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Abstract

The need for fast and accurate positioning devices is increasing in many

fields of technology, particularly in the field of manufacturing novel

advanced products emerging from micro- and nano-technology. In order

to reduce the mounting costs of such novel products and thus, to increase

their chance of a possible market success, the employed machines have to

work not only at high speed, but also with high precision.

Many concepts of high speed or high precision manipulators have been

proposed in the literature and have been realized in industry. However,

only a few of these concepts can actually serve to obtain high speed com¬

bined with high precision positioning. Even these concepts still have

some inherent limitations and unsolved technical problems.

A new design of a planar linear drive with three degrees of freedom is

introduced and its realization is detailed in this thesis. The design is based

on a novel concept, using ideas in the fields of actuator arrangement and

suspension. It consists of an arrangement of three identical modified mov¬

ing coils attached to the slide, which is supported by one planar air bear¬

ing and glides on a granite plate. It will be shown that this concept
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Abstract

eliminates many problems connected with other solutions, such as vary¬

ing natural frequencies caused by angular guides, and frictional effects.

The experimental setup occupies a workspace of approximately 60 mm x

60 mm, a sensor resolution of approximately 10 nm and accelerations up

to 30 ms~2, limited only by the employed power amplifiers. The perfor¬
mance has been verified in the whole workspace by carrying out several

translational tracking movements along sinusoidally shaped trajectories,

e.g. it allows movements of 30 mm within 94.8 ms, reaching an accéléra-

tion of 25.5 ms
. During the first tenth of a second the transient responses

show overshoots of approximately 200 nm. Afterwards, the responses

transform into decaying oscillations with a maximal amplitude of 650 nm

and a frequency of 11 Hz. Their amplitudes reduce to 200 nm after a set¬

tling time of 1 sec. These oscillations result from the flexible mounting of

the granite plate to a bench, which has been earned out by rubber ele¬

ments. For slower movements, the transient overshoots and the ampli¬
tudes of these decaying oscillations reduce to below 100 nm. The

stationary positioning noise is smaller than 60 nm peak-to-peak around a

stationary offset of approximately 25 nm.

Compared to other known industrial and academic solutions optimized
for fast and accurate positioning, the realized setup excels at a transient

behavior, which shows an at least four fold enhanced precision at similar

accelerations. This precision has the potential to be increased by a factor 4

without requiring essential modifications of the setup itself.
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Kurzfassung

Der Bedarf an schnellen und genauen Positioniermechanismen erhöht

sich in vielen technischen Bereichen, besonders in der Fertigung neuarti¬

ger Produkte, welche der Mikro- und Nanotechnik entstammen. Um die

Produktionskosten zu verringern und so die Wahrscheinlichkeit eines

Markterfolges zu erhöhen, müssen die eingesetzten Produktionsmaschi¬

nen nicht nur mit hoher Präzision, sondern auch mit grosser Geschwin¬

digkeit arbeiten.

Viele Konzepte für Hochgeschwindigkeits- und Präzisions-Mechanismen

sind in der Literatur vorgeschlagen oder in der Industrie verwirklicht wor¬

den. Jedoch ist es nur mit wenigen dieser Konzepte wirklich möglich,

grosse Geschwindigkeiten zusammen mit hoher Präzision zu erreichen.

Auch diese weisen jedoch immer noch Beschränkungen und ungelöste
technische Probleme auf, die die allgemeine Anwendbarkeit stark ein¬

schränken.

In dieser Dissertation wird ein neuartiges Design eines ebenen Linearmo¬

tors mit drei Freiheitsgraden vorgestellt und realisiert. Es basiert auf

einem Konzept, das auf einer neuartigen Antriebskonfiguration zusam¬

men mit einer kontaktlosen Lagerung basiert. Das Design besteht aus
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Kurzfassung

einer Anordnung dreier identischer Tauchspulen, die an einen Schlitten

montiert sind, der luftgelagert auf einer Granitplatte gleitet. Es wird

gezeigt, dass dieses Konzept viele Probleme beseitigt, die mit anderen

Lösungen verbunden sind, wie Reibungseffekte und durch Winkellager
verursachte veränderliche Eigenfrequenzen.

Der realisierte experimentelle Aufbau weist einen Arbeitsbereich von un¬

gefähr 60 x 60 mm", eine Sensorauflösung von 10 nm und eine Beschleu¬

nigungsfähigkeit von bis zu 30 ms"2 auf, die nur durch die verwendeten

Leistungsverstärker begrenzt ist. Die Leistungsfähigkeit wurde im ganzen

Arbeitsbereich mittels translatorischer Bewegungen entlang sinusförmi¬

ger Beschleunigungsprofile verifiziert. Das System erlaubt Bewegungen
über eine Distanz von 30 mm innerhalb von 94.8 ms und erreicht dabei

Beschleunigungen von 25.5 ms"". Das Einschwingverhalten dieser Bewe¬

gungen weist in der ersten Zehntelsekunde ein Überschwingen von 200

nm auf, welche in eine abklingende Schwingung mit einer Frequenz von

11 Hz und einer maximalen Amplitude von 650 nm übergeht. Nach einer

Sekunde hat sich die Amplitude der Schwingung bereits wieder auf 200

nm reduziert. Diese Schwingung rührt von der elastischen Lagerung der

Granitplatte her, die mittels Gummielementen realisiert wurde. Für lang¬
samere Bewegungen reduziert sich das Überschwingen und die maximale

Amplitude der abklingenden Schwingung auf unter 100 nm. Das statio¬

näre Positionsrauschen des Systems ist kleiner als 60 nm Spitze-Spitze
um einen stationären Offset von ungefähr 25 nm.

Verglichen mit anderen bekannten industriellen oder akademischen

Lösungen für schnelle und genaue Positionierung zeichnet sich das reali¬

sierte System durch ein Einschwingverhalten aus, welches eine um den

Faktor vier erhöhte Genauigkeit aufweist. Zudem bietet das System die

Möglichkeit die Genauigkeit nochmals um den Faktor 4 zu verbessern,

ohne dass wesentliche Änderungen am System notwendig wären.

vni



1 Introduction

Everything should be made as simple as possible, but not simpler.

Albert Einstein

1.1 Motivation

Automation is an ongoing process, which enables the cost effective mass

production of many products even in high wage countries, and therefore,

also enabling their possible market success. Examples are the automated

manufacturing processes in the automotive industry (e.g. car body weld¬

ing), in electronic consumer industry (e.g. assembly of telephones), in the

watch industry (e.g. assembly of the Swatch) and in the semiconductor

industry. However, the manufacturing of novel advanced products, emerg¬

ing from micro- and nano-technologies, requires novel manufacturing

technologies.

The specific fields of interest are the assembly and connection processes

used for the manufacturing of such novel advanced products with focus

on microelectronics and micro-electromechanical systems (MEMS). The
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Introduction

assembly and connection technologies are assigned to combine individual

components and subsystems into a function-oriented total system. The

employed manufacturing processes largely affect the reliability, size and

price of an appropriate product. In order to reduce the mounting costs and

therefore, to increase the chance of a possible market success, the

employed machines have to work not only with high speed, but also with

high precision, delivering a large throughput rate.

In the subsequent sections, the need for advances in assembly and con¬

nection technologies are discussed with focus on the field of microelec¬

tronics and micro-electromechanical systems (MEMS).

1.1.1 Microelectronics

The dynamics of the developments in semiconductor technology, which

will continue also in the next years, are characterized by the fact that

every ten years, device complexity increases by a factor of 100, while at

the same time an appropriate manufacturing plant becomes ten times

more expensive. The prices however, related to the bit or the circuit, fall

down to 1%. Still in 1971, the typical chip size was approximately 9 mm,

consisting of less than 4000 transistors while the feature size was approx¬

imately 10 jitm. By 1990, the leading edge chip size had increased to

approximately 100 mm", consisting of up to 6 millions transistors and the

chip had a feature size of approximately 0.8 /mi. The 1 Gbit-DRAM,

which is scheduled for the year 2001, will already measure approximately
500 mm2, consisting of approximately 1.2 billion transistors and having a

feature size of 0.18 jum. Thus, the future assembly and packaging technol¬

ogies are confronted with substantially larger and more complex chips,

requiring substantially more I/O pins [ VanZant97].

Currently, most dies are connected to the package leads by wire bonding.
However, TAB (tape automated bonding) and in particular the flip-chip
technology provide better electrical and thermal characteristics. There¬

fore, wire bonding has been declared suboptimal from a performance
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Motivation

point of view for years. However, the advantage of wire bonding is its

flexibility - wiring changes are easily accomplished without the need for

extensive tooling and material changes, by simply teaching a new "bond

program". This flexibility, together with steady improvements in wire

bonding and difficulties with the chip attachment in the flip-chip technol¬

ogy, has enabled wire bonding to remain the predominant methodology
for packaging. An example of a bonded chip is shown in Figure 1.1a and

an enlarged view of the connection of the bond wires with the bond pads
on the die is shown in Figure 1 .lb.

(a) Low Loop Wire Bonding (b) Bond Balls

Fig. 1.1: Wire Bonding (ESEC SA, Switzerland)

In recent years, the bond pad pitch has been reduced from 120 /mi down

to currently 70 /mi. But in order to meet future requirements the pitch will

be reduced down to 45 /mi by the year 2000 and even further a few years

later. Currently, most chips use inline pad pitches, but future chips will

also utilize staggered bond pad configurations, resulting in an additional

reduction of the effective bond wire pitch and in even less free space

between the individual wires.

Consequently, this leads to an increased precision requirement for the

next generation wire bonding machines. In order to keep the packaging
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Introduction

costs low, the bonding cost of one pin has to be reduced by factor 4 in the

next few years, which can only be achieved by faster machines with an

increased throughput [Reichl98].

1.1.2 Micro-Electromechanical Systems

Recent research in micro- and nanotechnology has delivered initial results

in the form of many prototypes of microsystems, e.g. micro-motors with

gears [GUCKEL92], micro-actuators [Benecke94], micro-optical systems

[MOTAMEDI97], micro-pumps [R.ICHTER92], micro-valves [LISEC94], and

micro-sensors [EATON97]. Many of these microsystems are based on sili¬

con technology emerging from microelectronics, others are based on

LIGA (Lithographie-Galvanik-Abformung) technology [BRUECK95],

FAB (Fast Atom Beam) etching [HATAKEYA95] or ultra precision cutting

technique [YAMAGATA96]. Many of these microsystems can be manufac¬

tured without the need of any assembly processes in automated, and

therefore, cost-effective batch processes. Good examples are the commer¬

cially available iMEMS® (integrated micro-electromechanical systems)

accelerometers from Analog Devices, which are based on surface micro-

machining. Because standard integrated circuit technologies are used, the

process can be incorporated well into the standard wafer fabrication pro¬

cesses. This allows the consistent and repeatable production of large

quantities of devices at low cost.

But microsystems, such as the micro-optical disk pickup [L1N96B1 (some

parts employed in this micro-optical system are shown in Figure 1.2a and

Figure 1.2b) or the microchemical analysis system [Menz97], which con¬

sist of a combination of several microparts, require one or more microas-

sembly processes. These assembly processes may require high precision,
which can be derived from the assembly requirements of a micromotor

[GUCKEL92], featuring a difference between the shaft diameter and rotor

hole of 0.5 /mi, and thus, a bearing clearance of 0.25 /mi.

4



State of the Art

(a) Micro Machined Fresnel Lens (b) Tunable Fabry-Perot Etalon

Fig. 1.2: Micro Machined Optics ([LIN96AJ and [LIN96C])

Presently, the assembly of such microsystems is mostly carried out by

manually-operated micrometer screw mechanisms and therefore, is

restricted to experiments only. However, in order for such microsystems

to succeed on the open market, their mass production has to become

affordable. Therefore, significant improvements in manufacturing tools

are required, in particular the assembly, connection and packaging

machines have to be automated, reach high precision and be fast, and

thus, they have to be optimized for high throughput.

1.2 State of the Art

Many concepts of high speed or high precision manipulators have been

proposed in literature or have been realized. The most significant ones of

these concepts are now discussed with respect to their suitability for the

design of mechanisms, which allow to reach both high speed and high

positioning precision. However, it will be demonstrated that only few of

these concepts can actually serve to obtain high speed in conjunction with
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high positioning precision. Nevertheless, these few ones still have some

inherent limitations and unsolved technical problems:

• Lead screws and ball screws are often used in high precision mecha¬

nisms that require a large workspace [OTSUKA97J. Because backlash

leads to chattering vibration and long positioning time, zero backlash

between the screw and the nut is required for precise positioning,
which results in large frictional forces. However, for fast movements a

certain degree of backlash is required, because frictional forces cause

noise, produce heat and increase wear. There are ways to solve these

inconsistent requirements for the backlash [SATO-K97]. On the other

hand, there are still mechanical design limitations, such as torsional

windup and large inertia, which limit the attainable speed and acceler¬

ation.

• Piezo electric actuators allow the achievement of fast and high preci¬
sion motions, but their range of motion is usually limited to a few

micrometers but can reach approximately one millimeter, depending
on the size of the device. However, this limitation of workspace can be

overcome by the inchworms or the impact drive principle [ZESCH95].
These devices allow the achievement of a high resolution over a large

working area, but only with very low speed (in the range of mm/s).
Their main fields of application are the manipulation of small objects
underneath microscopes (e.g. the manipulation of cells in medicine or

biology) and the near field microscopy.

• Fast parallel drives, similar to the Delta-Robot [Clavel88], have the

advantage that their motors are fixed and don't have to be moved. This

reduces the moved mass and allows the achievement of high accelera¬

tions. They use ball bearings for the joints, which have radial run-out

of several /mi. The inaccuracy accumulates with each joint of the

robot arranged in a chain-like structure. Other problems are the low

stiffness of these structures, the frictional forces in the joints and the

complex kinematics and dynamics. All these effects make it difficult

6
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to achieve high precision combined with large acceleration. This may

be improved when using direct visual feedback, however, the limit

cycles resulting from the frictional forces and the speed of image pro¬

cessing will still be limiting factors.

• Studying human arm motion shows that the upper arm, together with

the forearm, is used for coarse and low-bandwidth motions, whereas

the light weight fingers together with the light weight hand are

employed for fine and high-bandwidth motions, and to reduce the

overall errors. This biologically motivated principle suggest creating
mini/macro manipulators [Khatib91]. This idea has also been used in

[HODAC97] for a micro/macro manipulator design. The main advan¬

tage of this approach is that not all actuated joints have to deliver high

precision, because the overall error can be eliminated by the "micro"-

part. Nevertheless, still more research has to be carried out, particu¬

larly in the areas of control structures for optimal performance.

• Steel cables or steel belts as transmission elements allow the construc¬

tion of high performance manipulators [FÄSSLER901. Their main

advantage is that their motors are fixed and don't have to be moved,

leading to minimal inertia of all moving parts, and thus, allowing the

achievement of high accelerations. However, the attainable resolution

is limited due to their vibrational properties, the complex deflection of

cables/belts and frictional forces.

• Linear drives achieve high performance and good resolution, but their

configuration for multiple degrees of freedom is difficult to realize.

They are often arranged into parallel structures by the use of angular

guides [Okamura88|. The friction can be eliminated by air bearings,

leading to enhanced precision [MEISSER88J. Unfortunately, air bear¬

ings have the detrimental behavior that their stiffness varies in relation

to the applied load. Because the air bearings, which are employed in

the angular guide, are exposed to tensile and compressional stress, the

natural frequencies of the entire system vary in a nonlinear manner.

7
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These varying natural frequencies limit the attainable system dynam¬
ics because control theory still has problems in treating them without

the loss of bandwidth. Further disadvantages of these solutions are

their complex designs (e.g. 3 planar air bearings) and mass resulting
from the angular guides, which is to be moved.

• Planar Magnetic Levitators are a promising technique, but still much

research remains to be done. They also require a more complex sys¬

tem design, but they can offer more degrees of freedom.

The system described in [KIM97] and [Kim98 ] uses three capacitance

gap gauging systems to measure the vertical displacement and rota¬

tional angles around the X- and 7-axis. The X- and F-position, and the

rotational angle around the Z-axis are measured by means of three

laser interferometers. The usage of these laser interferometers, which

are quite expensive system components, leads to relatively high sys¬

tem costs. Furthermore, the goal of achieving nanometer resolution

while measuring the movements of the rotor (6 degrees of freedom;

workspace 50 mm x 50 mm x 0.5 mm) with laser interferometers

requires a measurement surface quality in the range of nanometers,

which is difficult to realize. Therefore, the effective precision of the

proposed sensor system is probably in the range of micrometers

instead of nanometers. Additionally, the results presented in [Kim98]

are based on movements along translational trajectories of 20 mm

with an acceleration of 10 ms"". However, the transient behavior of the

experiments is presented in a confusing manner, it shows only the

"fine settling behavior", which are the movements after a settling
time of 0.1 s, but the effective transient behavior is not shown on a

correct scale. Even at the beginning of the presented "fine settling
behavior", which is 0.1 s after the endpoint should be reached, it still

shows a decaying error of approximately 10 /mi and a decaying cross

coupling error of 0.5 /mi.

The setup described in [MOLENAAR98] is based on an interesting prin¬
ciple, but its performance is currently limited to accelerations of less

8
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than 2 ms
.
The usability of this principle still has to be verified for

higher accelerations, which are more than one order of magnitude

larger.

1.3 Objectives

The basic goal of the research presented in this thesis is the design, real¬

ization and control of a high performance planar manipulator for fast and

precise movements. The objective of such a manipulator is to cany out

highly precise positioning tasks at high speeds. In this sense, it produces a

degree of precision far beyond human motor capabilities, and thus,

achieves task performance, impossible for human beings.

In order to develop a successful solution, it is necessary to investigate the

following related issues:

• Mechanical configuration
A suitable configuration has to be found and realized, which allows

fast and precise planar movements. This includes the effective decou¬

pling of the system from floor motions, the arrangement of bearings
and the design of all mechanical parts. The design has to be carried

out taking special care of its natural frequencies. Low and, in particu¬
lar, varying natural frequencies have to be avoided, because they limit

the attainable system performance. The decoupling of the system

from floor motions introduces some unavoidable low natural frequen¬
cies. However, their values and corresponding damping coefficients

can be influenced by the mechanical design. Furthermore, frictional

forces have to be avoided, as they tend to lead to limit cycles.

• Actuator design
An actuator type has to be chosen, modified and optimized with

respect to its application for fast and precise movements. In order to

achieve high precision in conjunction with high accelerations, the

9
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actuators need to have a large electromechanical dynamic range

together with a high stiffness of their mechanical structure. It is also

preferable that they have a linear actuation characteristic with no hys¬
teresis effects, which increases the attainable system performance and

facilitates the controller design. Furthermore, the ratio of the produced
force in relation to the accelerated mass has to be maximized with

respect to the requirements mentioned earlier.

• Control System

In order to achieve a high performance system, several control struc¬

tures have to be investigated, regarding their attainable performance,
their required computing power and their transient behavior. The tran¬

sient behavior is an important condition while starting up the control¬

ler, due to limitations of the manipulated variables and due to

limitations of the workspace. The design and simulation of the con¬

troller requires an exact model of the system, which has to be derived

from the measurement of the frequency responses. An experimental

setup will be built, and the most promising control structures will be

implemented and tested in the experimental setup.

1.4 Thesis Outline

The design of a high performance manipulator, which allows the achieve¬

ment of high accelerations in conjunction with high precision, makes high
demands on the mechanical and electromagnetic properties of the mecha¬

nism. However, many known concepts for high speed or high precision

manipulators are not feasible to achieve both together. Therefore, a novel

concept is derived in Chapter 2, which has been realized in the research,

detailed in this thesis.

Chapter 3 is dedicated to the design of the employed voice coil actuators.

It starts with an explanation of their physical principle and continues with

the realized actuator configuration. The next two sections deal with the

10
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optimization of the actuators by electromagnetic and mechanical FEM

simulations. An electrical model is then derived, which is necessary to

evaluate an appropriate power amplifier.

The experimental setup is described in Chapter 4. First an overview of the

mechanical setup is given. The design of the air-bearing is discussed in

the next section, followed by a description of the employed sensor sys¬

tems. The chapter ends with a discussion about the control hardware.

The controller design is discussed in Chapter 5. It starts with an intensive

modeling of the plant, which is needed for good controller design. There¬

fore, two different models are derived in this section. Afterwards, a PD-

controller is discussed and its results are presented. The design and per¬

formance of a LgG-controller is detailed in the next section. The chapter
finishes with a comparison of these controller designs.

Chapter 6 summarizes the thesis and gives an outlook on future develop¬
ment potential.

11
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2 Concept and Basic Design

Principles

The realization of a high performance manipulator, capable of achieving

high acceleration in conjunction with a high precision positioning puts

high demands on its mechanical and electromagnetic properties. Many

concepts of high speed or high precision manipulators have been pro¬

posed in the literature or have been realized. However, it has been demon¬

strated in Section 1.2, that only few of these concepts can serve to obtain

high speed in conjunction with high precision positioning, and these still

have some inherent limitations or unsolved technical problems.

Therefore, this chapter discusses a novel concept for a planar manipulator,
on which the design detailed in this thesis is based. The first basic design
idea is in the field of actuator arrangement. An intelligent actuator

arrangement eliminates many problems, inherent to other design solu¬

tions, during the initial design phase, and enables the use of commercial

sensor systems. Subsequently, the problems associated with a traditional

arrangement of bearings are explained and a well known suspension tech¬

nique is suggested, which eliminates these problems and is well fitted for

the successful design of a fast and accurate manipulator.

13
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2.1 Actuator Arrangement

It has been demonstrated in Section 1.2, that rotational joints and angular

guides limit the attainable system performance. The reasons for these

statements can be summarized as follows:

• Rotational joints use ball bearings or rotational plain bearings, which

already have a radial run-out of several /ml Therefore, the inaccuracy
of a mechanism accumulates with each joint arranged in a chain-like

structure.

• The use of angular guides only makes sense if utilized in conjunction
with air bearings. Unfortunately, air bearings have the detrimental

behavior that their stiffness varies in relation to the applied load.

Because angular guides, and thus, also air bearings, are exposed to

tensile and compression stress, the natural frequencies of the complete

system vary in a nonlinear manner, which limits the attainable system

dynamics.

Therefore, a solution has to be found that does not require the use of any

rotational joints or angular guides. This implies the idea of deploying a

slide that can freely move in the plane and is actuated by some form of

contactless linear actuators. The fact that a planar object can be placed in

a plane with three degrees of freedom (the X- and 7-position, and the ori¬

entation are free) leads to the requirement of at least three actuators to

enable the controlled planar positioning of the slide.

There are many actuator arrangements possible that are usable for the pla¬
nar positioning of the slide. However, an important condition, which has

to be met in order to enable a successful implementation, is the availabil¬

ity of a usable sensor system, which can be used together with a specific
actuator arrangement. Due to the lack of a sensor system capable of mea¬

suring both the XT-position as well as the rotational orientation angle with

the demanded accuracy, a combination of two commercially available

two-coordinate measuring systems has been selected, as will be discussed
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in Section 4.3.1. Each of these sensor systems can measure a XT-Position

within a workspace of 68 mm x 68 mm with a resolution of 10 nm, and

each consists of a grid plate, having the outside dimension of 98 mm x 98

mm, and a sensor head, having two flexible cables connected. Because

two of these sensor systems are used, the rotational angle around the Z-

axis can be obtained from the two X7-positions and the distance between

the two sensor systems, resulting in a rotational resolution of approxi¬

mately 1 jLtrad.

a) Triangular Triple Actuator
Arrangement

b) Rectangular Triple Actuator

Arrangement

c) Rectangular Quadruple Actuator

Arrangement

Fig. 2.1: Possible Actuator Arrangements
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However, there are still many different actuator/sensor arrangements pos¬

sible. The most reasonable ones are shown in Figure 2.1.

In Figure 2.1a, the triangular triple actuator arrangement (the forces act in

a triangular sense) is shown. This arrangement could lead to a very com¬

pact system design. However, the employed sensor system consists of two

incremental two-coordinate grid plate encoders made by Heidenhain,

each requiring a square space of approximately 100 cm" for the mounting
of its grid plate, which is approximately 2.1 times larger than the usable

workspace. Because the two grid plates would have to be fitted into the

triangle, the size of the triangle would become relative large, and thus,

would lead to a heavy slide. Therefore, this arrangement is not pursued

any further.

The rectangular triple actuator arrangement (the forces act in a rectangu¬
lar sense), shown in Figure 2.1b, allows an optimal coverage of its rectan¬

gular area with the sensor grid plates, without wasting any area. This

leads to a relatively small, and thus, a lightweight slide. Furthermore, its

structure is application-oriented, because it allows the unhindered mount¬

ing of a tool on its free side, which is required for carrying out any assem¬

bly or mounting tasks.

The rectangular quadruple actuator arrangement, which is shown in Fig¬
ure 2.1c, is basically a more symmetrical version of the rectangular triple
actuator arrangement, but with redundancy in actuation. This redundancy
can easily be compensated by the controller design. The advantage of a

more symmetrical structure is an increased controllability and perfor¬
mance. However, the area of application for a mechanism based on this

configuration is strongly limited, because of the restricted possibilities of

mounting a tool.

Because of the promising advantages of rectangular actuator arrange¬

ments, their realization has been pursued in this thesis. However, only the

triple actuator configuration has been realized, because its structure is

more application-oriented and because the achieved performance is
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already quite impressive, as will be shown later in Chapter 5. The design

has been carried out in such a way that a fourth actuator, if needed, could

be added with minimum effort, leading to a quadruple actuator configura¬

tion.

The employment of modified voice-coil actuators, whose design, realiza¬

tion and advantages are explained in Chapter 3, allows the realization of a

direct drive configuration, in particular, the realization of a planar linear

direct drive with three degrees of freedom.

2.2 Suspension Technique

Another important issue that may limit the attainable performance of a

mechanism, is the friction [ÄSTRÖM98]. Friction appears in most mechan¬

ical systems and has a significant impact on the achievable performance.

Frictional forces are complicated nonlinear dynamical effects because

they are caused by a multitude of different physical mechanisms, and in

addition also may lead to time-varying dynamic behavior. Therefore, fric¬

tional forces can lead to a substantial deterioration in precision. Typical
frictional effects occurring in controlled mechanisms are steady state

errors and limit cycles. Their influences on the system's positioning preci¬
sion are difficult to eliminate or to compensate by the controller design.
There are mainly two promising techniques to reduce these influences,

one is acceleration feedback and the other is adaptive model based fric¬

tion compensation. Unfortunately, the influence of friction can not be

eliminated completely, but it can be reduced by an order of magnitude.

However, for devices that are fast and provide high positioning precision,
this is often not sufficient.

Therefore, frictional forces should be reduced substantially by the utiliza¬

tion of an advanced contactless suspension technique, such as those based

on air bearings, active magnetic bearings and electrostatic suspension.
Due to their simplicity, compactness and favorable characteristics, air
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bearings are selected for providing contactless suspension in the realized

setup.

Air bearings allow the design of contactless and frictionless mechanisms,

which is advantageous for high precision devices. The only effect similar

to friction derives from aerodynamic drag, but it can usually be neglected

except at high flow rates of the air or at large velocities. For applications,
as the one described in this thesis, aerodynamic drag can be completely

neglected because it can not be detected during operation. The use of air

bearings results in wear-free designs because of their contactless proper¬

ties. Therefore, no oil or any other lubricant is required. Thus, as long as

the provided air is clean, there is no danger of contamination, caused by
other mechanical bearings. For this reason, air bearings are applicable to

clean room applications. In special cases, the air can be replaced by any

other gas, which may be inert.

Unfortunately, air bearings have the drawback that their stiffness is a non¬

linear function of the applied load. Accordingly, varying loads result in

varying natural frequencies. These varying natural frequencies limit the

attainable system dynamics, because existing control methods still have

problems in treating them without loss of bandwidth. Therefore, the

design of the complete system has to be carried out with special care for

the loads of the air bearings - varying load forces have to be avoided as

much as possible. However, this problem is not present in the design
described in this thesis, because of its special actuator arrangement,

which does not require any angular guides that are exposed to varying
tensile and compressional stresses.

The thickness of the air cushion measures only a few /mi, depending on

the design aspects. Because of the required polished surfaces together
with this thin air cushion, air bearings are sensitive to dirt, oil and particu¬

larly to filings.
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2.3 Summary

In this chapter, a concept for a planar manipulator has been presented,

having basic design ideas in the fields of actuator arrangement and sus¬

pension. It has been shown, that this concept eliminates many problems

associated with other solutions. As such, this concept enables the realiza¬

tion of a high performance manipulator, which can achieve high precision

positioning in conjunction with high speed. This concept can be summa¬

rized as follows:

A mechanism is employed, which is based on a rectangular slide, actu¬

ated by three or four voice coil actuators, which are attached to the slide

without the use of any joints or angular guides. The slide is suspended

by a planar air bearing allowing contact free, frictionless actuation.

The realization of a planar manipulator based on this concept, will be

described in the following chapters.
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3 Actuator Design

Electromagnetic linear drives are known in DC and multiple phase con¬

figurations. Multiple phase devices can be built to a smaller size than the

equivalent DC devices. However, their design, manufacturing and control

is more complicated. DC linear drives, on the other hand, have a simple

construction and are easy to control. These two factors were decisive for

their choice.

Several DC linear actuator designs have been evaluated by electromag¬

netic FEM simulations and the two most promising designs have been

realized as laboratory prototypes. However, the most practical actuator

design yielding a good performance was found to be based on voice-coil

actuators and is detailed in this chapter. It consists of a merged arrange¬

ment of two commercially available stators/cores from ETEL together

with a novel developed coil, whose coil former is made of fiber reinforced

composites.

The coils are optimized by FEM simulations [ ANSYS95] to achieve maxi¬

mal actuation force and small mechanical deformation in conjunction

with minimal weight and large electromechanical dynamics. The mechan¬

ical deformation properties are obtained from mechanical simulations.
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The current-force relationship is obtained by electromagnetic simulations.

The electrical transfer function is measured and the eddy currents are esti¬

mated to assess the dynamics of the electromagnetic system, which is

essential for selecting the power amplifier and designing the controller.

The following sections focus on the basic principles of voice coil actua¬

tors, the actuator configuration, the electromagnetic and mechanical sim¬

ulations, the electrical modeling, and the realization.

3.1 Basics of Voice Coil Actuators

Voice coil actuators allow linear movements over a limited range of

motion. Originally, they are derived from radio loud speakers after which

they are named. Voice coil actuators are direct drive devices based on a

permanent magnet field and current-carrying coil windings, and produce
a force, which is directly proportional to the applied current (linear

force-current characteristic). Therefore, they are easy to understand, to

build, to apply and to control [Black93]LStupak891[Mclean881.

In the field of fast and precise positioning, the main advantage of voice

coil actuators is that only the light coil moves, whereas the heavy stator/

core is fixed. Thus, it is possible to obtain high accelerations with rela¬

tively little power. Another great advantage is that the actuation is posi¬
tion insensitive, resulting in a simpler system design. Thus, voice coil

actuators are widely used in high speed and accurate positioning control

actuators, such as magnetic disk drives and vibration isolation systems for

space applications, or in optomechanical devices, such as multiple mirror

telescopes and large binocular telescopes.
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Fig. 3.1: Force Acting on a Current-Carrying Conductor

Their electromechanical energy conversion process is based on the

Lorentz Force principle, which is illustrated in Figure 3.1. This law

expresses that if a current-carrying conductor is placed in a magnetic
field, a force will act upon it, which is proportional to the current and the

magnetic flux density. Based on the assumptions that the magnetic field

between the pole shoes is homogeneous and static, that no fringing exists

at the pole shoes, that no flux-leakage occurs, and that no field variations

are caused by the DC conductor current, this force can be calculated using
the following equation:

F = L-((xB) (3.1)

where:

F : Force vector

i : Current vector

B : Magnetic flux density vector

L : Conductor length in the magnetic field
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Fig. 3.2: Back Electromotive Force (back EMF) Generation

In the case that the conductor moves in a magnetic field, a voltage propor¬

tional to its velocity is induced across the conductor, which is illustrated

in Figure 3.2. This voltage is known as the induced voltage. Based on the

same assumptions made before and the additional assumption that the

flux density vector, velocity vector and orientation vector of the conductor

are orthogonal, the magnitude of the induced voltage can be calculated by

Ut = L-v-B (3.2)

where:

U : Induced voltage

v : Velocity of the conductor

B : Magnetic flux density

L : Conductor length in the magnetic field
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Fig. 3.3: Conventional Voice Coil Actuator Configuration

(1-Soft Iron Core; 2-Soft Iron Cylinder; 3-Permanent Magnet; 4-Coil)

In its simplest form shown in Figure 3.3, a linear voice coil actuator is a

tubular coil of wire placed within a radially orientated magnetic field. The

field is generated by a tubular permanent magnet with radial magnetiza¬
tion, which is mounted on the interior of a hollow soft iron cylinder. The

magnetic circuit is completed by an inner soft iron core positioned along
the centerline of the coil. This core and the permanent magnet are fixed to

the soft iron cylinder, jointly forming the shell of the actuator.

Applying a current through the coil windings generates an axial force

between the coil and the shell. This force also arises from the Lorentz

Force principle, as discussed before, and thus, with respect to the same

assumptions made before, this force and the induced voltage can be calcu¬

lated by

F = N-L-i-B (3.3)

U1 = N-L-v-B (3.4)
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where:

N : Number of coil windings

L : Length of one coil winding

3.2 Actuator Configuration

Fig. 3.4: Realized Voice-Coil Actuator Configuration

(1-Coils, 2-Permanent Magnets, 3-Cores/Stators)

The conventional voice-coil actuator configuration, as shown in Figure

3.3, has only a limited range of motion - it effectively allows only motions

along its centerline; movements in other directions are strongly restricted.

Therefore, this actuator design is not suitable for the realization of a pla¬

nar linear direct drive with three degrees of freedom, as discussed in Sec¬

tion 2.1. However, this limitation can be overcome by a modified design,
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which uses cuboid coil and core geometries instead of the cylindrical

ones. Furthermore, the sidewalls of the housing are removed. These mod¬

ifications allow a large translatory and rotational range of motion in the

horizontal plane. Such voice-coil configurations are well known and are

commercially available.

On the other hand, in order to achieve a more compact design, a closed

actuator configuration is preferable. The disadvantages of such a closed

configuration are the electromagnetic field displacement and weakening

at the coils when applying a coil current. This effect corresponds to the

armature reaction known for DC motors. This results in a reduced

force-current ratio and will be discussed in Section 3.3. This effect can be

reduced by the introduction of an air gap, which divides the core/stator

into two separate parts. In conclusion, the optimal design was found to

consist of a merged arrangement of two commercial stators/cores from

ETEL in combination with a newly developed former, which incorporates

two separate coils and is shown in Figure 3.4.

Detailed information about the practical realization of this actuator is

given in Section 3.6. However, since the design was an iterative process, it

is necessary to provide some information about the realization at this

point, in order to increase the understanding of the following sections:

• Each of the two coils consists of 101 windings arranged in 3 layers.
The FEM simulations, however, have been carried out for a prototype

configuration consisting of 116 windings.
• The maximum force is reached when applying a coil current of 8 A

3.3 Electromagnetic FEM Simulation

Magnetic saturation effects lead to a nonlinear characteristic of the

force-current transfer function. However, in order to facilitate the control¬

ler design, and thus, to increase the obtainable system performance, all

the nonlinearities resulting from saturation effects have to be avoided.
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Therefore, extensive electromagnetic FEM simulations have been con¬

ducted to ensure that the force-current relation remains linear in the

required operating area. Furthennore, the efficiency of the devices is also

optimized on basis of the simulations, allowing higher accelerations to be

reached while using the same power amplifiers. In addition, heating prob¬
lems related with the power dissipation are reduced. The employed FEM

simulation software is ANSYS 5.3.

The electromagnetic FEM simulations have been carried out using a two

dimensional modeling of the actuator. The usage of 2D FEM simulations

is applicable, because the magnetic flux density outside of the cores and

air gaps is relative small and, thus, the force produced by this stray field is

neglectable small compared to the force produced inside of the air gaps.

The expected error resulting from this reduced modeling is smaller than

the error resulting from the variance of the magnetic properties of the

employed magnets, which is approximately ± 5%.

Fig. 3.5: Two Dimensional Electromagnetic Simulation Model

(l-Cores/stators, 2-Permanent Magnets, 3-Coils)
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Applying a coil current causes a field displacement in the cores, which is

dependent on the clearance between the two cores/stators and the applied

current. This field displacement introduces a weakening of the magnetic

flux density through the coils. Because the resulting force produced by a

certain coil current is also a function of the magnetic flux through the

coils, it is also affected by the clearance. This effect corresponds to the

armature reaction known for DC motors and is pointed out by FEM simu¬

lations, which are carried out for different sizes of the clearance between

the two cores together with an applied coil current of 8 A. The resulting

magnetic flux densities are shown in Figure 3.6 while their corresponding

flux lines are shown in Figure 3.7.

These simulations illustrate the effects of the coil current on the electro¬

magnetic field in relation to the size of the clearance between the two

cores. In Figure 3.6a, which shows the magnetic flux density without a

clearance between the two cores, it can be observed that the flux density
at the coils on the left side is smaller than that on the right side. Further¬

more, it can be noticed that the flux density in the left core is larger than

in the right one. These effects are reduced in the configuration presented
in Figure 3.6b, showing the flux density for a clearance of 14 mm. They

are reduced even more in the configuration presented in Figure 3.6c,

showing the flux density for a clearance of 60 mm.

The effect of the reduced magnetic flux density at the coils can also be

observed in Figure 3.7, because the flux density corresponds with the

spacing between the flux lines. In Figure 3.7a, which shows the flux lines

with zero clearance between the two cores, it can be seen that the flux line

spacing at the coils on the left side is larger than the one at the coils on the

right side. This effect is reduced for the configuration presented in Figure

3.7b, showing the flux lines for a clearance of 14 mm, while they are

reduced even more in the configuration presented in Figure 3.7c, showing
the flux lines for a clearance of 60 mm.
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(a) Clearance of

0 mm

(b) Clearance of

14 mm

(c) Clearance of

60 mm

Fig. 3.6: Magnetic Flux Density in Tesla with Respect to the Size of the

Clearance between the Cores when applying a Coil-Current of 8 A
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(a) Clearance of

0 mm

(b) Clearance of

14 mm

(c) Clearance of

60 mm

Fig. 3.7: Flux Lines with Respect to the Size of the Clearance

between the Cores when applying a Coil-Current of 8 A
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Because the generated force of the actuator is proportional to the mag¬

netic flux going through the coils, this force of the actuator is also depen¬
dent on the size of the clearance between the two cores. The maximum

force-current propagation coefficient would be obtained for an infinitely
sized clearance between the two cores. However, an enlarged clearance

also leads to a bigger coil with more mass, which has to be accelerated.

An important limiting constraint for the size of the actuator results from

the bounded space available for its mounting, which is due to the geomet¬

rical properties of the slide, as will be seen in Chapter 4. As a conse¬

quence, a rough estimation of the optimal distance between the two cores

was found to be 14 mm, which is approximately twice the height of the

gap (including the height of the magnets, which have approximately the

same permittivity as air) in which the coil moves. The simulated resulting
force of 250 N at a coil current of 8 A is approximately 16% below the

simulated theoretical maximum, which would be obtained with an infi¬

nitely sized clearance between the two cores. The effect of a reduced

maximal force has also been pointed out by measurements for two differ¬

ent actuator configurations in [KUEMM96f

The dependency between the size of this clearance and the resulting force

is also evaluated by FEM simulations and shown in Figure 3.8 for a coil

current of 8 A.

As mentioned earlier, magnetic saturation phenomena result in a nonlin¬

ear characteristic of the force-current transfer function. Figure 3.9 illus¬

trates the nonlinearity caused by these phenomena for an air gap between

the two stators/cores of 0 mm and 14 mm, respectively. It can be seen that

the magnetic saturation has indeed a large influence for an air gap of 0

mm, whereas no influence can be seen in the case that the air gap is 14

mm, even for large coil currents.
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As demonstrated above, introducing an air gap causes a reduction of the

influence of the coil currents on the magnetic flux density in the gap and

cores. As a result, hysteresis effects are also reduced. Already at an air

gap separation of 14 mm, the coil currents only influence the magnetic
flux density in the gap and cores slightly, and, thus, allow hysteresis
effects to be neglected.

Based on these observations, the realized actuator design is configured
with a 14 mm clearance between the two cores, delivering a linear

force-current characteristic for a coil current range of 0 to 8 A.

It has to be noted that these simulations have been carried out for an actu¬

ator design incorporating 116 coil windings. The realized configuration,

however, uses only 101 coil windings, resulting from several minor

design modifications during the manufacturing. Therefore, in order to

obtain the correct driving force, the coil current has to be scaled corre¬

spondingly. In other words, the realized configuration delivers only a sim¬

ulated force of approximately 218 N at a coil current of 8 A instead of the

250 N obtained for the design with 116 coil windings.

In addition, it has to be noted that measurement shows that the realized

actuator design delivers a reduced force of approximately 178 N at a coil

current of 8 A, which is 18% below the simulated 218 N. This disparity
results from the inaccuracies present in the material parameters used in

the FEM simulation - the properties of the materials used for the construc¬

tion of the stators could only be estimated, because these stators are com¬

mercial products and their exact properties could not be obtained.

Obviously, the material properties could have been "tuned" in order to

obtain more accurate simulation results, but this tuning would not

increase the positioning performance of the realized system and would

have no consequences for the subsequent chapters.
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3.4 Mechanical FEM Simulation

Upon applying a coil current, a force acting on the coil itself is generated.

This force results in mechanical stress and deformation of the coil former.

Clearly, the mechanical stress should remain below admissible material

stress levels while the deformation should not violate geometrical con¬

straints. One important geometrical constraint is the height of the air gap

in which the coil moves. The coil and its former are not allowed to make

mechanical contact with the core/stator, even at maximum force. Further¬

more, high natural frequencies are desirable, because they ease the control

design and largely increase the attainable system performance. This

implies that the coil former is required to posses a high stiffness. Addi¬

tionally, minimal weight is required to enable large accelerations.

Fig. 3.10: Mechanical Simulation Model

For this reason, mechanical FEM Simulations are used to optimize the

mechanical design. This leads to a design in which the thickness of the

coil former is enhanced at the end plates, since these do not move in the
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air gap. The deployed FEM simulation software is the same as the one

used for the electromagnetic simulations in Section 3.3, which is ANSYS

5.3. The employed three dimensional model of the mechanical FEM sim¬

ulations is shown in Figure 3.10.

However, the use of composite technology, and in particular epoxy

resin-glass fabric-prepreg laminate, makes it difficult to achieve accurate

simulation results. In order to achieve accurate results, each fiber fabric

laminate layer would have to be modeled individually while taking into

account its fiber orientation. This would lead to an enormous modeling

problem since the bottom plate and the cover plate of the realized coil

former consist of approximately 20 fiber fabric layers each and the end

plates consist of approximately 35 layers each (refer to Section 3.6).
Another major problem is that the employed lamination technology

largely affects the achievable material properties. Moreover, the mechani¬

cal properties of the cured resin depend largely on the employed curing

process and temperature.

Therefore, the applied mechanical FEM simulations only provide an

approximation of the real mechanical behavior, however, they provide an

indication on the location of possible design problems of the coil former,

and how they can be solved. Nevertheless, each design has to be verified

and improved by evaluating prototypes, however, with the support of sim¬

ulations the number of design iterations is far less than when a pure trial

and error approach is chosen. It should be noted that the simulations

revealed the need for an enhanced thickness of the end plates.

Applying a load of 250 N results in the simulated deformation shown in

Figure 3.11.
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Fig. 3.11: Mechanical Deformation of the Coil Former

3.5 Electrical Model and Eddy Currents

For the design of the controller and for the evaluation of the power ampli¬

fier, it is essential to know the electromagnetic dynamics of the actuator

and the operating range over which a reasonable electromechanical

energy conversion takes place. Therefore, the locked impedance charac¬

teristic of the actuator is measured and an equivalent circuit model is

derived from these measurements. It should be noted that the electrical

excitation of the actuator produces not only a force, but also eddy currents

in the core/stator and even inside the wires. Eddy currents are mostly

unwanted losses, however, they could be used to implement a damping

effect. In the design described, the eddy currents are treated as unwanted

losses. The effect of eddy currents on the system increases with increas¬

ing excitation frequencies, leading to huge losses at high frequencies.

Thus, eddy currents constitute a major factor limiting the dynamics of
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electromagnetic devices. For this reason, an estimation of the eddy cur¬

rents is obtained from a closer examination of the locked electrical con¬

ductance characteristics.

The impedance characteristics of the moving coil actuator are obtained by

using a precision ECR meter with a bias current source. For the measure¬

ments the coil is fixed to its core/stator. The measurements are carried out

for several bias currents (0 A, 0.5 A, 1 A, 1.5 A, 2 A and 2.5 A) and are

shown in Figure 3.12. It can bee seen that the bias current has hardly any

influence on the impedance characteristic. Due to some mechanical

modes of the coil structure and the temporary attachment of the coil to the

core/stator, the electrical transfer function shows four slight resonances,

that is, two at approximately 120 Hz and two around 400 Hz. However,

these resonances have no impact on the electromagnetic properties of the

device and for this reason are left out in the following considerations.
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Fig. 3.12: Electrical Transfer Function
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The complex impedance of the actuator shows an ohmic behavior (phase
~ 0) for low frequencies, due to the resistance of the wires, an inductive

behavior (phase ~ tt/2) for frequencies up to 100 kHz, due to the coil

inductance, a resonance at 100 kHz, and a capacitive behavior (phase ~

-7t/2) for frequencies above 100 kHz, due to the capacitance formed

between the windings. On the basis of these observations, an equivalent
electrical circuit of the coil can be derived consisting of a resistor R, an

inductance L and a capacitor C as shown in Figure 3.13.

Fig. 3.13: Equivalent LCR Circuit

The impedance of this equivalent circuit is expressed by the following

equation:

R + i coL
/0 Cx

Z = ;—2 (3.5)

1 - ofLC +}ü)RC

where:

R = 4.8Q

L = 4.9mH

C = 0.36nF

The values for R, L and C are obtained by least square fitting the above

equation with the measured curve. Obviously, the equivalent circuit and

equation are only valid for the case that the coil is fixed to the core. Other¬

wise, a voltage source, representing the back electromotive force, would

have to be added. Furthermore, the equivalent circuit is only accurate for

39



Actuator Design

frequencies below 300 kHz. For higher frequencies, the capacitive effects

between the windings and the layers have to be treated separately and par¬

asitic inductances have to be added, leading to an equivalent circuit, con¬

sisting of several resistors, inductances and capacitors. In addition, the

influence of eddy currents would also have to be included.

Beside mechanical limitations, the usable bandwidth of the device is lim¬

ited by its electromagnetic properties. Because of the inherent capacitive
behavior of the actuator for frequencies greater than 100 kHz, any voltage
excitation with a frequency above 100 kHz produces almost only charge

exchange currents. Therefore, the electromagnetic bandwidth of the

device is limited to 100 kHz.

In the power range, required for the planar manipulator, switching power

amplifiers are mostly used because of their efficiency. However, the men¬

tioned capacitive behavior at high frequencies limits the switching fre¬

quency to 100 kHz. Switching frequencies above 100 kHz would lead to

large charge exchange currents, as mentioned before, with amplitudes
much larger than the desired coil current magnitude. This effect seriously

impedes the measurement requirements set for a good control of the coil

current.

Eddy currents are another main effect that can limit the dynamics of elec¬

tromagnetic actuators. At high frequencies they cause huge losses in the

core and even inside the wires. In the shown electrical transfer function

(Figure 3.12) dominating eddy currents below 500 kHz would be charac¬

terized by exhibiting a strong damping of the natural frequency at about

120 kHz. The weak damping reveals that eddy currents can be neglected
at least up to 500 kHz.

It is easier to make an assessment about the eddy currents by considering
a loss function, which was measured by using a sweep sine excitation

with an effective voltage of 1 V and which is shown in Figure 3.14. This

figure shows that the loss function decreases monotonically for frequen¬
cies up to 200 kHz. Eddy currents can be neglected at least up to 100 kHz,
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because dominating eddy currents would be represented by increasing
losses. The increasing loss for frequencies above 200 kHz results mainly
from the capacitance formed between the windings, which acts as a short

circuit at high frequencies, but part of it could already result from the

beginning influence of eddy currents.
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Fig. 3.14: Loss Function @ IV r.m.s.

3.6 Realization

The application of fiber reinforced composites is strongly increasing in

various industrial fields, such as aerospace and the automotive industry.
Fiber reinforced composites are materials, which consist of a combination

of long continuous fibers and a matrix of plastic materials, mostly

three-dimensionally cross-linked thermosetting resins. Compared with

metals the specific strength and stiffness with respect to the density of
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fiber reinforced composites are up to four times higher. Nowadays, the

most common materials for reinforcement are glass, carbon, and aramid

(aromatic amides) fibers. The fibers are oriented either in one direction or

in two or more directions as a woven or stitched fabric. The most widely

used, economical reinforcement in composites is E-glass. When high

strength and toughness are required, carbon and aramid fibers are pre¬

ferred materials [Stesalit].

Based on these considerations, the coil former is made of fiber reinforced

composites. Carbon fiber has been discarded due to its relatively good

conductivity, which could lead to eddy currents. The difficulties in pro¬

cessing aramid, which is difficult to cut, resulted in the selection of glass

fiber, which is more economical and easier to process. In order to simplify
the construction even further, epoxy resin-glass fabric-prepreg laminate is

used, which is easier to handle. Finally, a design is obtained, which has a

plate and coping consisting of approximately 20 fiber fabric layers each,

and end plates consisting of approximately 35 layers each.

Several experiments have been carried out in order to find the best method

to implement the coil windings. It has been tried to create the coil wind¬

ings during the lamination process of the coil former, by simply laminat¬

ing them into the former. However, this approach leads to an increased

difficulty in fabricating the coil. Furthermore, problems occur when

removing the finished coil former from the inner mould, as the former

tends to be damaged. In addition, it is almost impossible to create a coil

with well structured windings. The best results have been achieved by
first producing the coil former without any coil windings. In the next step
the grooves for the coils are milled. Afterwards, the coils are wound by

using a winding machine and glued to the coil former, delivering optimal
manufactured coils. This procedure simplifies and speeds up the lamina¬

tion process.

The attachment of the coil former to the slide was first tried by using alu¬

minum inlets, which were laminated into the coil former and mounted
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onto a connecting piece. However, an alternative solution was found,

which simplified the realization and also yielded higher natural frequen¬

cies. In this realization, one of the two end plates of the coil former was

milled to obtain a flat surface. Afterwards, the attachment was made by

using a linkage part, which covers almost the entire end plate and which is

mounted to the coil former by 9 screws.

One of the realized coil formers in conjunction with its linkage part is

shown m Figure 3.15.

Fig. 3.15: Realized Coil Former

The two coils of each coil former consist of 101 windings of copper wire

with a diameter of 0.84 mm each, which are arranged in 3 layers. The two

coils are electrically connected, either in parallel or in series, depending

on the characteristics of the employed power amplifier. In the actual real¬

ization they are connected in series.

One of the built actuators is shown in Figure 3.16. Its stators/cores are

commercially available from ETEL.
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Fig. 3.16: Realized Actuator

3.7 Summary

The design and realization of a high performance actuator, which is based

on voice coils, have been presented in this chapter. The design has been

optimized while taking special care to avoid nonlinearities, eddy currents

and hysteresis effects. Furthermore, the coil former was made of fiber

reinforced composites, more specifically, epoxy resin-glass fabric-prepreg

laminate, resulting in a structure with high stiffness and little weight.

The characteristics of the realized actuator design can be summarized as

follows:

• Capable of delivering a force of approx. 178 N at a coil current of 8 A

• Allows translational movements of up to 64 mm

• Lightweight coil (coil former and windings) of approximately 800 g

• First natural frequency at approximately 365 Hz

• Linear force-current relationship
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4 Experimental Setup and

Its Components

Following the actuator design, which has been detailed in the preceding

chapter, this chapter discusses the experimental setup. It shows how the

concept and basic design ideas, presented in Chapter 2, are implemented,

resulting in a high performance planar linear direct drive, with three

degrees of freedom.

At the beginning of this chapter the mechanical configuration of the labo¬

ratory prototype is presented in Section 4.1. It is shown how the voice coil

actuators, whose realization has been detailed in Chapter 3, are combined,

in order to realize a system which is based on the proposed actuator

arrangement outlined in Chapter 2. Subsequently, the structure of the

employed air bearing is shown and briefly discussed in Section 4.2. The

chapter continues with a description of the employed sensor systems and

uncovers important limitations, resulting from their utilization. Subse¬

quently, a description of the employed controller hardware is given in

Section 4.4. Afterwards, the entire experimental setup is briefly described

in Section 4.5.
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4.1 Mechanical Configuration

This section details the mechanical setup of a planar manipulator, the

underlying concept of which has previously been derived in Chapter 2.

This approach is based on a planar linear direct drive with three degrees
of freedom, supported by a planar air bearing. Two setups are presented,
which are based on the suggested rectangular triple and quadruple actua¬

tor arrangement, respectively.

These two arrangements require a special actuator design, which not only
allows movements in the actuated direction, but which also allows move¬

ments perpendicular to it. Therefore, a special actuator design has been

developed, the principle, realization and properties of which have been

detailed in Chapter 3. This design consists of an arrangement of two con¬

ventional voice coils. In the field of fast and precise positioning the main

advantage of voice coils is that only the lightweight coil moves, whereas

the heavy stator/core is fixed. Therefore, it is possible to achieve

extremely high accelerations with relatively small forces. Furthermore,

the advantages of a position insensitive actuation and a linear force-cur¬

rent characteristic ease the controller design.

These actuators are combined to implement the triple or the quadruple

planar linear direct drive arrangements, which have been discussed in

Section 2.1. The coils are attached to a slide, which is moving on top of a

granite plate, while the stators are fixed to this granite plate. The slide is

supported by a planar air bearing, as suggested in Section 2.2. The use of

an air bearing results in frictionless guidance, and thus, yields high preci¬
sion movements. The employed planar air bearing permits free move¬

ments in the XF-plane, whereas movements in Z-direction and rotations

around the X-/7-axis are prevented. A more detailed insight into the

design of this air bearing is given in Section 4.2.

The resulting triple actuator system configuration, which embodies all the

design aspects mentioned above, is shown in Figure 4.1. It consists of
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three identical moving coil actuators, which are attached to the moving

slide. The advantage of this configuration is that its structure is more

application-oriented as it allows the easy mounting of a tool at the free

side of its slide. The disadvantage of this configuration is its non-symmet¬

rical structure, the consequences of which have to be compensated by an

advanced controller design. Despite this disadvantage, the achievable per¬

formance is still rather impressive, as will be shown in Chapter 5.

Fig. 4.1: Triple Actuator System Configuration

In order to avoid torsional stress and to increase the degree of symmetry

of the structure, a fourth actuator can be added. This leads to the rectangu¬

lar quadruple actuator arrangement shown in Figure 4.2. Since four actua¬

tors are employed to control the three planar degrees of freedom of the

slide, this is a redundant system, however, this redundancy can easily be

compensated by the controller design. The advantage of this configuration
is the increased symmetry, leading to an increased controllability.

The cross-section of both configurations is shown in Figure 4.3.
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Fig. 4.2: Quadruple Actuator System Configuration

Fig. 4.3: Cross-Sectional View of the Entire System

(1-Cores/Stators, 2-Moving Coils, 3-Slide, 4-Air Bearing,
5-Granite Plate)
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Only the triple actuator configuration has been realized, because its struc¬

ture is more application-oriented. The design has been carried out in such

a way, that a fourth actuator, when needed, can be added with minimum

effort, leading to a quadruple actuator configuration.

4.2 Air Bearing

The most important factor limiting the attainable precision performance

of mechanisms is friction. Frictional forces have complicated non-linear

dynamic effects; they are caused by many different physical mechanisms.

Typical frictional effects of controlled mechanisms are steady state errors

and limit cycles. However, frictional forces can largely be avoided by the

use of air bearings. Unfortunately, air bearings exhibit the detrimental

behavior that their stiffness varies in relation to the applied load. Accord¬

ingly, varying loads result in varying natural frequencies and thus,

degrade the attainable system dynamics. The design described in this the¬

sis avoids this serious problem by using a special actuator arrangement

excluding angular guides, which would be exposed to varying tensile and

compressional stresses.

The planar air bearing is integrated into the slide, whose cross-sectional

view is shown in Figure 4.4. It consists of pressurized and evacuated

zones; evacuated zones are used to generate a defined preloaded force,

delivering high suspension stiffness in the Z-direction and about the rota¬

tional X-/F-axis.

The lower surface of the slide along with some details of the air bearing

design is shown in Figure 4.5.
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Fig. 4.4: Cross-Section of the Slide

(1-Air Gap, 2-Grid Plates, 3-Compressed Air, 4-Vacuum,

5-Sensor Heads, 6-Slide, 7-Granite Plate)

Fig. 4.5: Bottom View of the Slide

(1-Air Nozzles, 2-Vacuum Zones, 3-GridPlate,

4-Pressure Zones)
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The realization of the air bearing is based on an existing reliable design

from ESEC SA and was implemented with experienced help from this

company. In order to preserve the intellectual properties, no further infor¬

mation about this design can be given.

With respect to the general properties reference is made to Section 2.2.

4.3 Sensor System

The essential elements in any controlled system are its sensors. The sen¬

sors largely determine the attainable performance of the complete system.

Therefore, they have to be chosen carefully. In order to obtain high preci¬

sion and fast dynamics, the sensors need to posses high bandwidth com¬

bined with a high resolution and low noise.

The experimental setup employs two different sensor systems. Incremen¬

tal two-coordinate grid plate encoders manufactured by Heidenhain are

used as position sensors for the controller and are described in Section

4.3.1. Acceleration sensors from PCB Piezotronics are used to analyze the

system and to obtain the transfer functions necessary for the controller

design. Furthermore, they are used in the feed-forward path of the state-

space controller, as described in Section 5.3.

4.3.1 Position Sensors

Due to the unavailability of a sensor system delivering both the XF-posi-
tion and the rotational angle with the demanded accuracy, a combination

of two commercially available two-coordinate measuring systems is used.

These sensor systems are incremental, two-coordinate grid plate encoders

manufactured by Heidenhain. Due to their interferential measuring prin¬

ciple, no mechanical contact exists between the sensor head and the corre¬

sponding grating. The advantages of this two-coordinate measuring

system, compared to using two separate linear encoders, include reduc-
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tion of the Abbe error and the orthogonality errors. This results in an

overall more accurate measuring device.

Each of these measuring systems provides a pair of sinusoidal signals and

one reference mark output as output for each measurement direction. The

two sinusoidal signals of each pair have a 90 degree relative phase shift

and have a signal period of 4 fim. They are processed by digital interpola¬
tion electronics, resulting in a theoretical measurement resolution of

approximately 4 nm. However, because of both noise in the signal pro¬

cessing electronics of the sensor systems and manufacturing limitations of

the gratings, the effective resolution is reduced to 10 nm. Thus, each of

these sensor systems provides an accurate measurement of the XT-posi¬
tion with a resolution of approximately 10 nm, as suggested by Heiden¬

hain. The rotational angle around the Z-axis is obtained from these two

XF-positions and the distance between the two sensor systems, resulting
in a rotational measurement resolution of approximately 1 /xrad.

Due to their underlying physical principle, these sensors allow only a tiny
rotational displacement (about the Z-axis) between the sensor head and

the grid plate. The relation between the amplitudes of the sensor signals

(sinusoidal form) and the rotational displacement about the Z-axis is

shown in Figure 4.6.
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Fig. 4.6: Amplitude-Rotation Sensitivity

This amplitude-rotation relationship is quite similar to a sinc~-function.

Its generation can be explained by the Moiré effect between the grid plate
and the reference grid caused by the rotational displacement. Because of

the zeros in this function, the usability of these sensor systems is limited

to rotational displacements of less than ±1.5 mrad (±0.1°). This restricted

working range implicates that the set point of the rotational angle, used by
the control system, has to be kept to a constant value of 0°. Therefore the

controlled system allows only free positioning in the X- and F-directions

(2 degrees of freedom), whereas the controller has to deal with a system

having essentially three degrees of freedom.

The amplitude information is easily extracted from these 90° phase
shifted encoder signals (cos~(#)+siir~(i9)=l). Consequently, it will be used

on-line by the controller to trigger an emergency stop in case the slide

goes outside the allowed rotational range.
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4.3.2 Accelerometers

The accelerometers have been chosen specifically for their application,

which is not only for control purposes, but mainly for system analysis.

The employed modal analyzer SCADAS II [SCADAS91 ] used to obtain the

transfer functions, is optimized for piezoelectric sensors, which are the

state of the art sensors for modal testing. These devices rely on the piezo¬

electric effect, as their name indicates ("Piezo" is greek and means "to

squeeze"). If piezoelectric elements are strained by an external force, dis¬

placed electrical charge accumulates on the opposing surfaces. The mea¬

surement of these ensuing charge variations requires some specialized

electronics, more specifically, it requires a charge amplifier. However,

only dynamic events can be measured because of the limited insulation

properties of piezoelectric materials and the input resistance of the charge

amplifier. While step inputs will cause an initial output, this output signal

will slowly decay according to the piezoelectric material or associated

electronic's time constant. This time constant corresponds to a first-order

high-pass filter and is determined by the capacitance and resistance of the

device and signal conditioner. This high-pass filter determines the low

cut-off frequency and measuring limit of the device IPcb].

Piezoelectric sensors are rugged devices and feature excellent linearity

over a wide amplitude range. In fact, when coupled with properly

designed signal conditioners, piezoelectric sensors typically have a

dynamic amplitude range (maximum measurement range to noise ratio)

in the order of 100 dB.

The chosen accelerometers are instrumentational grade ICP® devices

from PCB Piezotronics with a bandwidth of 1 to 3000 Hz. The trademark

ICP® denotes sensors with built-in microelectronics, which can drive

sensor signals over long cables without any loss in signal quality. These

devices are based on a shear configuration of the piezo crystals, which

offers a well balanced blend of wide frequency range, low off axis sensi¬

tivity, low sensitivity to base strain, and low sensitivity to thermal inputs.
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Six of these accelerometers are embedded in the setup, three are

employed for measuring the movements of the granite plate while the

remaining three are used for measuring the movements of the slide. For

the purpose of the system analysis, their output signals are fed directly

into the modal analyzer. For the purpose of controlling the system, their

output signals are sent to an additional signal conditioner and afterwards

digitized for further usage by the controller.

4.4 Controller Hardware

The realization of a high performance system, as that described in this

thesis, places high demands on the mechanical configuration as well as on

the control system. Despite the simple appearance of the mechanical con¬

figuration, the requirement of high precision in conjunction with high

acceleration leads to a demanding control system. For this reason, a linear

state space controller 40th order is chosen, the treatment of which is

deferred to Section 5.3. The digital implementation of this state space

controller, which runs at a sampling frequency of 2500 Hz, already

requires a continuous computing power of approximately 10 MFlops for

implementing the controller itself. This excludes any overhead, resulting

from the real-time operating system, not optimally generated machine

instruction code, time required for converting the analog inputs, etc. As a

conclusion, the realization and control of the planar linear drive places

high demands on the employed controller hardware.

A schematic overview of the employed controller hardware is given in

Figure 4.7. The controller hardware consists of a processor module,

encoder interpolation/counter card, signal conditioner including A/D-con-

verters, D/A-converters, and power amplifiers. It is based on a VME bus

system, which is equipped with a MVME 2305 processor module. This

processor module employs a 300 MHz 604e PowerPC processor, deliver-
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ing a peak computing power of 540 MIPS, respectively more than 300

MFlops.

The software development has been earned out with XOberon as real¬

time cross development system, which is easy to use. However, its advan¬

tage of simplicity in use conflicts with the disadvantage of a poor optimiz¬

ing compiler, leading to a waste of valuable computing power, and with

the disadvantage of incompatibility with Matlab (Matlab offers the possi¬

bility of direct generation of C-code, which would speed up the controller

design process, if the generated code could be used on the target).

The sensor signals of the incremental two-coordinate grid plate encoders

are evaluated by the use of a special encoder interpolation and counter

card from Heidenhain, capable of performing a thousandfold position

interpolation and therefore, delivering a theoretical sensor resolution of

approximately 4 nm (effective resolution is 10 nm), as mentioned in Sec¬

tion 4.3.1. This interpolation and counter card allows the concurrent sam¬

pling of the position signals, supplied by all four encoders.

The sensor signals of the accelerometers are amplified by a signal condi¬

tioner, as mentioned in Section 4.3.2, and afterwards digitized by high

precision 16-bit analog/digital converters. The 16-bit resolution has been

chosen in order to avoid any problems associated with quantization noise.

Each sensor signal has assigned its own converter, allowing the concur¬

rent sampling of all channels without wasting valuable processing time,

which would happen, if multiplexed analog/digital converts would be

used instead.

The gating of the actuators is done by utilizing modified HiFi-ampiifiers,
which have been altered in order to allow the amplification of DC-signals
and to include a current control. They excel in delivering a highly linear

transfer function. Unfortunately, their output drive capability is limited to

4 A and 40 V. Therefore, they limit achievable accelerations to approxi¬

mately 30 ms
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Fig. 4.7: Control Hardware

4.5 Realized Experimental Setup

The realized experimental setup is shown in Figure 4.8. As can be seen, it

consists of an arrangement of three voice coil actuators, the development
of which was detailed in Chapter 3. These actuators are fixed to the slide,

which glides on top of a granite plate and is suspended by a planar air

bearing. The flexible tubes, required for the vacuum and compressed air,

and the wires, which are connected to the voice actuators, can also be seen

in this figure.
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Fig. 4.8: Triple Actuator Experimental Setup

In order to achieve optimal performance and to decouple the system from

the floor, it would be best to mount the granite plate on top of a large con¬

crete block, however, this solution is realizable for laboratory use only,
i.e. not for use in a production line. Therefore, the granite plate is

mounted onto a bench by rubber elements instead, which is more applica¬
tion orientated but with reduced vibration isolation capabilities. Unfortu¬

nately, this approach introduces some low natural frequencies of

approximately 11 Hz. The use of these rubber elements results in a dis¬

placement of the granite plate of more than 1 mm when applying a force

of approximately 200 N. Another disadvantage of these mountings is their

nonlinear damping, which makes it difficult to compensate the move¬

ments of the granite plate. Therefore, this decreases the overall perfor¬
mance of the complete system as will be seen in Chapter 5.
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It should be pointed out that due to the fact that the employed sensor sys¬

tem allows only small rotational displacements of less than ±1.5 mrad

(±0.1°), the set point of the rotational angle, used by the controller, has to

be kept at a constant value of 0°. As a result, the controlled system is lim¬

ited to free positioning in the X- and F-directions (2 degrees of freedom),

whereas the controller has to deal with the full 3 degrees of freedom.

4.6 Conclusions

In this chapter, the experimental setup of the planar manipulator has been

presented. This setup is based on the concept and basic design ideas that

have been discussed in Chapter 2. It consists of an arrangement of three

voice coil actuators, attached to a slide, which glides on a granite plate
and is supported by a planar air bearing. Therefore, this setup is well

suited for applications, that require high precision in conjunction with

high speed.
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The attainable system performance of the linear drive is largely influ¬

enced by the employed control system. Two types of discrete controllers

were realized in this thesis. The first one is an enhanced PD-controller,

which employs a decoupling part in order to linearize the system. The

second one is a state-space controller incorporating a Kaiman estimator.

The PD-controller is mainly used to compare the state-space controller

with, which delivers, as expected, an improved performance.

The design of a control system relies on the knowledge of the system. In

other words it demands a good analytical model of the system. Therefore,

Section 5.1 presents a detailed model of the plant. Subsequently, in Sec¬

tion 5.2 the design and implementation of the discrete P£>-controller is

described and the obtainable closed-loop system performance is shown.

In Section 5.3, the realization of the discrete state-space controller is

detailed and again the obtainable closed-loop system performance is pre¬

sented. This chapter ends with the conclusions, in which the performance
of both controllers is compared and some possible improvements are sug¬

gested.
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5.1 Plant Modeling

In order to achieve optimal system performance, it is necessary to have a

good analytical model of the plant. Three different ways to model the

realized system have been investigated in detail - the first two involve

parametric models while the third one involves a numerical model. In the

first model the slide and coils are modeled together as one rigid body,
which is moving relative to an inertial frame. This is described in Section

5.1.1. The parameters of this model can be estimated on-line on the basis

of an adaptation law. In the second model the slide and coils are modeled

as separate rigid bodies, which are connected by flexible joints, each con¬

sisting of a spring and a damper. This leads to a large nonlinear model,

making it difficult to identify the model parameters, and for this reason

this model was not investigated further. The third possibility is to approx¬

imate the system as a linear state-space model, which can be derived from

the measurement of its transfer functions. This model has several advan¬

tages and is detailed in Section 5.1.2.

5.1.1 Single Rigid-Body Model

The main advantage of the single rigid-body model is its simplicity,
which enables the implementation of an on-line parameter identification

algorithm in order to evaluate its parameters. However, due to its simplic¬
ity, no natural frequencies of the system are contained in this model,

which limits the attainable performance, if the controller design relies

only on this model. Instead, the single rigid-body model will be applied in

the feed forward path of the controllers to increase the obtainable system

performance, as will be shown in Section 5.2 and Section 5.3.

The slide and the coil formers are modeled together as one single rigid
body having a mass m and inertia / (center of mass: S, position: (xs, ys),
orientation: <ps). The granite plate is considered as an infinite mass and,

thus, is treated as the inertia! frame. The active force vectors (Fj, F2, F3),
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generated by the voice coil actuators, act on the rigid body and drive it rel¬

ative to the granite plate (inertial frame). Because the slide is supported by

a planar air bearing, no frictional effects need to be considered. A sche¬

matic representation of this model is given in Figure 5.1.

Fig. 5.1: Rigid-Body Model

The employed voice coil actuators excel due to their linear force-current

characteristics, facilitating the modeling and controller design. However,

variations in the magnetic properties of the magnets, which are incorpo¬
rated into the actuators, combined with the nonideal effects of the

employed power amplifiers and digital-to-analogue converters lead to dif¬

ferent stationary offsets and gains for each actuation channel. These have

to be included in the model in order to achieve higher positioning preci¬

sion. Now, by assuming infinite fast current control capabilities of the

power amplifiers, the absolute values of the forces, which are generated

by the voice coil actuators, can be expressed by the following equations:
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fry = k2- (u0 + o0) (5.2)

f3 = k3 (u3 + o3) (5.3)

where:

f\ ' fi ' h
* Absolute values of the generated forces [N]

u{, u2, u3 : Output voltages of the D/A converters [V]

<-?!, o2, 03 : Offset voltages of the D/A converters [VJ

k1, k2, k3 : Gain factors of the power-amplifiers [A/V")

Based on these equations, the corresponding force vectors are calculated

by:

Fi =

/lv

= /r

^2 =

h

2x

2y

= fl

F, -u

sm <ps

cos <ps

cos ^

sin <ps

sin #>v

cos ^

(5.4)

(5.5)

(5.6)

The Newton's equations and the Euler's equation of the single rigid body

model are given by the following three equations:

fix +flx +f3x = m Xs (5.7)
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fly +/2y +f3y = m * y
s

<5'8)

-frl s--ff>.±-Ul-f .1 *
= J.ç (5.9)

The allowable range of rotational motion is limited to ±0.1° (±0.0017

rad), due to the employed sensor system. Therefore, the following simpli¬
fications are applicable, with almost no loss of precision:

çs « 1 => cos <ps= 1, sin (ps = 0 (5.10)

After applying these simplifications to the Newton's equations (Eq. 5.7

and Eq. 5.8) and Euler's equation (Eq. 5.9), the resulting set of equations
can be easily solved to obtain the following dynamic equations:

-J ips + m (ys - Zv) •

xs + m
• (/, - xs) ys

u, = « o, (5.11)
2'kl'lx

U2 =
T

'

Xs~°2 (5.12)

J • q>s + m • ( v5 - /v) • x-m (xs + lx) ys

u = Li Hi H > L-i—Z-^L-o, (5.13)3
2 • iL I. 3

s

"3
'

'.v

Some of the parameters of this solution can be evaluated easily, while oth¬

ers, such as the inertia /, require more effort in determining them. Addi¬

tionally, the mass m and inertia J in particular, vary with almost every

modification of the experimental setup. Thus, an automatic identification

or an adaptive parameter estimation algorithm would be desirable.

There are many identification algorithms shown in the literature and

research continues in this area. The Dv/mAW-algorithm [BURDET97] was

found to be a practical choice for the implementation of an on-line param-
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eter identification method due to its recursive nature, which does not

require a large amount of computing power. However, this algorithm

requires that the dynamic equations (Eq. 5.11-Eq. 5.13) are transformed

into a single equation, which is linear in the parameter vector w, which is

going to be adaptively learned. In order to carry out the mentioned trans¬

formations, the solution (Eq. 5.11-Eq. 5.13) is first rewritten as follows:

f

«I = Wj
• <p + w0 •

(yiS,-/v)-A-v + (/T-jy)-^

v
2-/ -wn (5.14)

U2 = W5
* Jtv - Wj (5.15)

u

where:

J

f

3
= W3

"

<Ps + W4
'

(v, - /v) • *s-(xs + y • i)
V

2-1

m

wl =

2 *1 lx
w2

2 • k{

w3 =

J

W4 =

m

2 h ', 2 k3

w^ =

m

w6
_

°l

Wrj = °2 ws
_

°3

Wc (5.16)

These equations can now be expressed as a matrix equation, which is lin¬

ear in the parameter vector w, as required for a successful implementation
of the DynaNet-algorithm. This matrix equation can be expressed as fol¬

lows:

T = *P(q, q, q) w (5.17)
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where:

w

q

T =

xjj _

w1 w0 w3 w4 w^ w6 Wj w8_

1

T

x y 0
S -S TS

r -]T

Uy U2 U3

<Ps 0 0

(ys - Q xs-(xs -

2-1
X

-y y
s

0 0

0 0

(ys --9 Xr(xs + IJ .

ys
0 0

2-L

0 xs 0

_1 0 0

0 „1 0

0 0 „1

T

The above modifications have led to a notation of the dynamic equation,
which can be used directly to realize the adaptive learning algorithm. A

simple nonlinear adaptive controller has been implemented for obtaining
the parameter vector w. After successful learning the parameter vector w,

this parameter vector will be employed in conjunction with the single

rigid body model in the feed-forward path of the designed controllers,

which will lead to a better system performance.

However, it has to be mentioned that the influence of the elastic and

damped suspension modes of the granite plate itself has been neglected in
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the model. Furthermore, in order to learn the inertia, an excitation of the

system is necessary, which also involves the rotational angle. This angle,

however, has to be kept below ±0.1°. Because of this small range of sys¬

tem excitation, the estimation of the inertial term needs more time than

that of the other parameters. As a result, a good estimate of all the param¬

eters is obtained after a learning period of approximately 30 minutes.

5.1.2 Linear State-Space Model

In this section a continuous-time linear state-space description of the sys¬

tem will be derived. Therefore, the transfer functions between the control

variables (input voltages of the power amplifiers) and the resulting accel¬

erations (translatory and rotational) of the slide and granite plate are mea¬

sured. These measurements are obtained in the center of the workspace.
This results in the elimination of some position dependent terms and in a

linearization of the remaining position dependent terms around the center

of the workspace, which becomes the operating point of the system.

Afterwards, these measured transfer functions are approximated and lin¬

earized as linear transfer functions (consisting of a polynomial numerator

and denominator) in the frequency domain. Since the slide is positioned
relative to the granite plate, the reduced order linear transfer functions of

the granite plate are then subtracted from the appropriate transfer func¬

tions of the slide, in order to obtain the transfer functions of the slide rela¬

tive to the granite plate.

The resulting relative transfer functions are composed into a linear MIMO

(Multiple-Input-Multiple-Output) transfer function. Because of the state-

space controller realization, a model describing the position of the slide

relative to the granite plate is required, which can be obtained by perform¬

ing a double integration of the previous MIMO model. This serves as a

good model for the planar manipulator.

The main advantage of this model is that most of the important natural

frequencies of the system are included. Some of these natural frequencies
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are due to the elasticity of the suspension of the granite plate, while others

are due to the limited stiffness of the coils, slide and stators. The inclusion

of the natural frequencies into the model allows the subsequent controller,

designed on the basis of this model, to achieve an enhanced system per¬

formance.

The measurement of the open loop transfer functions is carried out with

the aid of the modal analyzer SCADAS II combined with the accelerome-

ter signals, which have been discussed in Section 4.3. Six accelerometers

are embedded in the setup: three are employed for measuring the move¬

ments of the granite plate while the other three are used for measuring the

corresponding movements of the slide. This leads to nine transfer func¬

tions for the granite plate and another nine for the slide. These transfer

functions are approximated as high order continuous-time linear transfer

functions in the frequency domain, which has been carried out by using
the Frequency Domain System Identification Toolbox of Matlab

.
Subse¬

quently, their insignificant poles and zeros are removed, resulting in

reduced order linear transfer function representations.

Examples of the measured and approximated acceleration-voltage trans¬

fer functions, describing the movements of the granite plate, are shown in

Figure 5.2 (translatory) and Figure 5.4 (rotational). The low frequency

poles and zeros at approximately 11 Hz and 30 Hz arise from the elastic¬

ity of the rubber elements, which are used to attach the granite plate to the

bench. The sources of the higher frequency poles and zeros (above 350

Hz) are difficult to identify, but they are probably caused by the stators

and the bench. The corresponding transfer functions describing the move¬

ment of the slide are shown in Figure 5.3 and Figure 5.5. The poles and

zeros at approximately 360 Hz result from structural oscillations in the

coils. The exact sources of the other poles and zeros are difficult to iden¬

tify. The design of a control system, however, does not require any knowl¬

edge of the source of a natural frequency.
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As mentioned earlier the reduced order linear transfer functions of the

granite plate are subtracted from the appropriate transfer function of the

slide, in order to obtain the linear transfer functions of the slide relative to

the granite plate, since the former is positioned relative to the latter. The

resulting relative acceleration-voltage transfer functions (GyM , Gy. ,...)

are then composed into a linear MIMO transfer function with three inputs

(the input voltages of the amplifiers u2, u2, uf) and three outputs (the
accelerations jc

,
v

, (ps) as expressed by:

P" = Gacc(s) U (5.18)

where:

P

Xs

y.s Gacc(s) =

fl rT K
Ljx"u{ Ux"u2 Ux"u}

s-< f~l (~1

Ljy"ul uy"u2 uy"u^

/-< S~1 s~<

U^ttx U(p"u1 Uç"u3<Ps

u

u

Ur

U-

The continuous-time linear relative position-voltage MIMO transfer func¬

tion can be obtained from the linear relative acceleration-voltage MIMO

transfer function (eq. 5.18), by performing a double integration, as shown

below:

p = G(s) • u (5.19)

where:

G(s) = — Gacc(s)
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The continuous-time linear position-voltage MIMO transfer function (Eq.

5.19) is transformed into a state space representation of order 39. The

resulting model is illustrated in Figure 5.6, which shows the resulting

approximated relationship between Uj (actuator 1) and the resulting Im¬

position.

_50 ..,,,,, , , _„__,--,-. , , ___,—

10 100 1000

n
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Frequency [Hz]

Fig. 5.6: Approximated Transfer Function Actuator I —> Position

of the Slide relative to the Granite Plate

It should be noted that the modeling of the low frequency poles and zeros

at approximately 11 Hz determines to a great extent the reachable preci¬
sion, even if their effect seems insignificant in the transfer function shown

in Figure 5.6. These pole-zero pairs arise from the elasticity of the rubber

mountings between the granite plate and the bench. These rubber ele¬

ments cause a displacement of the granite plate of more than 1 mm when

applying a force of approximately 200 N.
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5.1.3 Summary

In this section two models of the planar linear drive have been derived,

which are indispensable for the design of a high performance control sys¬

tem. The single rigid-body model is used in the feed-forward path of both

control systems (PD-controller, state-space controller). The state-space

model is used in the design of the state-space controller, layout of the

Kaiman filter, and the gain-matrix. In the following sections, the two con¬

trol systems are detailed.

5.2 PD-Controller

The first realized control system is based on a PD-controller. The main

advantage of PD-controllers is their simplicity in design and implementa¬

tion. However, their achievable performance is limited, particularly for

nonlinear and coupled systems. Often, this limitation can be reduced by

the introduction of linearization and decoupling components into the sys¬

tem.

This section details the design and implementation of an enhanced PD-

controller, having the capability to control the planar linear direct drive.

The closed-loop performance is presented by discussing various tracking

movements along sinusoidally shaped translatory trajectories.

5.2.1 Control Structure

PD-controllers require linearization and decoupling components to enable

the successful control of a nonlinear and coupled system. This is per¬

formed by the Decoupling block, which is based on the dynamic equa¬

tions of a single rigid-body model (Section 5.1.1).

Furthermore, the utilization of a Feed-Forward block, which incorporates
the dynamic equations of the single rigid-body model and the desired

acceleration of the slide (x ,, y,, (pd), allows a reduction of the deviation
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between the real and desired trajectories (especially for fast movements).

Thus, an improvement in the overall control performance is achieved.

The velocity of the slide has to be obtained by numerical differentiation,

since the employed sensor system delivers only its position. This is car¬

ried out by the Filter block, which will be discussed in Section 5.2.2.

The control structure of the complete enhanced PD-controller, shown in

Figure 5.7, was implemented as a discrete control system.

Xd, Yd/ <Pd

Xd, Yd, <Pd

xd, Yd/ <Pd

Feed

Forward

- / ~~N u,, ui; u,

Plant
x, y, (p

PD-Controller * Decoupling —

x, y,<p,x, y,(p

Filter

Fig. 5.7: PD-Controller with Feed-Forward Path

5.2.2 Filter

As mentioned earlier, the velocity is obtained by numerical differentiation

of the position of the slide. However, the differentiation of the position

signal also amplifies any noise (including the quantization noise). Fur¬

thermore, the structural natural frequencies of the coils and slide appear in

the position signals and, thus, also appear enlarged in the velocity signals.

These effects lead to an oscillation or even instability of the closed-loop

system for large values of P and D. These large values are necessary for a

good control performance, and thus, the mentioned effects strongly limit
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the attainable performance. Consequently, it is indispensable to limit the

bandwidth of the differentiation, in order to reduce the impact of these

effects.

Therefore, the velocities are obtained by using a first order high pass fil¬

ter, which calculates the derivative of the position with limited bandwidth.

This filter has a cut off frequency of 100 Hz. The transfer function of this

continuous time filter is shown in Figure 5.8.

0.1 1 10 100 1000

Frequency [Hz]

Fig. 5.8: Transfer Function ofthe Filter used for the Derivative

The continuous-time transfer function of this filter is expressed by:
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This continuous-time filter had to be transferred into the z-space (discrete-

time), because of the time quantization caused by its digital implementa¬
tion.

5.2.3 Trajectories

In general, the design of a controller can be optimized for smooth step-

responses with no overshoot, but with limited ability to follow trajecto¬

ries, or for fast transient behaviors with small steady state errors and

improved trajectory tracking. The latter is, however, accompanied by

large overshoots for excitations containing high frequencies (e.g. step

responses) and increased positioning noise.

The intended use of the system for wire-bonding or assembly/mounting
tasks, requires the ability to follow fast trajectories. Therefore, the con¬

troller design has to be optimized for fast transient behaviors, despite the

associated disadvantages. The excitation of overshoots can be reduced by

using trajectories, that are optimized for a low-frequency spectrum. How¬

ever, generating such trajectories displaying a time-optimal behavior,

requires an advanced path-planner. Therefore, only a simple, not specifi¬

cally time-optimal trajectory generation algorithm has been realized

instead. The trajectories are generated as sinusoids, which are filtered by

low-pass filters of second order with a cutoff frequency of 100 Hz, result¬

ing in low-frequency trajectories.

The discussion of the closed-loop system performance will be carried out

for five trajectories, which are generated by the above algorithm. The

main features of these trajectories are shown in Table 5.1.
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Tab. 5.1: Trajectory-Types

Trajectory-

Type
Distance Time

Max.

Acceleration

A 1 mm 28.3 ms 16.7 ms"2

B 5 mm 46.6 ms 22.8 ms"2

C 30 mm 94.8 ms 25.5 ms

D 30 mm 122 ms 13.0 ms""

E 30 mm 500 ms 0.77 ms"2

5.2.4 Performance

The performance of the system achieved with the PD-controller is illus¬

trated in Figure 5.9 to Figure 5.16, showing the responses for movements

along the sinusoidally shaped and low-pass filtered trajectories of Table

5.1, either in X- or in T-directions, and the steady-state behavior.

A 5 mm translational movement in the T-direction along the desired tra¬

jectory of type B is shown in Figure 5.9. During the first tenth of a second

the transient response shows an overshoot of approximately 1 jLtm which

later turns into a decaying oscillation with an initial amplitude of 2 pm

and a frequency of 11 Hz. Its amplitude reduces to 0.5 pm after a settling
time of 1 sec. This oscillation ensues from the flexible mounting of the

granite plate to the bench. This mounting, realized by rubber elements,

results in the natural frequency of 11 Hz. The magnified view of the tran¬

sient behavior, shown in Figure 5.10, indicates that, at the end-point of the

desired trajectory, the real trajectory lags 24 ms behind the desired trajec¬

tory.

Figure 5.11 shows a 30 mm translational movement in F-direction along
the desired trajectory of type C. The transient behavior shows a decaying
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oscillation with an initial amplitude of 6 fim and a frequency of 11 Hz. Its

amplitude reduces to 0.8 [im after a settling time of 1 sec. At the end-

point, the real trajectory lags 20 ms behind the desired trajectory.

In Figure 5.12 a movement is shown, which is representative for wire

bonding applications. It constitutes a 1 mm translational motion in In¬

direction along a sinusoidally shaped and low-pass filtered trajectory of

type A. During the first tenth of a second the resulting transient overshoot

is less than 350 nm, however, afterwards it transforms into a decaying
oscillation of 11 Hz with a starting amplitude of approximately 450 nm.

At the end-point, the real trajectory lags 27 ms behind the desired trajec¬

tory.

Motions with smaller acceleration are shown in Figure 5.13 and Figure
5.14. These figures show 30 mm translational motions in the Y- and X-

direction respectively, along trajectories of type D. Both movements show

quite similar behaviors. The transient overshoot shows a decaying oscilla¬

tion of 11 Hz with an initial amplitude of 3 /im. At the end-point, the real

trajectory lags 30 ms behind the desired trajectory.

A slow 30 mm translational motion in the Indirection along the trajectory
of type E is shown in Figure 5.15. No overshoot or decaying oscillation

can be observed, except for some positioning noise of less than 120 nm

peak to peak and a stationary offset of approximately 60 nm. The station¬

ary offset results from the stiffness of the flexible pipes, which provide
the vacuum and compressed air for the air-bearing. This can be eliminated

by the introduction of an integrator into the controller design.

Figure 5.16 shows the steady-state behavior of the system. It demon¬

strates a positioning noise of 55 nm peak-to-peak and a stationary offset

of approximately 5 nm. The stationary offset is different from the one

shown in Figure 5.15, because this plot was derived at a different position.
The positioning noise is smaller, because the transient effect had more

time to decay and also because of the different position.
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These plots show that the improved PD-controller is strongly limited in

its ability to follow fast trajectories (large lag) and to reject disturbances.

However, the PD-controller excels at offering a good steady-state behav¬

ior.

5.3 LQG Controller

In contrast to PD-controllers, linear state-space controllers are able to

control coupled systems (MIMO) without demanding the implementation
of any additional decoupling components. Furthermore, many algorithms
are known that facilitate the design of such controllers. The design
described in this section has been realized as a LßG-controller (Linear

Quadratic Gaussian), whose underlying design algorithms are well

described in the literature and which deliver good results. The design has

been carried out by using the Control System Toolbox for Matlab®.

It has to be mentioned that, generally, the obtainable performance of lin¬

ear state-space controllers is also limited by unmodelled nonlinearities.

However, due to the fact, that the nonlinearities are not predominantly

present in the dynamics of the linear drive, the reachable performance is

still high.

This section presents the design and implementation of such a state-space

controller. Similar to the discussion of the PD-controller, the achieved

closed-loop performance is evaluated on the basis of a closer examination

of several tracking movements along the sinusoidally shaped translatory

trajectories, which have been characterized in Section 5.2.3.

5.3.1 Control Structure

The state-space controller consists of a Kaiman estimator (Kaiman filter)
and a gain-matrix (state-feedback regulator). The design of the gain-
matrix was carried out as a discrete-time linear quadratic state-feedback
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regulator with output weighting. The required state-space observer was

designed as a Kaiman estimator.

The Feed-Forward block incorporates the dynamic equations of the single

rigid-body model and contributes to a reduction of the deviation between

the real and desired trajectories (especially for fast movements). As such,

it increases the overall performance of the control system. The Feed-For¬

ward block uses the desired acceleration of the slide (xd, yd, <p(]), set by
the trajectory generator, and the measured accelerations of the granite

plate (xg,yg, (pg).
The control structure of the complete state-space controller is shown in

Figure 5.17.

v y,* % -S

Xj, Yd, <Pd

x* yd» 9d

x'd, y'd/ <Pd

Feed-

Forward

u„ u2, u3

+

Plant
x, y,(p

Gain-Matrix

Kaiman

Estimator

Fig. 5.17: Linear State-Space Controller with Feed-Forward Path

The inaccuracy of the state-space representation caused by approximating
the nonlinear system as a linear state-space model, turns the controller

design into a play off between the transient and stationary behavior. The

more the transient behavior (lag and control accuracy) is weighted in the

design process, the further some of the closed-loop poles move towards

the right half plane in the pole-zero map, resulting in decreased robust¬

ness and in increased stationary positioning noise or even in instability. If
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the transient behavior is weighted less, the robustness increases, the sta¬

tionary positioning noise decreases, leading to an increased lag and a

larger stationary offset.

5.3.2 Performance

Similar to the presentation of the performance reached by the PD-control-

ler, the achieved performance of the system with the State-Space control¬

ler is illustrated in Figure 5.18 to Figure 5.26, showing the responses for

movements along the sinusoidally shaped and low-pass filtered transla¬

tory trajectories of Table 5.1 in the F-direction along with the steady-state
behavior.

A 5 mm translational movement in the F-direction along a desired trajec¬

tory of type B is shown in Figure 5.18. The resulting transient response

shows an overshoot of approximately 350 nm and turns into a decaying
oscillation with a starting amplitude of 280 nm and a frequency of 11 Hz.

Its amplitude is reduced to 200 nm after a settling time of 1 sec. As dis¬

cussed earlier this oscillation originates from the flexible mounting of the

granite plate. The magnified view of the transient behavior, depicted in

Figure 5.19, indicates that the measured trajectory and desired trajectory
are a close match, showing no detectable lag.

Figure 5.20 and Figure 5.21 show 30 mm translational motions in the In¬

direction along trajectories of type C. The difference between the two fig¬
ures is that Figure 5.20 shows a movement in the F-direction for X=0 mm,

whereas Figure 5.21 shows a movement in the F-direction for X=-25 mm.

In both cases, during the first tenth of a second the transient responses

show overshoots of approximately 200 nm. Afterwards, the responses

transform into decaying oscillations with a maximal amplitude of 650 nm

and a frequency of 11 Hz. Their amplitude reduces to 200 nm after a set¬

tling time of 1 sec. The measured and desired trajectories match very

well, showing no detectable lag. The corresponding cross coupling
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between movements along the X- and Faxes displayed in Figure 5.21, is

less than 1.5 /mi and is shown in Figure 5.22.

In Figure 5.23 a movement is shown, which is representative for wire

bonding applications. It is a I mm translational motion in the F-direction

along a trajectory of type A. The resulting transient response exhibits an

overshoot of approximately 220 nm, which also transforms into a decay¬

ing oscillation of 11 Hz, however, with a starting amplitude of approxi¬

mately 170 nm and a stationary offset of approximately 30 nm. As before,

the measured and desired trajectories match well.

A movement with less acceleration is shown in Figure 5.24. This figure
shows a 30 mm translational movement in the F-direction along a desired

trajectory of type D. The transient behavior shows a decaying oscillation

of 11 Hz with a maximal amplitude of 280 nm. Again, the measured and

desired trajectories match quite well.

A slow 30 mm translational motion in the F-direction on a sinusoidally

shaped and filtered trajectory of type E is shown in Figure 5.25. No over¬

shoot or decaying oscillation can be observed, except for the positioning
noise of less than 100 nm peak to peak and a stationary offset of approxi¬

mately 20 nm. As already mentioned, the stationary offset results from the

stiffness of the flexible pipes, which are needed to deliver vacuum and

compressed air required by the air-bearing. It could be eliminated by

introducing an integrating part into the controller design.

Figure 5.26 shows the steady-state behavior of the system, indicating a

positioning noise of 55 nm peak to peak and a stationary offset of approx¬

imately 25 nm. The stationary offset is different to that in Figure 5.25,

because this plot was derived at a different position. The positioning noise

is slightly smaller, because the transient effect had more time to decay and

also because of the different position.
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Fig. 5.25: Translatory Motion of30 mm in Y-Direction

along a Trajectory of Type E
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0.35

Fig. 5.26: Steady-State Behavior

All of these plots show, that the state-space controller excels at achieving
an improved performance compared with the PD-controller. Its main

advantage is the ability to follow fast trajectories almost without any lag
and to reject disturbances. Furthermore, it shows an improved steady-
state behavior.

5.4 Conclusions

In this chapter, the design and implementation of two discrete-time con¬

trol systems have been presented, namely a discrete PD-controller and a

discrete state-space controller combined with a discrete Kaiman estima¬

tor. Their designs are based on two models, the single rigid-body model

and the state-space model.

The performance of the PD-controller is strongly limited, in particular
when tracking trajectories possessing high dynamics (large lag) and being
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subjected by external disturbances (oscillation). In contrast, the state-

space controller delivers an enhanced performance; it excels at tracking

trajectories possessing high dynamics with nearly no time lag, and at

rejecting disturbances. The closed-loop performance of both controllers is

summarized in Table 5.2.

Tab. 5.2: Performance Comparison

(- denotes a small, undetectable difference)

Ph

i

o

o

'5?

PD Controller State-Space Controller

o
o
xi

>

o

Max.

Amplitude
of

Decaying
Oscillation bo

1

Ü

s

o
o

CO

>

o

Max.

Amplitude
of

Decaying
Oscillation 00

d

i

CD

A 450 nm 450 nm 27 ms 220 nm 170 nm < 1 ms

B 2 jLtm 2 /xm 24 ms 350 nm 280 nm < 1 ms

C 6 /un 6 /un 20 ms 650 nm 650 nm < l ms

D 3 jLtm 3 /un 30 ms 280 nm 280 nm < 1 ms

E - - < 1 ms _ - _

The performance of both controllers can be increased, if the Feed-For¬

ward block is modified to include the natural frequencies originating from

the flexible mounting of the granite plate. However, this would require a

new analytical model and a modified identification algorithm. However,

the time-lag of the PD-controller, constituting its main disadvantage,
remains unchanged.
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The performance achieved by the state-space controller could be

increased, if an intelligent switching scheme between different control¬

lers, which are optimized for different operating points and movements,

would be implemented. However, this would require a real-time develop¬
ment system, generating faster (more optimized) code and not being lim¬

ited to approximately 1600 constants in one software module.
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6 Conclusion

6.1 Summary

A new design of a planar linear drive with three degrees of freedom has

been introduced and realized in the described project. The design is based

on a novel concept using design ideas in the fields of actuator arrange¬

ment and suspension. It has been shown that this concept eliminates many

problems connected with other solutions, such as varying natural frequen¬

cies, due to angular guides, and frictional effects. Therefore, this concept

enables the realization of a high performance manipulator, which can

achieve high precision in conjunction with high speed. The realization of

a system, emerging from this concept, required the design and realization

of a high performance actuator. This design is based on voice coils and

has been optimized with special care in avoiding nonlinearities, eddy cur¬

rents and hysteresis effects. Furthermore, the coil former is made of fiber

reinforced composites, resulting in a structure with high stiffness and low

weight. The achievable performance of the system depends also on the

employed control system. This dependence has been illustrated by imple¬

menting two different discrete control systems, namely a PD-controller

and a state-space controller together with a Kaiman estimator. It has been
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shown, that the performance of the PD-controller is strongly limited,

especially for fast trajectories and disturbances. In contrast, the state-

space controller delivers an enhanced performance; it excels by its distur¬

bance rejection and its ability to follow fast trajectories almost without

any time lag.

The experimental setup occupies a workspace of approximately 60 x 60

mm2 and a sensor resolution of approximately 10 nm. Its performance has

been verified in the whole workspace by carrying out several translational

movements along sinusoidally shaped and low-pass filtered trajectories,

e.g. it allows movements of 30 mm within 94.8 ms, reaching an accelera¬

tion of 25.5 ms"2. During the first tenth of a second the transient responses

show overshoots of approximately 200 nm. Afterwards, the responses

transform into decaying oscillations with a maximal amplitude of 650 nm

and a frequency of 11 Hz. Their amplitudes reduce to 200 nm after a set¬

tling time of 1 sec. These oscillations result from the flexible mounting of

the granite plate to the bench, which uses rubber elements. Increasing the

weight of the granite plate can reduce the maximum amplitude of the

oscillation enormously. The cross coupling of these movements is less

than 1.5 jum. For slower movements and smaller strokes the transient

overshoots and the amplitude of the decaying oscillations reduce to below

100 nm. The stationary positioning noise is smaller than 60 nm peak to

peak around a stationary offset of approximately 25 nm. The stationary

performance could be increased, if the controller design would be opti¬
mized for slower movements and if a vibration isolation system would be

used instead of rubber elements in order to decouple the system from the

floor.

Compared to other known industrial and academic solutions optimized
for fast and accurate positioning ([KIM98], [MEISSER88], [OKAMURA88]
and [WAVRE98]), the realized setup excels at a transient behavior, which

shows an at least four fold enhanced precision at similar accelerations.

This precision has the potential to be increased further by more than a fac-
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tor 4 without requiring essential modifications of the setup itself. In the

literature setups are known that are more precise for slow movements due

to the use of more precise sensor systems and advanced vibration isola¬

tion systems.

6.2 Outlook

Despite the impressive performance, which has been achieved, there are

still many possibilities to enhance the positioning performance even fur¬

ther. Some of those possibilities are now summarized:

• A simple possibility for increasing the precision of the complete sys¬

tem would be to increase the weight of the granite plate (currently
-100 kg). This would reduce the frequency and the amplitude of the

decaying oscillation. A granite plate with a weight of 400 kg would

reduce the amplitude of the oscillation approximately by the factor

2.5. The frequency would also be reduced. Furthermore, it would also

improve the decoupling from the floor, which would lead to a better

stationary behavior.

• An increased stiffness of the slide and the coils would lead to higher
natural frequencies, and thus, would also lead to an enlarged perfor¬
mance of the complete system. This could be obtained by the use of

aramid fiber instead of glass fiber for the manufacturing of the coils,

and by a modified structure of the slide.

• The introduction of some damper windings (short circuited windings)
into the voice coil actuators would lead to a linear damping effect,

which would increase the controllability of the system, and thus,

would also increase its performance but with increased losses.

• The use of an advanced control algorithm, such as Hoo, could increase

the performance substantially. However, experiments have shown, that

a Ho^controller tends to exceed the rotational limitation of ±0.1° dur-
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ing its start up. This requires, that the control structure is split into a

gain matrix and an observer part, which can settle, before the com¬

plete iJo^controller is enabled. Unfortunately, this requires a modifi¬

cation of the {i-Analysis and Synthesis Toolbox of Matlab®, which

would require an in-depth analysis.

• Another possibility is an intelligent distribution of the windings over

all three coil formers in such a way that, at the operating point, the

control variables are independent of each other. This would facilitate

the controller design and increase the obtainable performance.

98



References

un» ii» a *

Publications

[Ansys95]

[ÄSTRÖM98]

[BENECKE94]

[BLACK93]

LBRUECK95]

[BURDET97J

ANSYS Workbook for Revision 5.2, ANSYS Inc., 201

Johnson Road, Houston, PA, USA, Sept. 1995.

Aström K. J., "Control of Systems with Friction", The

Fourth International Conference on Motion and Vibration

Control Movie'98, pp. 25-32, Zurich, Switzerland, 1998.

Benecke W., "Scaling Behaviour of Micro Actuators",

Fourth International Conference on New Actuators -

Actuator 94, pp. 19-24, Bremen, Germany, 1994.

Black B., Lopez M. and Morcos A., "Basics of Voice Coil

Actuators", PCIM, pp. 44-46, July 1993.

Brück R., Hahn K. and Stieneck J., "Technology Descrip¬

tion methods for LIGA Processes", Journal ofMicrome-
chanics and Microengineering, v 5(2): 196-198, 1995.

Bürdet E., Sprenger B. and Codourey A., "Experiments

in Nonlinear Adaptive Control", IEEE International Con-

99



References

ference on Robotics and Automation, Albuquerque, USA,

April 1997.

[CLAVEL88] Clavel R., "DELTA, a Fast Robot with Parallel Geome¬

try", Int. Symp. on Industrial Robots (ISIR), pp. 91-100,

1988.

[EATON97J Eaton W. P. and Smith J. H., "Micromachined Pressure

Sensors: Review and Recent Developments", SPIE Smart

Structures and Materials 1997 - Smart Electronics and

MEMS, pp. 30-41, San Diego, USA, 1997.

[FÄSSLER90] Fässler H., Beyer H. A. and Wen J., "Robot Ping Pong

Player. Optimized Mechanics, High Performance 3D

Vision, and Intelligent Sensor Control", Robotersysteme,
Vol. 6, No. 3, pp. 161-170, 1990.

[GUCKEL92] Guckel H., Christenson T and Skrobis K., "Metal Micro-

mechanisms Via Deep X-Ray Lithography, Electroplating
and Assembly", Third International Conference on New

Actuators - Actuator 92, pp. 9-12, Bremen, Germany,
1992.

[HATAKEYA95] Hatakeyama M., Ichiki K., Kobata T., Nakao M. and

Hatamura Y, "Fast atom beam (FAB) processing with

separated masks", IEICE Trans, on Electronics, vol.

E78C, no. 2, pp. 174-179, 1995.

[HODAC971 Hodac A., Zesch W., Siegwart R., Henein S., Bottinelli S.

and Clavel R., "Design and Control of a Fast and Precise

Macro/Micro-Manipulator", International Conferenc on

Micromechatronics for Information and Precision Equip¬
ment MIPE'97, Tokyo, Japan, pp. 231-237, 1997.

[KHAT1B911 Khatib O. and Roth B., "New Robot Mechanisms foi-

New Robot Capabilities", IEEE/RSJ International Work-

100



[KIM97]

[KIM98]

[KUEMM96]

[LIN96A]

[LIN96B]

[L1N96C]

[LISEC94]

shop on Intelligent Robots and Systems IROS'91, Osaka,

Japan, pp. 44-49, 1991.

Kim W. and Trumper D., "Active Multivariable Optimal
Control of a Planar Magnetic Levitator", IEEE Interna¬

tional Conference on Control Applications, Hartford,

USA, pp. 97-102, 1997.

Kim W. and Tramper D., "High-Precision Magnetic Lév¬

itation Stage for Photolithography", Precision Engineer¬

ing, vol. 22, no. 2, pp. 66-77, 1998.

Kümmerle M. and Schaad M., "Konstruktion und Bau

von Lorentzkraftaktuatoren", Student Project Report,

ETH-Zurich, Institue of Robotics, 1996.

Lin L. Y, Lee S. S., Pister K. S. J. and Wu M. C„ "Micro-

Machined Three-Dimensional Micro-Optics for Inte¬

grated Free-Space Optical System", IEEE Photonics

Technology Letters, vol. 6, no 12, pp. 155-157, 1994.

Lin L. Y, Shen J. L., Lee S. S. and Wu M. C, "Realiza¬

tion of novel monolitic free-space optical disk pickup
heads by surface micromachining", Optics Letters, vol.

21, no 2, pp. 155-157,1996.

Lin L. Y, Shen J. L., Lee S. S., Wu M. C. and Sergent A.

M., "Tunable Three-Dimensional Solid Fabry-Perot Etal¬

ons Fabricated by Surface-Micromachining", IEEE Pho¬

tonics Technology Letters, vol. 8, no 1, pp. 101-103,

1996.

Lisec T., Hoerschelmann S., Quenzer H.J. and Wagner

B., "A Fast Switching Silicon Valve for Pneumatic Con¬

trol Systems", Fourth International Conference on New

Actuators - Actuator 94, pp. 30-33, Bremen, Germany,
1994.

101



References

[Mclean88] McLean G. W., "Review of Recent Progress in Linear

Motors", IEE Proceedings Part B v 135, pp. 380-416,

1988

[MEISSER88] Meisser C, Eggenschwiler H. and Nehls W., "Einrich¬

tung zur Durchführung der Zustellbewegung eines Arbe¬

itsorgans zu einer Arbeitsstation", European Patent

Application No. 0317787B1, ESEC SA, 1988.

[MENZ97] Menz W., Bacher W. and Mohr J., "Microsystems Tech¬

nology - Evolution and Future Development", Interna¬

tional Conference on Micromechatronics for Information
and Precision Equipment MIPE'97, pp. 1-6, Tokyo,

Japan, 1997.

[MOLENAAR98JMolenaar L., Zaaijer E. and van Beek F., "A Novel Long
Stroke Planar Magnetic Bearing Actuator", The Fourth

International Conference on Motion and Vibration Con¬

trol Movie'98, pp. 1071-1076, Zurich, Switzerland, 1998.

[MOTAMEDI97] Motamedi M. E., Wu M. C. and Pister K. S.J., "Micro-

Opto-Electro-Mechanical Devices and On-Chip Optical

Processing", Optical Engineering, vol. 36, no. 5, pp.

1282-1297, 1997.

[OKAMURA88] Okamura ML, Ohshige T. and Watanbe M., "High Speed
and High Accuracy XY-Stage for Electronic Assembly",
Fourth IEEE/CHMT European International Electronic

Manufacturing Technology Symposium, Proceedings, pp.

104-107, 1988.

[OTSUKA97] Otsuka J., "Present and Future Technology of Ultrapreci-
sion Positioning in Japan", International Conference on

Micromechatronics for Information and Precision Equip¬

ment, pp. 209-214, Tokyo, Japan, 1997.



[REICHL98]

[Richter92]

LSATO-K97]

[Scadas91]

[Stupak89]

[VanZant97]

[WAVRE98J

[YAMAGATA96]

[ZESCH95]

Reichl H., Wolf J. and Lang K.-D., "Packaging-Trends:

High-Tech im Kleinstformat", Elektronik, Vol. 47, No.

12, pp. 48-57, 1998.

Richter A. and Zengerle R., "Properties and Applications
of a Micro Membrane Pump with Electrostatic Drive",

Third International Conference on New Actuators - Actu¬

ator 92, pp. 28-33, Bremen, Germany, 1992.

Sato K. and Shimokohbe A., "Active Lead Screw Mecha¬

nism and its Control", International Conference on

Micromechatronics for Information and Precision Equip¬

ment, pp. 221-226, Tokyo, Japan, 1997.

Scadas II User Manual, Difa Measuring Systems, Nether¬

lands, 1991.

Stupak J. and Gogue G., "Voice-Coil Actuators: Insight
into the Design", Intelligent Motion, pp. 241-253, Octo¬

ber 1989.

Van Zant P., "Microchip Fabrication - A Practical Guide

to Semiconductor Processing", McGraw-Hill, 1997.

Wavre N., "Motion Control With Direct Drive", The

Fourth International Conference on Motion and Vibration

Control Movic'98, pp. 11-16, Zurich, Switzerland, 1998..

Yamagata Y, Mihara S., Nishioki N. and Higuchi T., "A

New Fabrication Method for Microactuators with Piezo¬

electric Thin Film Using Ultra Precise Cutting Tech¬

nique", IEEE, The Ninth Annual International Workshop
on MEMS, New York, USA, pp. 307-311, 1996.

Zesch W., Blichi R.. Codourey A. and Siegwart R., "Iner¬

tial Drives for Micro- and Nanorobots: Two Novel Mech¬

anisms", SPIE Microrobotics and Micromechanical

Systems, Philadelphia, USA, pp. 80-88, 1995.

103



References

Web-Pages

[PCB] PCB Piezotronics, USA, "http://www.pcb.com"

[Stesalit] Stesalit AG, Switzerland, "http://www.stesalit.com"

104



Curriculum Vitae

Personal Data

Name: Bernhard Sprenger

Date of Birth: July 15, 1967

Place of Birth: Altstaetten, Switzerland

Nationality: German

Education

03/74 - 02/80: Elementary School, Heerbrugg & Widnau

03/80 - 02/82: Junior High School, Widnau

03/82 - 09/86: Senior High School, Heerbrugg,

Degree: Matura Type C (Mathematics)

10/87 - 05/93: Swiss Federal Institute of Technology, Zurich

Degree: Dipl. Electr. Eng. ETH (M.Sc.)
Awards: - ETH-Medal 1993

- Swiss SEV/IEEE Prize 1993 for final year

dissertation

10/94 - 02/99: Institute of Robotics, Swiss Federal Institute of

Technology, Zurich

105



Curriculum Vitae

Professional Experience (most essential assignments)

11/86 - 06/87: Union Bank of Switzerland, Altstaetten (SG)

Software developments and IT training of employees

03/90 - 10/90: Mechatronics AG, Widnau

Soft- and hardware developments

04/93 - 09/94: Leica Geosystems, Heerbrugg

Development engineer

106


