milling we deal with force disturb&nce
on the tool tip. Reducing rotor weight increases the sensitivity to cuttingeforc
disturbances, especially as they occur well above the bandwidth of tiieoker
where the response is mainly determined by the rotor mass. This sectioibdsscr
a time simulation of the performance of the short rotor setup under influehce o
the cutting forces. The rigid rotor model as described in Section 3.5 is wsed f
these simulations. The cutting forces, as predicted in Section 3.2.1, aredapplie
to the tooltip of the short rotor spindle. We again consider two responstee of
system, the response to the dynamic part of the cutting forces, and tlimsesp

the static part of the cutting forces. The bandwidth of the short rotormsyisté¢his
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simulation is tuned to be 750 Hz. Cross feedback is added to the controllez of th
short rotor system as it is required for stability, as explained in Section. 6T8&
cross-feedback percentage is 95%, mainly because 100% will noalizai®e in
practice.

In order to compare the performance of the long and the short rotor vgitlece
to cutting force disturbance rejection, consider Figures 3.14 and 3.15apt&h3.
Figures 6.16 and 6.17 show the simulated responses of the tool tip in theatbort
system.
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Figure 6.16: Tooltip response of the short rotor in x and y direction whesdtatic part of
the cutting force(0.1 N) is applied in x-direction. Simadtduring full slot
milling in tool steel with a tool diameter of 0.2 mm at a rotetal speed of
150.000 rpm. 95% cross-feedback is applied.

Figure 6.16 shows that the short rotor system reacts better to a step amsteirrb
force than the long rotor setup, as could be expected due to the higheol dxamd-
width. However the response orthogonal to the applied force is biggasmaf the
short rotor system, even with 95% cross feedback. This illustrates thes défiert
of the gyroscopic coupling. The response to the dynamic part of the cintiog of
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Figure 6.17: Tooltip response of the short rotor in x and y direction whHeadynamic part
of the cutting force (0.1 N) is applied in x-direction. Siratéd during full
slot milling in tool steel with a tool diameter of 0.2 mm at dational speed
of 150.000 rpm. 95% cross-feedback is applied

the short rotor is larger than that of the long rotor, as shown in Figure §1ig is
expected and still acceptable for our application.

6.8 Motor Drive Integration

The study on the miniature AMB spindle presented in Chapter 3, has revbaled
the main factor limiting the performance was the negative stiffness from thelspin
drive. The negative stiffness in combination with eccentric mounting of tta ro
magnets results in a synchronous disturbance. Therefore we need admnato
with lower radial negative stiffness. Research on the drive of the sbior spindle
is carried out in collaboration with Borisavljevic [71] in the same researcfram.
The aim of this research is the integration of a spindle drive in the setuesanied
in the previous section. Furthermore, the challenge of elevated rotatioeed $s
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investigated. The current state of the art, commercially available synalsainves
have a maximum rotational speed of 250.000 rpm. In this research, thedlestia-
tional speeds are well above this rotational speed, in the range of 385010000
rpm.
The motor magnets are mounted on the circumference of the rotor disk. This
has the advantage of increased motor torque due to the larger diameuigitiora
the increase in rotor length can be minimal. Disadvantage is that extra measures
have to be taken to ensure rotor integrity at high rotational speeds.

The proposed design of the spindle drive [71], integrated into the delggn
scribed in Section 6.6, is shown in Figure 6.18. The motor stator is a slotless type
with toroidally wound coils. By using a slotless design, the radial negatiiaesi$
in the motor is reduced. The stator for the spindle drive is mounted inside tbe sta
for the axial bearing.

A two-pole rotor magnet is fitted around the circumference of the rotor disk.
The rotor magnet is a plastic bonded permanent magnet. In order to makéahe r
able to withstand high rotational speeds, a fiber sleeve will be mounteddatioein
rotor magnet. The fiber sleeve will be pre-tensioned. This pre-tensiobevihrtly
canceled by the centrifugal stresses, and the remaining pre-tensioetaiti the
magnets at high rotational speeds.

6.8.1 Motor-Bearing Interaction

The principle of superposition of magnetic fields states that the fields of #rabe

and the motor can be added and subtracted, and that there is no interatives i

the two. This is valid under the condition of constaptof the stators and the rotor.
This will not be the case, especially at high flux densities. Thereforeaictien
between the magnetic fields of the motor and the bearings is likely to occur, due to
the small dimensions of the system, and the fact that the motor stator is mounted
inside the axial bearing stator. Finite Element analysis will have to be donden or

to investigate this magnetic coupling.

In order to investigate the bearing and motor functions independently, two pr
totypes will be built. One setup, supporting the rotor without permanent magne
the combined AMBs will be manufactured to investigate the feasibility and perfor
mance of the bearings. A second setup has been manufactured in oddsetop
the permanent magnet drive presented in this Section [72]. This setupigped
with air bearings in order to minimize friction and enable a high rotational speed.
The use of air bearings makes sure that there are no effects of the metgnetic
bearings on the performance of the spindle drive.
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6.9 Setup

Figure 6.18 shows the designed short rotor setup, including the ncaghbeon-

cept and the PM synchronous motor. Optical fiber sensors are implenfentbé

rotor position measurement. The small diameter of the sensor tips (0.8 mm) allows
for co-location of the sensors and actuators.

Fibre optic displacement sensor ~ Speed Sensor  Axial Bearing Stator Radial Bearing Stator

Motor Stator Fibre Sleeve Rotor Motor Magnet

Figure 6.18: Proposed setup design of the short rotor AMB system, inodM syn-
chronous motor.

6.10 Conclusions and Recommendations

In this chapter, the further downscaling of a miniature AMB spindle is invegiiba
Shifting spindle resonance frequencies to a higher frequency hasitav@@ffect

on the quality of the milling process. The implication of drastically shortening the
rotor length to increase these resonance frequencies on the rotonidymehavior
has been studied. A rotor dynamic analysis shows that reducing the rogthle
to such an extent thag > I, |y drastically increases the gyroscopic coupling, and
therefore influences the critical speeds and the stability of the system inrtatioh

with active magnetic bearings.

By reducing the spindle length to a case whigre I, Iy, one self exciting criti-
cal speed can be avoided, making it easier to bring the rotor up to its ogespénd.
Obviously, flexural critical speeds are avoided as well. Unfortunatieéy/closed
loop poles of the system with active magnetic bearings move towards the aifht h
plane, eventually causing instability when not accounted for in the contraer
cross-feedback controller is presented, in addition to modal PID congadesta-
bilize a short rotor system with active magnetic bearings. This controllempisrex
mentally verified on the miniature AMB spindle presented in Chapter 3 The benefi
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of the increased resonances and the avoiding of one critical speeditnadh-
while to further investigate a short rotor system for high speed rotation.

A novel AMB system is presented to support a short, disk-shaped irotor
DOF. In this concept a permanent magnet is used to provide the bias fltixefo
radial, as well as the axial actuation, enabling a very compact desigrfofides in
the AMB concept are derived analytically, and the flux densities are egnifsing
FEM.

Future work consists of the realization of the short rotor setup. Firstlyytink-
ing principle of the novel bearing concept needs to be verified. Sécandpindle
drive has to be integrated, and the motor bearing interference needstoded.
Thirdly, the short rotor needs to be tested during rotation. Due to the lgmge g
scopic coupling, the quality of the cross-feedback is of utmost perfaeadhhas
to be studied whether the coupling can be predicted, and thus comperweatatt f
ficiently in order to maintain stability of the entire operating range, and to achieve
sufficient positioning accuracy.



Chapter 7

Sensor Choice in High Speed
AMB Systems

In this chapter, several position sensing principles for Active Magnegiarigg
(AMB) systems are compared, theoretically as well as experimentally. Tale go
of this investigation is to find a suitable position sensing system for the stort ro
functional model as described in Chapter 6. This chapter describegestigation
into the performance of the eddy current sensors used in the miniature SpiiB
dle, as well as the selection for a position measurement sensor for theacioor
functional model described in Chapter 6.

7.1 Introduction

A high quality position displacement signal is essential when high positioning ac
curacy needs to be achieved in a mechatronic system, such as the miniatBre AM
spindle.

A magnetic bearing system requires a stabilizing feedback loop, as dabarib
Chapter 2. This feedback can be provided in various ways, for examypdeflux
measurement or a position measurement. It is possible to stabilize a magnetic bear
ing without a separate sensor, a so called sensorless AMB, howevés iigigond
the scope of this research.

In the design of a miniature spindle for micro milling, we focus on the position-
ing performance of the rotor in the bearings. Therefore it is most straigbdfd
to use a position sensor in the miniature AMB spindle system. Various position
sensors for the application in AMB systems have been described by Beeain
[73]. He concluded that eddy current sensing principles are mosbkuftar AMB

121
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systems, mainly because of their high resolution, temperature stability, smadl pha
delay and high dc-stability.

This Chapter describes the evaluation of different sensor types fortomaia
AMB spindles, mainly for the selection of the position sensors for the sbaut r
spindle described in Chapter 6. Different sensor types are experigeatied on
the miniature AMB spindle described in Chapter 3.

7.2 Specifications

The resolution of the position sensor puts an upper limit to the final achievable
position accuracy of the system. For the miniature AMB spindle we have an err
budget of 1.5um (1 o) for the spindle position for micro milling. For micro EDM

we have an error budget of Oudn.

The bandwidth of the sensor determines up to which frequency an éegoa
sition measurement can be done. One of the goals ifltfee project, is the esti-
mation of cutting forces using the bearing signals. The cutting forces hpieaty
frequencies of twice the rotational speed, in case of a two flute end mill. With a
rotational speed of 150.000 rpm, the cutting force frequency is 5 KHzenEble
proper estimation of the cutting forces, a high quality sensor signal is eshuir

The phase delay, introduced by the sensor or the sensor electramtu#)ates
to the total phase delay in the plant. The phase delay in the sensor thudystrong
influences the achievable bandwidth of the system. From commercially available
sensors, the phase delay information is often not available, nor is informedimut
the sensor electronics and the internal filtering in the sensor.

During spin up, the rotor will have two different rotational axis, the geoicestr
axis at zero rpm and the inertial rotational axis at supercritical spd2aisng the
transition between these two rotational axis, the rotor amplitude is heavily excited
The sensor has to allow for, and accurately measure these rotor diaplatse

In a high speed rotor application, a minimal stand off between rotor andisens
tip is required to protect it in case of an emergency rotor touch down. Aelarg
amount of kinetic energy is stored in the AMB spindle at high rotational spded
case of an instability or other failure, the collision with the retainer bearingsris v
violent. To ensure the safety of the sensor tip, its stand off from the r@i®td
larger than the gap between the rotor and the retainer bearing. This g&mmsr0
for the miniature spindle described in Chapter 3.

Due to the limited size of the short rotor setup as described in Chapter 6, the
restrictions on size of the sensor tip are very severe. Chapter 6 dieborathe
importance of a reduced rotor length. Preferably, the sensor and tinet@care
co-located, as described in Chapter 3.
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The position sensors will have to observe a moving, in this case rotatingt.targ
An overview of the sensor specifications is given in Table 7.1

Table 7.1:sensor Specifications.

Bandwidth >5 kHz
Resolution <0.1 | um
Target velocity| > 250 | ms™t
Stand off >0.1 | mm
Range >0.2 | mm

7.3 Sensor Types

This Section describes four measurement techniques commonly usedsitopo
sensing in AMBs. The goal of this section is to make a theoretical comparison
between these sensor principles, and investigate their suitability in high Apé2d
systems, and especially the short rotor design. Two of the sensor tgpedhben
selected for an experimental investigation.

7.3.1 Inductive Sensors

An inductive sensor generally consists of a coil with a ferrite coreyoagran AC
current, working against a ferromagnetic target. The self-inductamzkthus the
impedance of the coil depends on the distance between the sensor angj¢he ta
The oscillating frequency is chosen such, that eddy current effetts itarget ma-
terial can be neglected, which is usually below 100 kHz. To avoid eddgcts; an
inductive measurement is preferably done on a non-conducting, or leeditaaget.
Due to their low bandwidth, inductive sensors will not be suitable for apjmican

the short rotor design.

7.3.2 Eddy Current Sensors

An eddy current sensor exists of two coils, usually air coils, of whichisecited
by an AC current and the other is a reference. In the case of eddyn¢sensors, the
oscillating frequency is high, up to 2 MHz. Eddy currents are induced irlée
trically conductive target material. These eddy currents reduce theaftukhence
the self inductance of the coil, which is thus a measure for the target dismace
Ideally, eddy current sensors operate on a non-magnetic targetyérowersions
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are available that operate on ferro magnetic targets. The bandwidthytedent
sensors is generally higher than that of inductive position sensors dhe touch
higher oscillating frequency. Eddy current sensors are used in mistB/ gpindles
for example by Larsonneur [43] and Betschon [44].

Eddy current sensors are sensitive to target material inhomogeneities &
eddy current sensor is used on a moving, or rotating ferromagnetic, tdmgsensor
output is affected by slight changes in the material properties, introdaciregror
as function of the rotation.

The best sensor performance with eddy current sensors is achitazdmea-
suring a non-ferromagnetic target. In case of a miniature spindle fodspmer
150.000 rpm, adding a non magnetic, for example aluminum, section to the shaft is
however not feasible due to the high centrifugal stresses.

Due to the high oscillator frequency, and the low flux density levels, no aterf
ence with the magnetic flux from the active magnetic bearings is expected.

The eddy current sensors have been applied in the miniature AMB spordle f
their small sensor tip, large stand off, relatively high resolution, and haidb
width. The performance of the eddy current sensors on a fast movipej ta&ill be
discussed in Section 7.4.

7.3.3 Optical Sensors

The rotor displacement can be measured in several ways using an epticahg
principle. In this section we consider two optical sensing principles, nanegly s
sors where the amount of blocked light is a measure for the rotor displateme
optical reflective sensors.

In the spindle manufactured by EAAT, described in Chapter 2, the spimdle p
sition is measured by the amount of light that is blocked by the spindle. This mea-
surement principle is known as the obscuration method, and is illustrated ireFigu
7.1. The obscuration method is often used in laboratory demonstratorgypéisf
sensors is however not a commercially available building block for AMB syste
and has to be designed for each specific application.

An alternative optical sensor is the optical reflective sensor, wheriatidwsity
of the reflected light is a measure for the rotor position. The working ptiacip
optical reflective sensors is illustrated in Figure 7.2. Optical reflectinems are
known to be sensitive to changes in target reflectivity. When a movingttarge
used, changes in reflectivity are visible in the sensor output. Furthermjotieal
reflective sensors are sensitive to the influence of surrounding light.

Alternatively, reflectance compensated optical reflective sensotsecased. In
the reflectance compensated sensors, two optical fiber bundles dre Aisatio
metric calculation between the two responses is performed in order to calihdate
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Figure 7.1: Obscuration Method, 4 segment diodes are used to measutiplsnIOFs as
well as velocities.
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Emitter Receiver Emitter Receiver

Figure 7.2: Measurement principle of the optical reflective sensor, rettibe intensity of
the reflected light is a measure for the distance to the target

target displacement. Figure 7.3 shows the typical responses of opfilesitive
sensors. Figure 7.3 shows how the non-compensated sensor cardlst the near
side and at the far side. The highest sensitivity is obtained when usifigetaace
non-compensated sensor on the near side. It also shows that this hgitivig
cannot be achieved with a reflectance compensated sensor.

Optical reflective sensors, reflectance compensated as well asaeflecepen-
dent, are available with sensor tip sizes down to 0.8 mm. The small tip diameter is
very well suited for the short rotor spindle setup described in Chapter 6.
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Figure 7.3: Typical response of an optical reflective sensor (left)wshg the near side
and far side of the response. The right illustration showesré&sponse of a re-
flectance compensated optical reflective sensor. Illustraaken from Philtec
[74].

7.3.4 Capacitive Sensors

A capacitor in its simplest form consists of two opposing conductive plaggs, s
arated by a dielectricum. The capacitance between these plates depemds amo
others on the distance between the two plates and the surface area oftése pla
In a capacitive sensor, the sensor head contains one plate of thétaq@ad the
measured target is the other. The change in capacitance, and thus icealistan
measured by applying an AC voltage or current to the sensor and mepsugin
impedance.

Generally, a capacitive measurement requires grounding of the meéaawre
get. For this reason, not many applications for capacitive measurementating
magnetic bearing systems in literature are found. However, severalolegies
are currently developed to enable capacitive measurements on nardgdotar-
gets. The application of capacitive sensing on a rotating AMB is describ@&jn
One way to avoid target grounding is capacitive grounding, or the usautiiple
capacitive probes on one target, operating 90 degrees out of phase.

The achievable resolution in capacitive sensors is very high comparee to th
alternative sensing principles discussed in this section. Sub nanometiertices
are possible with capacitive sensing. The achievable resolution depeitls sen-
sor tip size and the stand off to the rotor. For application in the short rotigmle
the tip size is limited to a few millimeter. In order to still achieve sub micrometer
resolution, the sensor stand off has to be in the order of several micnsrasteell.

In the short rotor design, we aim to integrate the position sensors in theé radia
bearing stators. As mentioned, the capacitance depends on the sueacd the
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capacitor plates. The combination of the two requirements a small sensor tip size
and a stand off of 100-200m are contradicting. It is only possible to increase the
sensor stand off with increasing plate size, maintaining resolution.

Capacitive sensors are however very well suited for moving targetsatbeaun-
affected by the surface quality or material inhomogeneities of the targeaciap
sensors are however considered not suitable for application in thersktmrsetup
due to the small sensor stand off when using a small sensor tip, and the neejot
for grounding of the target.

Taking into account the considerations above, eddy current seimgeesbeen
used in the miniature AMB spindle, as described in Chapter 3. For the sitort r
setup as described in Chapter 6, the size of the sensor tips has to bededea
further. Optical reflective sensors are available with sensor tip sizes 0.8 mm.

In the next section, the performance of eddy current sensors divdlaeflective
sensors is experimentally verified.

7.4 Experimental Results

The performance of optical reflective sensors and eddy curresbsein the high
speed AMB spindle has experimentally been investigated. Firstly, the in8usnc
the target surface quality has been investigated, as well as the improvehtkeat
sensor performance by applying a target coating. Secondly, the didentd the
optical reflective sensor around its measurement axis has been intektigmally,
the dynamic performance of the eddy current sensors and the opfleative sen-
sors are compared on a rotating target as well as on a non rotating target.

7.4.1 Rotor Surface Sensitivity

Optical reflective sensors are very sensitive for the reflectivity ofrikasured tar-
get. In this experiment, the sensor response to two different targacestris inves-
tigated. A polished target is observed, as well as a polished target eguyfh
a Diamond Like Carbon (DLC) coating. This coating has an optical finishisnd
applied to the rotor using vapour deposition. The DLC coating is applied to the
spindle where the backup bearings are located to reduce the frictidiczgfand
for its high hardness.

The spindle has been polished for optimal reflective properties, the Datihg
has been applied on this polished surface. The experiment has bekrctazhon a
commercially available drilling spindle, rotating at 400 Hz. The measurement has
been performed with optical reflective sensors, with reflectance caapen.
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Figure 7.4: Runout measurement with an optical reflective sensor on iahgal surface
without Diamond Like Carbon coating, and on a polished swfaith Dia-
mond Like Carbon coating.

Figure 7.4 shows the measured runout for the polished surface asviellthe
polished surface with DLC coating. The top graph in Figure 7.4 showsspikéhe
measured runout in the measurement on a surface without DLC coatiagyrajph
shows that the spikes are synchronous with the rotational angle. Thistieade
conclusion that these spikes are caused by small imperfections on theudture.
The bottom graph in Figure 7.4 shows the runout measurement of the same ro
with a DLC coating. By using a DLC coating on the rotor, the high spikes in the
runout measurement are eliminated. Tiny scratches in the rotor surfaedoban
filled by the vapor deposition of the DLC coating, and a regular surfaceeted.

A noise band of about 0.2 V still remains, with some synchronous elements.
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7.4.2 Optical Reflective Sensor Tip Orientation

This section describes the influence of the target surface quality assibi anflu-
ence of the fibre bundle alignment on the output of optical reflectiveosgend he
output of the sensor has been observed while measuring the distancergeta ta
moving perpendicular to the measurement direction. The target moves ifreoce d
tion, stops, and then moves back to its starting position. This experiment &éas be
performed with a reflectance dependent optical reflective senseglawas with a
reflectance compensated sensor. As described in the Section 7.3.3|ebamnee
compensated optical reflective sensor tip contains two fiber bundlese Dueadles
are rectangular and oriented side by side.

Three measurements have been done. The first with a reflectance wmzomp
sated optical reflective sensor. The second and third measuremeatsdevdone
with reflectance compensated sensors. In the second experiment thbewaouin-
dles have been oriented perpendicular to the target moving directionessiped
by the sensor manufacturer. In the third measurement, the fiber bunekebden
aligned with the target movement direction.
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Figure 7.5: Optical reflective sensor responses of a target moving gathal to the mea-
surement direction. From top to bottom, reflectance uncoisgted sesor, re-
flectance compensated sensor with fiber alignment orthdgmnzoving direc-
tion, reflectance compensated sensor with fiber alignmémbgonal to moving
direction.

Figure 7.5 shows three responses of the optical reflective sensors.tép to
bottom, the reflectance uncompensated sensor, the reflectance coiepasessor
with the bundles aligned perpendicular to the target moving direction, aneéthe r
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flectance compensated sensor with the bundles aligned parallel to thenargeg
direction.

The second plot in Figure 7.5 shows many peaks in the sensor respdrise.
is caused by the fact that an irregularity on the target surface, fongeaa scratch
is first only observed by one fiber bundle, deteriorating the ratio metricilegion
for the reflectance compensation. We can however see that the reflectanpen-
sation works well when the target is at standstill, the signal has the same$esatl
the starting position, contrary to the sensor without reflectance compensatite
first plot.

The third plot shows the response of the reflectance compensated s&tso
the bundles aligned parallel to the target moving direction. This respongss $éss
spikes, but the signal has a wider noise band than the second plot. flHxarce
compensation is not efficient in this configuration, this can be concluded atm-
paring the signal level during the stop with the initial and final signal levels.

7.5 Sensor Dynamics

This section describes the comparison of the dynamics of the eddy cpastion
sensors with optical reflective position sensors. The long rotor AMBegysas
described in Chapter 3 has been equipped both sensor types. Thé raiécdive
sensors are of the reflectance compensated type.

The plant frequency response function has been measured with thewdeint
sensors, as well as with the optical reflective sensors. The plant ireesconsists
of DA-converter, amplifier, actuator, position sensor, anti aliasing fited AD-
converter. Only the position sensor is changed in this experiment. Theeiney
response is shown in the Bode plot in Figure 7.6. Figure 7.6 shows thatither
a small gain difference between the two sensors, which is compensatiedtiier
controller. As could be expected from the sensor specifications, tbkities of
the optical reflective sensor is lower. This explains the higher noisedetet high
frequencies in the bode plot.

Figure 7.6 shows that the optical reflective sensors introduce more [digs
into the system than the eddy current position sensors. An additionad {#tpsf 2
degrees is measured at 400 Hz. Since there is no delay to be expectedptiche
path, this phase lag is presumably caused by the analog sensor electiomes
information is however not available from the manufacturer.
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Figure 7.6: Plant fregency responses with eddy current sensor and pttbab reflective
sensor (left), and the frequency response of the Opticaatdfe sensor over
the eddy current sensor (right).

7.5.1 Rotating Target

In this section, the eddy current sensors have been compared withtitted ogflec-
tive sensors when measuring a rotating target. For this measurementitonatid
optical sensor has been added to the eddy current sensors in theotongetup
as described in Chapter 3. The stabilizing, position control loop is closedheéth
eddy current sensors. The measurement principle is illustrated in Figure 7

The optical reflective sensor is oriented such, that the bundles aredlppr-
pendicular to the target moving direction, as shown in the middle plot in Figure 7.5
This introduces more noise into the signal, but improves the reflectance neaipe
tion.

In this experiment the spindle is excited at the rotational frequency by the mas
unbalance and the magnetic unbalance in the motor. This excitation occurs in the
measuring direction as well as in the orthogonal direction. Theoreticallyiethe
sponse to this excitation will increase until the rotational frequency equalsgial
modes where it is heavily excited, see Figure 3.22. Above this frequétggpin-
dle starts to rotate around its inertial axis and the response due to massngebala
decreases and becomes constant.

This measurement has been performed at nine rotational speeds bétewmen
1700 Hz. The results of four measurements are shown in Figure 7.8.

The first plot in Figure 7.8 shows the output of the two sensors at a raghtion
speed of 98 Hz. The two sensor outputs are equal at zero rotatie®d.sphere
is a small phase difference between the two sensor signals, causedidiv angs-
alignment between the sensor axes. In this experiment we are interestigdnde
of the rotational speed on the sensor responses.
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Figure 7.7: lllustration of the measurement setup for comparing theyexdrent sensors
with the optical reflective sensors. The control loop is etbsvith the eddy
current sensors.

Figure 7.8 shows that with increasing rotational speed, the optical reélecti
sensor signal starts to lag the eddy current signal. Furthermore a daiedde is
clearly visible. This is contrary to what can be expected from the fre;yuesponse
function in Figure 7.6, as it shows a small difference in amplitude aroundHz00
and a phase lag between the two sensors of 2 degrees.

At 500 Hz, the spindle rotates around its inertial axis, Figure 7.8 shows little
change in the signal magnitudes above this frequency, as expected.

For all rotational speeds, the FFT of each of the sensor signals is takemto
pare of the amplitude and the phase information of both sensor signalsmiitie a
tude difference between the two sensors increases up to 500 Hz, angdobes a
constant value. This is also visible in the time plots in Figure 7.8. The phase diffe
ence shows a similar behavior, it increases up to 500 Hz an then beconsanto
Thus the differences between the sensor responses arise wheintlie ggational
axis changes from geometrical to inertial, and then remain constant.

From these observations it is assumed that the optical sensor is not only mea
suring the spindle displacement along the sensor axis, but also in the amdiog
direction. The light is reflected away from the sensor tip due to the rowsdoie
the shaft, increasing the sensor output. Due to the unbalance excitatigpjridée
describes a cylindrical motion in the bearings. The displacement in y dirgbiisn
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Figure 7.8: Runout measurements at 4 different rotational speeds,eslitly current posi-
tion sensor as well as with optical reflective sensor.

lags the displacement in x direction with 90 degrees. This explains the pltase la
in the optical sensor. This hypothesis has been verified by applying ansthe
y direction while observing the x direction with the optical reflective sen$be
result indeed showed a strong coupling between the two directions.

The diameter of the measured rotor is 12 mm. In the short rotor setup describe
in Chapter 6, the rotor diameter is reduced to 8 mm. The negative influence of th
rotor roundness on the sensor performance will be larger.

7.6 Conclusions and Recommendations

This chapter aids in the position sensor choice for application in rotating AMB s
tems. Four contactless position sensor principles have theoretically bexaicm
for the use in the short rotor functional model presented in Chapteréscdimpared
sensors include inductive sensors, eddy-current sensors, lopfieative sensors,
and capacitive sensors.
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Two sensors have been selected for an experimental comparison irtiagrota
AMB application, the optical reflective sensors and the eddy currersoss. The
optical reflective sensors are very sensitive to reflectivity changekeorotor sur-
face. This sensitivity can be reduced by the application of a Diamond LikieodBa
(DLC) coating. Optical reflective sensors are available with reflectaongensa-
tion. However with the use of reflectance compensated sensors, resotutist.
The orientation of the reflectance compensated sensors is influencirentoe sut-
put, mounted in either orientation, they prove not to be suitable for movingtsarge

A frequency response measurement shows that the optical reflestisers in-
troduce more phase lag into the system than the eddy current positiomsserise
optical reflective position sensors are heavily influenced by the rassdaf the
target. The sensor output is strongly affected by a rotor displacemiugonal
to the measuring direction. The eddy current sensors perform well imithiature
spindle described in Chapter 3, however due to space limitations it cannsebtén
the short rotor setup described in Chapter 6. Furthermore optical gegrénciples
can potentially achieve a higher sensing bandwidth.

Research into the use of an optical sensor, using the obscuration mdtradd w
measures the amount of blocked light by the rotor is recommended. Thismeasu
ment principle is not sensitive to the quality of the target surface, doasteotere
with the magnetic bearings, allows for a large stand-off, and can be astyNore
research is required into the achievable sensor resolution. This typasdrs re-
quires a specific design for the use in each application.



Chapter 8

Conclusions and
Recommendations

The problem statement for this thesis was formulated as: Design, build agest inv
tigate Active Magnetic Bearings in a high speed micro milling center. The main
achievement of this thesis work is the design and realization of a fully furadtion
micro milling setup. This setup features a miniaturized Active Magnetic Bearing
spindle, with a maximum rotational speed of 150.000 rpm.

Figure 8.1: Micro milling setup with miniature AMB spindle.

A novel, patented, tool holder has been developed to connect the micro milling
tool to the AMB spindle. The workpiece is positioned using a fast, Loreritmor
driven xy-positioning stage. A fully functional model of a second, verynpact
AMB spindle is presented. The choice of position sensors for a magnetieailly

135



136 CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS

tated, compact, fast rotating spindle is not straightforward. Severaiqrosensing
principles have been compared, theoretically as well experimentally.

8.1 Conclusions

This section summarizes the conclusions from this research. First, wessligw
results from the design of the miniature AMB spindle. Next, the conclusions tha
can be drawn from the design of the novel toolholder and the integratite apin-

dle into the design of the micro milling setup are described. Finally, the conchision
from the investigation into the design of the functional model of a short spimidle

and the sensor selection for fast rotating AMB spindles are summarized.

8.1.1 Miniature AMB Spindle

A miniature Active Magnetic Bearing (AMB) spindle has been designed eald r
ized. A homo polar design of the reluctance actuators minimizes the rotating losse
in the bearings. Permanent magnets provide the bias flux in the radial deearin
The analytical derivation of the bearing forces has been describddjsed for the
dimensioning of the actuators. The flux densities in the bearings have beéen v
fied using Finite Element Modeling (FEM). The analytical model proves torbe a
adequate tool in the design of the hybrid reluctance actuators.

The rotor dynamic modeling of the spindle has been described. This model, in
combination with the analytical derivation of the bearing forces, has emahée
design of a stabilizing controller of the AMBs. The miniature AMB spindle has
been realized.

An open loop bandwidth in the order of 200 Hz has been realized. The static
error, without rotation, is below 30 nm (@&). The runout in the lower bearings,
at 125.000 rpm has a maximum of 74dn. This remaining runout is most likely
caused by the unroundness of the spindle shaft. This would mean thabitas n
actual rotor displacement, further research is needed to verify thismasisn.

The frequency response functions from the model have been cotnjmatiee
measured transfer functions. The model has proven to be adequtite éantroller
design for the AMB spindle. The design of a (Center of Gravity) COG dpizal
control scheme has been described. The miniature AMB spindle is able te rota
with speeds up to 150.000 rpm. This is the maximum design speed of the spindle,
and limited by the maximum outer diameter of the spindle.

Homo polar, hybrid reluctance actuators prove to be a suitable way afistdisp
ing a fast rotating spindle.
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8.1.2 Novel Toolholder

We have designed and realized a novel tool holder to connect a micro milbhgpto
the spindle shaft. Commercially available tool holders are not suitable for miaiatu
milling spindles due to their size, mass, introduced runout, and the loss of clgmpin
force at high rotational speeds. A tool holder design has been peesenwhich

the clamping force increases with increasing rotational speed. A FEM madel h
simulated the working principle of the toolholder.

-

Figure 8.2: Novel tool holder with micro mill. Photo courtesy of Philiprd@s / Leiden,
MicroMegazine.

The increase of clamping force has experimentally been verified by aggyin
static force simulating the centrifugal force. The clamping force increagbhgshe
applied forces as expected. The experiments have been reprodacithithe tool
holder showed no signs of wear or plastic deformation. The toolholdebéas
tested at rotational speeds up to 80.000 rpm, and has been able to dealewith th
cutting conditions in a preliminary micro milling experiment.

8.1.3 Micro Milling Setup

A functional micro milling setup has been realized. The micro milling setup has
enabled the testing of the miniature AMB spindle and the novel toolholderrunde
micro milling conditions. A fast xy-positioning stage for the workpiece hasibee
build based on a wire bonding stage. The stage is controlled using PlDbbersy
realizing an open loop 0-dB crossing of 200 Hz. The xy-stage is ablehiewacthe
acceleration and velocity required for micro milling at high rotational speeds.
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Figure 8.3: First milling result of the miniature machining center dwyimilling in brass
with a 0.2 mm end mill, at a rotational speed of 80.000 rpm.

A micro-milling experiment has been performed with the micro milling setup.
Full slot milling has been done at 80.000 rpm with a 0.2 mm end mill in brass. This
experiment has shown that the miniature AMB spindle is able to make a stable cut.

8.1.4 Functional Model of a Short Rotor Spindle

To perform micro milling with the macro milling equivalent cutting speed of 200
m-min—?! the rotational speed of micro milling spindles has to be increased even
further. A higher rotational speed also requires an increase of dexesonance
frequencies to not excite them with the milling process. The increase of rwhtio
speed requires a reduction of spindle diameter due to the increasing wgaitrif
stresses. To increase the flexural resonance frequencies, whil@imiaigp a small
spindle diameter, the spindle length has to be reduced. This results in a snkall, dis
shaped rotor. The rotor dynamic behavior of a short rotor suspendkdactive
magnetic bearings has been investigated.

Decentralized PID controllers, or COG decoupled PID controllers aralle
to stabilize a disk shaped rotor at high rotational speeds. This is caustut by
strong gyroscopic coupling in short rotors due to their large ratio betteepolar
moment of inertialg) and the transverse moments of inertigandly).

A controller is required that compensates for the gyroscopic effects o s
rotor. The design of a cross feedback path for a COG decoupled éiodler is
described. This cross feedback controller is successfully implemented iatana
AMB spindle. The cross-coupling between the two vertical planes hasredeaced
with 5 dB in the low frequency range. Limited by the low bandwidth of the tilt rate
measurement, and by the already low gyroscopic coupling in the miniature AMB
spindle.

A homopolar hybrid magnetic bearing concept to support a short digeesha
rotor in 5 DOF is presented, as well as the design of a fully functional model.
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8.1.5 Sensor Selection for AMB spindles

Several position sensing principles for fast rotating spindles are cehpideoret-
ically as well as experimentally. Capacitive, inductive, eddy current, ctital
sensing principles are theoretically compared. Capacitive sensorstasaitable
because of their need for target grounding and small stand off. tindsensors
have a low bandwidth an require a non-magnetic target. Eddy currersisrseand
optical reflective sensors are chosen for an experimental compaFissuency re-
sponse function measurements of the plant have shown no differena@miwigen
the eddy current sensors are compared to the optical reflectiverseand an ad-
ditional phase lag of 2 degrees for the optical reflective sensors.ettwoptical
reflective sensors are heavily influenced by the rotation of the shafbn#parison
of the time signals when measuring a rotating shaft have shown a strongnodlag
movement in the direction orthogonal to the measurement direction. This isccaus
by the roundness of the spindle shaft. The optical reflective sensdfiasctance
compensated and without reflectance compensation, are both highly\setwsie-
flectivity changes on the spindle shaft. A DLC coating reduces this satysitiv
scratches on the rotor surface.

8.2 Recommendations

This section describes the recommendations that can be done to improvdahe dif
ent aspects of the micro milling setup.

8.2.1 Miniature AMB Spindle

One of the main improvements that need to be made to the miniature AMB spin-
dle is the remaining runout on the sensor signal. The source of this risnoatst
likely the unroundness of the spindle shaft. This hypothesis needs to égtiinv
gated. More research needs to be done into the position sensing ofratédistg
shaft. The currently used eddy current sensors are highly infldemgehe rota-

tion of the spindle shaft. The custom design of optical position sensors ditizén
obscuration method is recommended.

8.2.2 Novel Tool Holder

A measurement setup needs to be designed and built to measure the ifcrease
clamping force in the proposed tool holder when rotating. This setup wi# i@av

be able run at high rotational speeds, and allow for mounting of the tookhold
Subsequently the holding torque needs to be measured at differentmatai@eds
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to check whether the clamping force indeed increases with increasing nalatio
speed.

8.2.3 Micro Milling Setup

To use the miniature milling setup described in Chapter 5 for multi process machin-
ing, the encoder resolution needs to be increased. The finishing pesgeSDM

and tECM require a higher positioning stability. With the current encoder, the
aimed 0.1um workpiece accuracy can not be achieved. TEOM and uECM
processes are performed at low rotational speed, and require dovepindle
runout. It has to be evaluated whether a spindle drive which is able te the/
spindle up to 150.000 rpm is also suitable for very accurate rotation at l@aw ro
tional speeds. High speed spindle drives have high flux densities in apaifor
maximum power. This results in a high radial stiffness and are therefositigse

to magnetic unbalance. Alternatively a similar miniature AMB spindle can be built
using a spindle drive with a lower power density. The low runout improvesrta-
chining conditions forEDM and uECM at low rotational speeds. Furthermore,
for on the machine toolmaking, the setup needs to be equipped with a WEDG (Wire
Electro Discharge Grinding) device.

8.2.4 Functional Model of a Short Rotor Spindle

To further increase the rotational speed, as well as the flexible spirstiearce
frequencies, the short rotor functional model described in Chaptas 6dhbe built.
Further research is required to investigate whether the proposedcggiosom-
pensation suffices with increased gyroscopic coupling in the shortspsbem. An
appropriate position sensor needs to be developed specifically for thilesp

8.2.5 Sensor Selection for AMB spindles

The most promising technology for the position measurement of fast rotau#its s
is the obscuration method. This type of sensors is potentially very fast, &fnot
fected by rotation, is not influenced by the magnetic field of the AMB systenwsllo
for a large stand off, and is fully contact less. This sensor needsveowebe de-
signed for each specific application. The use of a sensor which is ableasunee
the high frequency components is essential for the proper monitoring otittieg
process.
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Abstract

Design of a Micro Milling Setup with an Active Magnetic Bear-
ing Spindle

Maarten Kimman

Micro milling is the mechanical removal of material using cutting tools with a
sub-millimeter diameter. Present day, these tools are widely used in milling spin-
dles designed for machining with conventional tools. The fabrication téogyo
industry demands improvements in accuracy and throughput of the micro milling
process. These improvements are expected to be made by designing peels es
cially for micro machining processes. The use of active magnetic bearivd@)A
technology in these milling tools aids in the increase of accuracy and throtighp
In an AMB, a spindle shaft is actively suspended using electromagnetiefand
a feedback loop. Due to the active nature, position and current infonmixtm
the bearings can be used to monitor the process conditions. The spinflléssha
suspended entirely contactless. Therefore, the rotational speed iMBnisAnot
limited by mechanical friction, and the accuracy is no longer determined by the
manufacturing tolerances of the spindle parts.

To achieve a very high shape accuracy in combination with a high surtede g
ity, the micro milling process needs to be combined with other machining processes
such as micro electronic discharge machining, and micro electrochemicainmach
ing. The AMBSs can in these processes be used for arbitrary movemehts rafta-
tional axis and vibration-assisted machining. A micro machining setup is enetsion
which combines these processes, and which allows for on-machine tootrtakin
eliminate run-out effects in the final machining steps.

The goal of this research was to investigate the use of AMBs in a micro milling
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setup. A miniature milling spindle has been designed and realized. The metbatro
design approach aimed at active reduction of the low frequent disttebatue to

the work piece accelerations. The high frequent cutting force distodsatio not
result in tooltip position errors due to the rotor inertia. The rotor has begig ek

so, that its flexible resonance frequencies lie well above the targettopespeed

of the spindle, which is 150.000 rpm (2.5 kHz). When small diameter tools are
used, high rotational speeds are required to maintain productivity.

The spindle shaftis supported by two radial bearings and one axidhbedhe
radial bearings are permanent magnet-biased electromagnetic actddtorsopo-
lar bearing configuration should be applied in high speed AMB systems to minimize
the rotating losses. Only stator legs with equal polarity are facing the rotog e
circumference, reducing changing magnetic fields in the rotor. A positeuntbick
loop is used in which the displacement of the rotor in the bearings is measingd u
eddy-current sensors. The position sensors have been integraiedradial actu-
ators, resulting in a co-located sensor actuator configuration. Theisaquipped
with a disk, reluctance actuators on each side of this disk position the rotgiain a
direction. The miniature AMB spindle has achieved a maximum rotational sgeed o
150.000 rpm, limited by the strength of the rotor material.

The limited size of the miniature AMB spindle, and its high rotational speed
required the design of a novel tool holder. The tool holder forms theecion
between the fast rotating spindle shaft and the micro cutting tool. In conwahtio
toolholders, the clamping force is reduced by the centrifugal forcaglatrbtational
speeds. A small monolithic structure has been designed and manufactuctd w
utilizes the high centrifugal loads to increase the clamping force on the tdahan
spindle.

A micro milling setup has been designed and build including the AMB spindle
and an xy-stage used in a wire bonding machine (NXP ITEC). A serietabfes
cuts using the miniature AMB spindle has been performed in brass using a 0.2 mm
micro milling tool at a rotational speed of 80.000 rpm. Therewith, the possibility
of using small sized tools in combination with magnetic bearings for micro milling
has been shown. However, more research is needed to find the optintahimgc
conditions.

A novel spindle setup design has been presented in order to increagertie
rotational speeds as well as the flexible spindle resonance frequeBeizmuse the
outside diameter is limited by the high rotational speed, this results in a very short,
disk-shaped rotor. By decreasing the spindle length, the ratio betweepitine
dle’s inertia around the z-axis and the inertia around the xy-axes strimgéases.

This increase results in a large gyroscopic coupling in the spindle at higtoral
speeds. By designing a very short rotor, not only the flexible modeshéfted to
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higher frequencies, but also one rigid mode is avoided during spin up.large
gyroscopic coupling, however, causes instability when the spindle possticon-
trolled using SISO (Single Input Single Output) controllers, either dederda or
statically decoupled. An additional feedback loop has been designethfzersate

for this increased gyroscopic coupling. In this feedback loop, the tiltimtne
vertical plane is compensated by applying a torque in the other vertical psamg

a rotational speed dependent gain. This controller is referred to ass-igedback
controller, and has been implemented in the realized milling setup to investigate its
performance. The results show a reduction of the coupling between theotwo
troller planes.

The performance of the realized miniature AMB spindle is limited by the qual-
ity of the position measurement. The eddy-current sensors are setsithe un-
roundness of the spindle shaft. The functional model requires amuaistional
position measurement due to its limited dimensions. Several techniques for-the po
sition measurement of a fast rotating shaft have been compared. Thesgaaif
the spindle requires a sensor with a small sensing surface. Theré&®eajeraging
over the probe area is very limited, resulting in a high sensitivity for irregidar
on the rotor surface. Several sensing techniques have theoreticatiycbmpared.
Eddy-current and optical reflective sensors have been investigapstimentally.
Optical reflective sensors seem very applicable due to their small pialbetkr
(0.8 mm). The optical reflective sensors appear to be very sensitidisiolace-
ment orthogonal to the measurement direction, and for irregularities orotbe r
surface. From this investigation, it is concluded that the best method faurieg
the displacement of a fast rotating shaft is by the determination of the ambunt o
light blocked by the rotor. This contactless measurement method is insensitive
the quality of the rotor surface, displacements orthogonal to the measureineen
tion, target speed, magnetic targets, and rotor material. However, the geahe
such a sensor is application specific, and therefore needs to be akaighéuilt
for our application.

The realized micro milling setup with the miniature AMB milling spindle has
shown that AMBs can be used in combination with a relatively small rotor to per-
form micro milling in a stable manner. Furture work needs to be done on finding
the optimal process parameters, and improving of the position measurenikat of
rotor.
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Samenvatting

Ontwerp van een Opstelling voor Microfrezen met een Magne-
tisch Gelagerd Spindel.

Maarten Kimman

Frezen is het verspanend bewerken van materialen. Microfrezen iseehen
met een freesdiameter kleiner dan 1 mm. Momenteel worden de microfrezen ge
bruikt in machines die ontworpen zijn voor conventioneel frezen. Dedagein-
dustrie heeft behoefte aan een verbetering van het micro-freespnoet het oog
op productiviteit en nauwkeurigheid. De verwachting is dat deze teribgen
kunnen worden gemaakt door het ontwerp van machines speciadhtgepidet
micro-freesproces. Het gebruik van actieve magneetlagering kandejuiean het
verhogen van de nauwkeurigheid en de productiviteit. In een actief @stigger
wordt de as actief gepositioneerd door middel van elektromagnetiscbiet&naen
een regellus. Door gebruik te maken van de informatie over de prositieevas d
en de benodigde stromen, kunnen de condities van het frees pradesegeserd
worden. De as wordt volledig contactloos gepositioneerd, hierdoorésmigente-
lingssnelheid niet langer gelimiteerd door mechanische wrijving in de lageis, e
de nauwkeurigheid niet langer afhankelijk van de fabricagetolerantis limgers.

Om uiteindelijk zeer hoge nauwkeurigheden de bereiken met een hodie kwa
teit van het oppervlak, zal het microfreesproces gecombineerd meetelen met
andere processen zoals micro-vonkverspanen en micro-elektrocherhswerkin-
gen. Bij laatstgenoemde processen kan de magnetische lagering gelwtdkn
om het roterende gereedschap een willekeurige baan te laten besghofjeen vi-
braties te introduceren in het proces. Uiteindelijk is het doel een opstellieglie
seren waarin deze processen worden gecombineerd en waaridgéraepen voor
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de nabewerkingsstappen worden gemaakt in de machine zelf om reffexién de
minimaliseren.

Het doel van dit onderzoek was het onderzoeken van de toephslth&an
magnetische lagering in een micro-freesopstelling. Hiertoe is een miniatudespin
ontworpen en gerealiseerd met een actieve magnetische lagering. Bijdtettnoe
nisch ontwerp is gestreefd naar een actieve onderdrukking van siobt&n door
de beweging van het werkstuk. De hoogfrequente stoorkrachteptditeesproces
resulteren niet in positiefouten door de massatraagheid van de rotortdésrzo-
danig ontworpen dat de structurele resonantiefrequenties ruim beveradimum
omloop snelheid van 150.000 toeren per minuut, ofwel 2.5 kHz, liggen. Bege
snelheden zijn noodzakelijk om productief te blijven wanneer gereepgehanet
zeer kleine diameter worden gebruikt.

De rotor wordt gepositioneerd door twee radiaallagers en een axiaallzge-
diaallagers zijn reluctantie actuatoren, voorgespannen met behulp naamente
magneten. Om de verliezen in hoogtoerige magnetische lagers te bepidgn,
een homopolaire configuratie gebruikt te worden. Bij een dergelijke gunafiie
zijn alleen polen met dezelfde polariteit naar de rotor gericht om wisselaagae-
tische velden in de rotor te vermijden. De regellus maakt gebruik van positeter
koppeling, de verplaatsing van de rotor in de lagers wordt gemeten mapbetn
eddy-current sensoren. Deze sensoren zijn geintegreerd inidallagers, waar-
door een geco-loceerde sensor-actuatorconfiguratie ontstaat.tddésrgoorzien
van een schijf, reluctantie-actuatoren aan weerszijden van deze smditjbperen
de rotor in axiale richting. Het spindel heeft een maximale omloopsnelheid van
150.000 toeren per minuut behaald. Deze snelheid is beperkt doorrkiee stan
het rotormateriaal.

De beperkte afmetingen van het spindel, en de hoge omloopsnelhedgis; ve
ten het ontwerp van een nieuw type gereedschapshouder. De ggrapshouder
vormt de verbinding tussen de sneldraaiende rotor en de microfreemnhenti-
onele gereedschapshouders wordt de klemkracht gereducesrdedoentrifugale
krachten die optreden bij hoge toerentallen. Een kleine, monolithischewtruc
is ontworpen en gerealiseerd waarbij de klemkracht op de frees eotalejuist
toenemen ten gevolge van de centrifugale belasting.

Het spindel is geintegreerd in een daarvoor ontworpen micro-fretslipg.
Het werkstuk wordt in deze opstelling gepositioneerd met een xy-tafigleaiieven
door Lorentz-actuatoren. De xy-lagering en de Lorentz-actuatdpemfkomstig
uit wire bonding machine van NXP ITEC. Met deze opstelling zijn de eersterba
gefreesd met een frees met een diameter van 0.2 mm en een omwentelireggdsnelh
van 80.000 toeren per minuut. Hiermee is aangetoond dat het mogelijk is ael stab
te microfrezen met een klein actief magnetisch gelagerd spindel. Meerzoetter
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is echter nodig om de optimale bewerkingscondities te vinden.

Het ontwerp van een nieuw spindelconcept is gepresenteerd om devoeh-
wentelingssnelheden verder te verhogen als de structurele resomaut@fties.
Omdat de buitendiameter beperkt wordt door de hoge omwentelingssnetaeid
sulteert dit in een korte schijfvormige rotor. Door deze rotorvorm, is deowgding
tussen het traagheidsmoment om de z-as en de traagheidsmomenten oisde xy
sen sterk verhoogd. Deze hoge verhouding van de traagheidsmomesiiéirert
in een sterke gyroscopische koppeling op hoge toerentallen. Dooebatilg van
een korte schijfvormige rotor worden niet alleen de structurele resofraqtien-
ties verhoogd, een rigide mode wordt ook vermeden tijdens het opvearede
omwentelingssnelheid. Echter, de sterke gyroscopische koppelingokaroor in-
stabiliteit zorgen wanneer hiermee geen rekening wordt gehouden iegdtaar,
zoals bij het gebruik van SISO (Single Input Single Output) controlléidam niet
ontkoppeld naar het zwaartepunt. Een extra regellus is geintrodutieatd gyro-
scopische koppeling compenseert. In deze regellus wordt een karitetiagverti-
cale vlak van de rotor gecompenseerd met een koppel in het viak daaedbd op,
afhankelijk van een snelheidsafhankelijke versterking. Deze regetitdt wel een
kruisterugkoppeling genoemd, en is geimplementeerd en getest in de gerellis
freesopstelling. De reductie van de gyroscopische koppeling is hienmigten.

De prestaties van het gerealiseerde freesspindel worden gelimiteerdielo
kwaliteit van de positiemeting van de sneldraaiende rotor, de eddy-tsgesoren
blijken erg gevoelig voor de onrondheid van de rotor. Het gepreseigemtwerp
van een spindel met een schijfvormige rotor vereist een onconventipositeeme-
ting vanwege de geringe afmetingen. Verschillende meetmethoden zijn oolderz
voor het meten van de verplaatsing van een sneldraaiende as. Vagevegge spin-
deldimensies zijn sensoren met een klein sensoropperviak noodzakegjdobir
vindt echter weinig middeling plaats over het sensoroppervlak, resudteneeen
hoge gevoeligheid voor onregelmatigheden in het oppervlak. Versasgdneet-
methoden zijn theoretisch onderzocht. Eddy-current sensoren zigrimgnteel
vergeleken met optisch-reflectieve sensoren, die vanwege hun gegngorafme-
tingen (0.8 mm) zeer geschikt lijken. Echter, de optisch-reflectieve sambtijken
erg gevoelig voor verplaatsingen van de rotor loodrecht op de meetgaminoor
onregelmatigheden in het rotoropperviak. De meest geschikte methodé&eto
meten van de verplaatsing van een sneldraaiende as is een bepaling vag de
veelheid geblokkeerd licht. Deze contactloze meetmethode is ongevoeligdeor
kwaliteit van het rotoroppervlak, verplaatsingen loodrecht op de mhbgtr; de
snelheid van het oppervlak, magnetische invioeden, en materiaaleigppsch De
geometrie van een dergelijke sensor is afhankelijk van de toepassirg),damzom
specifiek voor deze toepassing ontwikkeld moeten worden.
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Met de gerealiseerde microfreesopstelling is aangetoond dat het mogedijk is
frezen met een klein magnetisch gelagerd spindel. Echter er dient werdienrzoek
gedaan te worden naar het vinden van de optimale procesparametezaremeh
verbeteren van de positiemeting van de sneldraaiende rotor.
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