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Abstract

This thesis presents a new in-vacuum reticle transportation mechanism for extreme
ultraviolet (EUV) photolithography machines. In the photolithography process, the
reticle is a quartz plate that contains a pattern of the integrated circuit, which needs to
be transported between a storage position and the exposure stage. In next-generation
EUV lithography machines, the reticle handling system must satisfy the following
requirements: (1) transport the reticle through a distance of 2 meters, (2) the height
of the mechanism needs to be within 100 mm, (3) operate in vacuum, and (4) satisfy
ultra-tight contamination requirements. To fulfill these requirements, a conventional
robotic reticle handler is inadequate.

In this work, we designed, built, and tested a magnetically-levitated linear stage
prototype, targeting at the reticle transportation application. Compared with robot
manipulators, linear stages typically require less volume for long-distance transporta-
tion tasks. Magnetic suspension is used to eliminate mechanical contact and thereby
avoid particle generation that can contaminate the reticle. The stage’s linear motion
is driven by linear hysteresis motors, which allows using solid-steel motor secondaries
on the moving stage. This is desirable for in-vacuum operation, since permanent
magnets can out-gas in high vacuum when not encapsulated. The magnetic suspen-
sion of the stage is achieved using a novel linear bearingless slice motor design, where
the stage’s magnetic suspension in three degrees of freedom, including vertical, pitch,
and roll, are achieved passively. This compact design effectively reduces the number
of sensors and actuators being used. The prototype system has successfully levitated
the moving stage. The resonance frequency of the passively levitated degrees of free-
dom is approximately 10 Hz, and the suspension bandwidth of the actively-controlled
degrees of freedom is about 60 Hz. The stage’s maximum thrust force is 5.8 N under
a 2.5 A current amplitude, which corresponds to a stage acceleration of 1200 m/s?.
This is able to satisfy the acceleration requirement for reticle transportation task. The
stage was tested to track a reticle handling reference trajectory, where the maximum
position tracking error of our linear stage is 50 um. The stage’s lateral displacements
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during motion is below 50 pum, which is well below making mechanical contact to the
side walls. To our knowledge, this work represents the first study of linear hysteresis
motors, and the first linear bearingless slice motor design.

Hysteresis motors are a type of electric machine that operates using the magnetic
hysteresis effect of the secondary material. Since the magnetization in the rotor lags
behind the external field, a thrust force/torque can be generated. In prior usage,
hysteresis motors have been operated in open-loop, which makes them unsuitable for
applications where dynamic performance is critical. As a part of this thesis work, we
also studied the modeling and closed-loop torque and position control for hysteresis
motors. The proposed control method was tested with three rotary hysteresis motors,
including two custom-made motors of different rotor materials and one off-the-shelf
hysteresis motor. Experimental results show that position control for all three motors
can reach a bandwidth of 130 Hz. To our best knowledge, this is the first work
that enabled high-bandwidth torque and position control for hysteresis motors, which
allows this motor to be used for servo applications.

Thesis Supervisor: David L. Trumper
Title: Professor
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Chapter 1

Introduction

A growing number of precision manufacturing applications require in-vacuum trans-
portation solutions to minimize the risk of unwanted chemical reactions or contam-
ination of the process and surrounding equipment. The design of such in-vacuum
motion systems is challenging, because permanent magnets and potted motor wind-
ings need to be encapsulated to prevent out-gassing in high vacuum, which increases
the system complexity. One example is reticle transportation in extreme ultraviolet
(EUV) photolithography machines. In the photolithography process, the reticle is a
quartz plate that contains a pattern of the integrated circuit, which needs to be trans-
ported between a storage position and the exposure stage. In next-generation EUV
lithography machines, the reticle transportation system needs to satisfy the following
requirements: (1) transport the reticle through a distance of 2 meters, (2) the total
height of the mechanism needs to fit within 100 mm, (3) operate in vacuum, and (4)
satisfy ultra-tight contamination control requirements. To fulfill these requirements,
a conventional robotic reticle handler is inadequate.

Targeting at the reticle transportation application, this thesis presents the design,
building, and testing of a new concept of in-vacuum transportation mechanism us-
ing a magnetically-levitated linear stage. Compared with robot manipulators, linear
stages typically require less volume for long-distance transportation tasks. Magnetic
suspension is used for the stage to eliminate mechanical contact and thereby avoid

particle generation that can contaminate the reticle. The stage uses a novel linear
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bearingless slice motor design, where the magnetic suspension of the moving stage
in three degrees of freedom, including vertical, pitch, and roll, is achieved passively.
The linear stage is derive with linear hysteresis motors. Such a linear stage design
allows contact-free transportation in vacuum with a simple stage design, which shows
promise for being used in in-vacuum transportation applications for manufacturing
systems.

The rest of this chapter is organized as follows: Section 1.1 introduces background
for this research, including a quick introduction to the photolithography process and
the reticle transportation task. Section 1.2 presents a literature review of related
works, including both reticle/wafer handling systems and magnetically-levitated lin-
ear stages. Finally we outline an overview of this thesis and list the main contributions

in Section 1.3.

1.1 Background

Photolithography is a critical manufacturing technology in the semiconductor in-
dustry. In the photolithography process, a master pattern on a quartz substrate,
which is often referred as the mask or reticle, is transferred onto a silicon wafer via
ultra-violet light exposure. In a scanner, both the reticle and the wafer are moving
relative to each other and the lenses, and the exposure is happening as both the wafer
and the reticle pass through a slit of light [15]. Typically a semiconductor chip can
contain 10-100 layers, and each layer uses a different reticle for its patterning. The
reticles are stored in the lithography scanner in a storage position called the reti-
cle library, and are transported between the storage position and the exposure stage
through a reticle handling system. Robot manipulators are typically used for this
reticle handling task in scanners to date.

In the 2010s, extreme ultraviolet (EUV) lithography scanners began to be devel-
oped to satisfy the increasing demand for finer resolution in chips. EUV scanners use

radiation of wavelength 13.5 nm for the exposure, thereby offering significant improve-
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Atmospheric Atmosphere/vacuum  |n-vacuum Reticle scanning
reticle handler chamber

reticle handler stage

Figure 1-1: Reticle handling system in an EUV photolithography scanner from ASML.
Picture of scanner is taken from www.asml.com.

ment in resolution comparing with the state-of-the-art 193 nm immersion lithography
systems (deep UV scanners) [16]. The use of the EUV, however, imposes many in-
frastructure challenges to the scanner design. For example, the 13.5 nm wavelength
EUV cannot penetrate though media such as air. As a result, the exposure process
needs to happen in a vacuum chamber. In this chamber, a low pressure nitrogen at-
mosphere is used and circulating in the chamber mainly for particle control purposes.
Such requirements, together with many other new challenges brought by the use of
EUV, makes the design for the EUV scanner significantly more complex than the
past-generation lithography scanners.

In the EUV photolithography scanner, the reticle handling system also needs
to fulfill a series of new challenges. The reticle library is typically in atmosphere,
while the scanning is happening in vacuum. Therefore the reticle handling system
needs to transport the reticle between the two environments. In addition, mechanical
contact and out-gassing are not allowed during the handling, especially in the vacuum
environment, to prevent contamination of the reticle. Figure 1-1 shows a view of the

reticle handling system in a current EUV lithography scanner from ASML. Here,
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two robot manipulators are used in the reticle handling system. The reticle and its
container (often referred as the reticle pod) are taken from the storage position by an
atmospheric robot arm and are sent to an atmosphere-to-vacuum chamber. Then the
chamber closes its doors and pulls to vacuum. After that, the chamber opens its door
on the other side, and an in-vacuum robot arm is used to pick up the reticle from the
pod and handle it to the reticle scanning stage. After scanning, the reticle is handled
back to the reticle library using the same system in a reversed order. In such a way
the reticle is able to be transported between the scanning stage in vacuum and the

reticle library in atmosphere.

In the next generation EUV scanners, the design of the reticle handling system
needs to face new challenges. The vision is that the distance between the reticle library
and the scanning stage is as long as 2 meters, and the reticle must be transported in
vacuum through a channel that is 500 mm in width and 100 mm in height. Such a
new reticle handling system will have a reduced volume, and the saved space can be
used for other subsystems in the lithography scanner. This new volume constraint
add a lot of difficulties to the design for the reticle handling system, since robot
manipulators typically have low stiffness and low-frequency dynamics for this large
motion range. This thesis aims to explore an alternative solution for the reticle
handling task that can satisfy this new volume requirement, and is contamination-

free and vacuum-compatible at the same time.

1.2 Related Works

In this section we present a literature review of related prior works, including both
reticle/wafer handling systems for semiconductor manufacturing, and magnetically-

levitated linear stage for transportation and precision positioning systems.
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Figure 1-2: Diagram of a typical SCARA robot. Figure taken from [1].

1.2.1 Reticle/Wafer Handlers

In this section, we introduce prior art reticle and wafer handling systems for semicon-
ductor manufacturing. Typically reticle and wafer handling in lithography scanners
uses robot manipulators with SCARA-type kinematics, where SCARA stands for se-
lective compliance assembly robot arms. Figure 1-2 shows a diagram of SCARA arm,
which is taken from [1]. The SCARA configuration uses an articulated robot arm and
operates in cylindrical coordinates. The arm is rigid in the vertical direction while ac-
tively controlled with joint torques in the horizontal plane. In addition, SCARA-type
arms allow for a low profile, which is advantageous for highly constrained volumes,
and thus makes these robots suitable for semiconductor manufacturing. Often the
robot uses a frog-leg-like linkage design for stiffness purposes, and often dual robots
are used for throughput improvement. Figure 1-3 shows pictures of several reticle
or wafer handling robots from different manufacturers. Patent literature reporting
design of various robots for semiconductor manufacturing includes [17-21].

Reticle and wafer handling devices that are not using robots have also been stud-
ied. Figure 1-4 shows a magnetic conveyor system for wafer or reticle handling de-
signed by J. Totsch et al [2]. In this design, a moving stage is passively magnetically
levitated in vertical, roll, and pitch modes using permanent magnets. The edges of
the stage are in mechanical contact with the side walls. Such contact constrains the

stage’s position in the lateral and yaw degrees of freedom, which are magnetically

33



Figure 1-3: Pictures of several different robots for reticle or wafer handling. (a) RR756
SCARA atmospheric robot from Rorze. (b) MagnaTran™7 BiSymmetrik™ vacuum
robot from Brooks Automation. (c)MagnaTran™ 7 Leapfrog™ vacuum robot from
Brooks Automation. (d) GPR-SMV vacuum robot from Genmark Automation.

unstable. The stage is driven passively by a magnetic coupling through the perma-
nent magnets on the bottom of the stage and another magnetic piston beneath the
stage, as shown in Figure 1-4(b). When the piston is moved along the motion di-
rection, the attractive force between the piston and the stage can pull the stage to
move in the same direction. The motion of the piston is controlled via the pressure
difference between the two sides in the tube. Such a design can transport the payload
in a cleanroom environment without directly driving the stage. Similar inventions

include [22,23].

Figure 1-5 shows another wafer transportation system design using a permanent
magnet screw for driving. Here Figure 1-5(a) and (b) show the magnetic screw for

driving the motion for the stage. There are two magnetic lead screws coupling with
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Figure 1-4: Schematic diagram of a magnetic conveyor system for wafer or reticle
invented by J. Totsch. Figures are taken from [2]. (a) Front cross-section view. (b)
Side cross-section view.

magnetic nuts. Driving the two lead screws in common-mode and differential, the
motion of the stage and the yaw degree of freedom of the stage can be controlled.
In addition, the stage uses a combination of active and passive magnetic bearings to
levitate the stage and thus eliminate mechanical contact between the stage and the

walls of the chamber, as shown in Figure 1-5(c).

Wafer and reticle transportation using direct-drive linear motors has also been
studied. Figure 1-6 shows a wafer transportation linear stage presented by D. Belna
in [4]. Here, the stage is magnetically-levitated by V-shaped magnetic bearings as
shown in Figure 1-6(a), which compensates the weight of the stage and stabilizes it
in all degrees of freedom except for the motion direction. The bottom of the stage is

conductive, and a stator configured underneath the stage interacts with the stage for
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Figure 1-5: Schematic diagram of a in-vacuum wafer transportation system for in-
vented by M. Hosek. Figures are taken from [3]. (a) Magnetic screw. (b) Motion
driving principle. (c¢) Suspension in different degrees of freedom. (d) Cross-section
view of full stage.

thrust force generation using a linear induction motor principle. Such a transportation
stage resembles the configuration for magnetically-levitated trains for ground trans-

portation. Studies on similar reticle/wafer transportation systems include [24,25].

1.2.2 Magnetically-Levitated Linear Stages

Through the years, a number of works have reported different designs for magnetically-
levitated linear or planar stages. The major application for these stages include pre-
cision manufacturing applications such as wafer and reticle scanning, and transporta-
tion and conveyance in manufacturing processes. This section discussies prior work
on magnetically-levitated linear stages. According to their driving force generation
principle, these stages can be categorized into: (1) permanent-magnet-motor-driven

stages, (2) reluctance-motor-driven stages, and (3) induction-motor-driven stages.
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Figure 1-6: Schematic diagram of a wafer/reticle transportation system driven by
linear induction motor invented by D. Belna. Figures are taken from [4]. (a) Front
ross-section view of the stage. (b) Linear induction motor for driving the stage.

Permanent Magnet Motor Driven Stages

The first group of the stage designs uses linear permanent magnet synchronous motors
as the driving force generation principle. These stages typically have high precision
and bandwidth, and can be used for precision applications such as wafer steppers
in lithography scanners. Figure 1-7 shows a magnetically-levitated planar motor de-
signed by W. Kim and D. Trumper in [5]. In this design, four permanent magnet
arrays are configured on the bottom of the moving stage, and each magnet array is
interfacing with a stator on the bottom of the stage, as shown in Figure 1-7(a). Fig-
ure 1-7(b) shows a cross-section diagram of the linear motors in the stage. Each linear
motor can control the thrust force and normal force generation, and all four linear mo-
tors working together can achieve the stage’s magnetic suspension and motion control

in all degrees of freedom. Recent work [6] by X. Lu extended this design to a long-stoke
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Figure 1-7: Schematic diagram of a magnetically-levitated linear stage designed by
W. Kim and D. Trumper. Figures taken from [5]. (a) Perspective view diagram of
the stage. (b) Linear motor and its force generation principle.

magnetically-levitated planar stage, where the stator is manufactured using printed
circuit board. Figure 1-8 shows a diagram of the long-stroke magnetically-levitated
planar motor design in [6]. Figure 1-9 shows another permanent magnet motor-driven
planar stage design [7], where a checkerboard Halbach permament magnet array is

used, and the stator coils and the magnet array are at an angle of 90 degrees.

Reluctance Motor Driven Stages

The second type of magnetically-levitated stages are driven by variable reluctance
motors, where the motor secondary is made of magnetically highly permeable ma-

terial and has saliency. Variable reluctance motors have the advantage of simplicity
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Figure 1-8: Schematic diagram a magnetically-levitated long-stroke planar motor
designed by X. Lu. Figure taken from [6].
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Figure 1-9: A magnetically-levitated planar motor with checkerboard Halbach per-
manent magnet array design. Figures are taken from [7]. (a) CAD diagram of the
stage. (b) Diagram of one coil and the permanent magnet array.

and ruggedness of construction, which makes these motors suitbale for general trans-
portation uses. However they typically have large force ripple in both normal and
thrust forces, which makes their integration with magnetic bearings very challenge.
Figure 1-10 shows one example magnetically-levitated linear stage driven by linear
reluctance motors, which is designed by Higuchi et al. [8]. Here the secondary plate on
the top is made of soft magnetic material. By controlling the currents in the primary;,
suspension forces and thrust force can be generated.

Another early example linear stage that uses the variable reluctance motor as the

driving principle is the Sawyer motor [9]. Figure 1-11 shows a schematic diagram of
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Figure 1-10: A magnetically-levitated linear stage driven by variable reluctance motor
designed by Higuchi et al. Figures are taken from [8]. (a) Cross-section schematic
diagram of the stage. (b) Stage secondary and primary.

Figure 1-11: A two-axis planar stage designed by B. Sawyer. Here the stage is
supported by air bearings. Figures taken from [9]. (a) Primary (moving part). (b)
Operating principle.

a Sawyer planar motor. The system use a secondary plate with small square pillars
made of highly permeable material. The primary uses the flux steering principle
for thrust force generation, as shown in Figure 1-11(b). This stage design, however,
is difficult to integrate with magnetic bearings since the stage experiences a large

variation in attractive force when it is operating.
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Figure 1-12: A planar stage driven by linear induction motors. Air bearings are used
for supporting the stage. Figures taken from [10].

Induction Motor Driven Stages

The last group of linear stages are driven by linear induction motors. These sys-
tems are typically used for ground transportation and general conveyor systems for
manufacturing applications. Linear induction motors inherently have AC force gener-
ation in both the normal and shear directions associated with the magnetic induction,
which makes them difficult to be used for precision applications. One example linear-
induction-motor-driven stage for wafer/reticle transportation in [4]. Other example
systems include magnetically levitated trains [26-28], where typically stator coils are
configured along the track, and superconducting magnets are arranged on the train.
Reference [29] reports the use of magnetically-levitated linear induction motors for
steel sheet conveyance in the steel painting and coating industry. Recent work [10] by
KS. Jung et al. studied using linear induction motors for planar motors targeting at
precision manufacturing applications, and the stage design is shown in Figure 1-12.

Here the stage is supported by air bearings.

Among the prior work on magnetically-levitated linear stages, to our knowledge,
there is no reported study on stages driven by linear hysteresis motors. A hystere-
sis motor is a kind of electric machine that uses the secondary material’s magnetic
hysteresis for thrust force or torque generation. These motors are typically used in

open-loop and in rotary mode, and are typically limited to non-precision, open-loop,
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and low-bandwidth applications. To our understanding, the reasons that to date
there have been no hysteresis-motor-driven linear stage is twofold. First, there had
been no developed method for controlling the thrust force or position for a hysteresis
motor with relatively high bandwidth. Second, hysteresis motors typically have rel-
atively low thrust force generation capability compared with other motor types. In
this thesis work, we study the modeling and control for hysteresis motors, and present
a magnetically-levitated linear stage driven by linear hysteresis motors. This work
can potentially extend the application areas for hysteresis motors, and allow them to

be used in precision mechatronic systems.

1.3 Thesis Overview

This thesis presents the design, building, and testing of a magnetically-levitated
linear stage, targeting reticle transportation in lithography scanners. The stage’s
linear motion is driven by linear hysteresis motors, which allows using solid-steel
motor secondaries on the moving stage. The magnetic suspension of the stage is
achieved using a novel linear bearingless slice motor design, where the stage’s magnetic
suspension in three degrees of freedom, including vertical, pitch, and roll, are achieved
passively. This compact design effectively reduces the number of sensors and actuators
being used. To our knowledge, this work represents the first study of linear hysteresis
motors, and the first linear bearingless slice motor designs to date.

Another contribution of this thesis work is modeling and control for rotary and
linear hysteresis motors. In the past, typically hysteresis motors were operated in
open-loop, which makes them unsuitable for applications where dynamic performance
is critical. As a part of this thesis work, we also studied the modeling and control
for hysteresis motors. To our best knowledge, this is the first work that enables the
high-bandwidth torque and position control for hysteresis motors, which allows this
motor to be used for servo applications.

The rest of this thesis is organized as follows:
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1.3.1 Hysteresis Motor Modeling and Control

Chapter 2 presents modeling and field-oriented control (FOC) for hysteresis motors,
with the goal of achieving position control of hysteresis motors for servo applica-
tions. We present an equivalent circuit model for hysteresis motors that describes
the motor’s transient-time dynamics, and a state-space model for hysteresis motors
is developed. This model is used to construct a rotor flux orientation observer for
the field-oriented control for hysteresis motors. Three methods for estimating the
rotor field angle are introduced. The proposed FOC-based position control method
was tested with three rotary hysteresis motors, including two custom-made motors of
different rotor materials and one older commercially manufactured hysteresis motor.
Experimental results show that position control for all three hysteresis motors can
reach a bandwidth of 130 Hz with the proposed methods. To our best knowledge,
this is the first experimental study of field-oriented control and position control for

hysteresis motors.

1.3.2 Linear Stage Design

Chapter 3 presents the design process of our magnetically-levitated linear stage. We
first discuss the design requirements and specifications for the reticle handling task
in the next-generation EUV photolithography scanners. Then we establish the de-
sign strategies including: (1) use a magnetically-levitated linear stage for the reticle
transportation task, (2) use linear hysteresis motor as the driving principle, and (3)
consider using passive magnetic levitation for reducing system complexity. Starting
from these general strategies, we generate a variety of design concepts, and gradually

narrow down to one design concept for building and testing.

1.3.3 Modeling and Analysis

Chapter 4 presents modeling for the magnetically-levitated linear stage. We first
present the operating principle for the selected linear stage design concept. Figure 1-

13 shows a diagram of the magnetic fluxes in the proposed linear stage system. This
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Figure 1-13: Cross section diagram of our magnetically-levitated linear stage proto-
type and the main magnetic fluxes.

system is configured as a linear bearingless slice motor design, where the magnetic
bearing and linear motors are combined in one device, and the stage’s z, 8,, and 0,
degrees of freedom are passively stablized. The stage is driven by linear hysteresis
motors in the long travel direction. Then we present a first-order analytical model
for the magnetic suspension force and torque generation, which is used to guide the
linear stage design. Finally, we present a finite element model for a pre-magnetized
linear hysteresis motor. In this model, the pre-magnetized hysteresis secondary is
modeled as a permanent magnet array, whose material property is determined by the
pre-magnetization process. To our knowledge, this is the first work on modeling for

pre-magnetized hysteresis motors.

1.3.4 Magnetically-Levitated Linear Stage Hardware

Figure 1-14 shows a photograph of the magnetically-levitated linear stage prototype.
Chapter 5 presents the detailed design and fabrication of the prototype system, includ-
ing the moving stage, stator assemblies, sensing system, power electronics, grounding

and shielding, and real-time control systems.
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Figure 1-14: Photograph of the magnetically-levitated linear stage prototype.

1.3.5 Experimental Tests

Experimental tests for the magnetically-levitated linear stage prototype are presented
in Chapter 6. The natural frequency and damping of the stage’s passive magnetic
suspension in vertical, pitch, and roll modes are presented. The active magnetic
suspension of the stage in lateral and yaw degrees of freedom have a bandwidth of
about 60 Hz. The stage’s thrust force generation as a function of the stator excita-
tion’s phase is measured and compared with the model presented in Chapter 4. Good
agreement between the measurement and simulation validates the model. Finally, the
coupling between the stage’s motion and the pitch mode is discussed and modeled,
and the position control for our linear stage is tested. These tests show that our
prototype is able to successfully levitate the stage, and is able to satisfy the thrust

force and position control requirements.

1.3.6 Discussion and Design Variations

Although our linear stage prototype is satisfactory as a proof of concept, it still has

several limitations that makes the system difficult to be used for reticle transportation
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in photolithograhy scanners. In Chapter 7, we discuss the limitations for our linear
stage prototype including: (1) motion and pitch mode coupling, (2) vertical mode
coupled with the common-mode motor attractive force, and (3) sensing system is
not vacuum compatible. Targeting at these limitations, we discuss potential methods
that can improve the performance of the linear stage. We also discuss alternative
system design concepts that don’t have these limitations, and can potentially provide

improved performance for the reticle transportation task.
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Chapter 2

Rotary Hysteresis Motor Modeling

and Control

As a part of this thesis, we have studied the transient-time dynamics of hystere-
sis motors, and propose a field-oriented control method to enable the motor’s high-
bandwidth torque and position control. This study forms a basis for the linear stage
design and control, which uses linear hysteresis motors as the driving principle. Some
content of our previously published paper [30] is partially reused in this chapter.

Among many motor drive principles, the hysteresis motor is receiving increasing
attention in the past decade due to its advantages of simple structure, vibration-free
operation, high rotor thermal and mechanical robustness, and self-starting capability.
A hysteresis motor operates using the magnetic hysteresis of its rotor material. Since
the magnetization in the rotor lags behind the external magnetizing force, a torque
is generated due to the stator and rotor field interactions [31].

There are a wide range of rotor materials for hysteresis motors, including tool
steel, chrome and/or cobalt alloy, AINiCo magnets, etc. As a result, the hysteresis
motor encompasses a wide range of possible constructions. Figure 2-1 shows an
illustration of the motor type categorization according to the magnetic hardness of
the rotor magnetic material. In this work, we study hysteresis motors of different
rotor magnetic hardness using a unified framework.

The common operation state for hysteresis motors is running asynchronously in
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Figure 2-1: Ranges of motor concepts according to the magnetic hardness of the rotor
material.

transients and synchronously in steady-state. Typical applications for hysteresis mo-
tors include tape drives [32], pumps [33,34], centrifuges [35], and flywheels [36,37]. For
these operation modes, speed feedback control is typically not required, as the dynam-
ics of a hysteresis motor are stable and robust under open-loop control. However, the
open-loop dynamics of a hysteresis motor are usually relatively slow-converging and
lightly damped, which makes the motor unsuitable for applications where dynamic
performance is critical. This fact motivates our research for methods to control the
motor’s torque with high bandwidth, which is desired for some applications of hys-
teresis motors such as gyroscopes [38] and reaction wheels [39]. This advance can also
allow hysteresis motors to be used for servo applications, which may be attractive for
some special circumstances, such as high temperature or in-vacuum operations, and
when smooth running and high speed is required. Prior work [40] studies sensorless
field-oriented control for hysteresis motors and presents simulations of the proposed
scheme. However, to our knowledge, experimental studies for field-oriented control
and position control for hysteresis motors have not yet been reported in the literature.

As a part of this thesis work, we study modeling and field-oriented control to
enable high bandwidth torque control for hysteresis motors, and thus enable them
being used for position servo applications. The main objectives of this chapter are as

follows:

1. Propose a novel equivalent circuit model that describes the hysteresis motor’s
transient-time dynamics, which can be used to design a real-time flux observer

for hysteresis motors.

2. Introduce the field-oriented control method for hysteresis motors, and propose
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Figure 2-2: Photograph of a legacy off-the-shelf hysteresis motor from Oriental Motor
with the rotor taken out. The rotor consists a rotor shaft, an aluminum core, and a
ring-shaped hysteresis alloy. Motor was purchased on eBay.

several approaches for rotor flux orientation estimation.

3. Experimentally test the position control method on three different hysteresis
motors. Experiments show that the position control based on the proposed

methods is successful for all three hysteresis motors.

To our knowledge, this work presents the first experimental study for field-oriented
control and position control for hysteresis motors.

The rest of this chapter is organized as follows. Section 2.1 briefly introduces
the operation principles for hysteresis motors. Section 2.2 presents the modeling
for hysteresis motors. Section 2.3 focuses on the field-oriented control for hysteresis

motors. Section 2.4 presents the experiments for rotary hysteresis motor control.

2.1 Hysteresis Motor Operating Principle

This section briefly introduces the operation principle of hysteresis motors. A hystere-
sis motor consists of a conventional poly-phase stator and a rotor of solid cylindrical
or ring-shaped semi-hard magnetic material. Sometimes, the semi-hard magnetic ma-
terial is in a ring around an aluminum core. Figure 2-2 shows a photograph of a legacy
off-the-shelf hysteresis motor from Oriental Motor with the rotor taken out, where

the hysteresis alloy forms a ring around an aluminum core. The magnetic hysteresis
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effects of the rotor material causes a lag angle between the rotor magnetic field and
the air-gap magnetic field, and a hysteresis torque can be generated [31]. When the
rotor of the hysteresis motor is conductive, eddy current effects also contribute to the
torque generation when the motor is operating asynchronously.

Figure 2-3 shows the ideal and practical hysteresis motor torque-speed curve,
where T, is the motor torque, w,, is the motor speed, and w, is the electrical driving
frequency. The ideal hysteresis motor demonstrates constant hysteresis torque during
asynchronous operation, assuming the hysteresis lag angle equals its maximum when
slip is non-zero. At synchronous speed, the motor torque can demonstrate different
values, depending on the load torque and the motor excitation conditions. As a
result, the ideal torque-speed curve demonstrates a torque singularity at w,, = w.. In
a practical hysteresis motor with a conductive rotor, eddy currents in rotor generate
an additional slip-frequency dependent eddy current torque when in asynchronous
operation, making the motor torque vary with the slip frequency. At the vicinity
of synchronous speed, the practical hysteresis motor torque demonstrates smooth
transition from the motoring mode to the generating mode. This is because that the
hysteresis lag angle at the vicinity of synchronous speed is less then its maximum

value, as is discussed in reference [41].

2.2 Modeling for Rotary Hysteresis Motors

2.2.1 Time Average Model of Hysteresis Motor

This section presents the equivalent circuit model for hysteresis motors. Modeling
of the hysteresis motor is challenging mainly due to the nonlinearity of hysteresis
material properties. Through the years, several different models have been developed
to study the motor’s behavior [35,42-44|. Hysteresis motors with eddy current effects
being considered have been also studied [11,41,43,45].

In this work, the elliptical hysteresis loop-based model for hysteresis motors pro-

posed in [11,44] is used to model the motor dynamics. This model has later been
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Figure 2-3: Typical single-pole-pair hysteresis motor torque-speed curve. Solid black
line: ideal hysteresis motor torque-speed curve. Dashed red line: practical hysteresis
motor torque-speed curve, where the effect of eddy currents is taken into account.
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Figure 2-4: Time-average per phase equivalent circuit model for hysteresis motors as
introduced in [11].

used in [46-48|. In this model, the B-H curve of the rotor material is approximated
by an ellipse, as B = By, cosf, H = (B,,/1) cos(6 + §), where B,, is the maximum
amplitude of the flux density, p is the permeability of the rotor material, and 9 is the
lag angle between field intensity H and flux density B. This model considers only
the fundamental harmonics for B- and H-fields. By making p and 0 as functions of

the excitation amplitude, the magnetic saturation effect can be modeled.

The elliptical hysteresis approximation allows modeling the hysteresis motor dy-

namics using linear circuit elements. Figure 2-4 shows the hysteresis motor equivalent
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circuit model based on the elliptical hysteresis approximation with the eddy current
effect considered as developed in [11]. In this model, i, is the stator current, i,, is the
magnetizing current, and ¢, is the apparent rotor current. The values of the circuit

elements can be calculated by

2mK,,> N2 ol
L, = o - Ho (2.1)
P>y
K,’N?V,
RHT = wew sin (S, (22)
Ty
mK,>N?V,
LlHT» = Tﬂ COSs 6, (23)
l
RET = m, LlE'r ~ 0. (24)

Here K, is the winding factor, m is the number of phase, p is the number of poles,
rr is mean radius of length of the magnetic field path within rotor, r, is the mean
radius of the air gap, w. is the reference speed, N is the number of windings per
phase per pole, g is the air-gap length, [ is the rotor axial length, V,. is the effective
rotor volume, p is the specific resistivity of the rotor material, and A, is the effective
axial cross-section area of the rotor. The stator core loss is ignored in this model.
Note that this model only captures the hysteresis torque of the motor when it is
operating asynchronously, which is everywhere except for the “torque singularity” in
Figure 2-3 at w,, = w.. In order to produce a model that describes the transition from
asynchronous to synchronous operation of a hysteresis motor, one needs to model the
minor hysteresis loops of rotor material, which is complicated due to the nonlinearity
and history-dependency of hysteresis properties. References [49] studies such a model

for hysteresis motors through the finite element method.

2.2.2 Transient-Time Dynamic Model of Hysteresis Motor

The hysteresis motor equivalent circuit model shown in Figure 2-4 is a time-average
model, which describes the relationships between the time-average relationships be-

tween the motor currents, fluxes and voltages. In order to design a real-time flux esti-
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Figure 2-5: Hysteresis motor circuit diagram with hysteresis effect and eddy current
effect in different coordinate systems.

mator for the motor and thus achieve a precise estimation of the rotor flux orientation,
a dynamic model that describes the instantaneous current-voltage-flux relationships
in a motor is needed. This model is expected to be in a form that resembles the
dynamic equivalent circuit model for induction motor field-oriented control [50,51].

The challenge of setting up a transient-time dynamic model for hysteresis motors
is mainly due to the fact that the hysteresis effect and the eddy current effect need to
be modeled in different reference frames. The hysteresis effect of the rotor would cause
a constant lag angle between the rotor flux and the air-gap flux, and this relationship
should be modeled in the stator-fixed frame. On the other hand, the eddy current
effect should be modeled in the rotor-fixed frame, since the eddy currents in the rotor
are created in the conductors fixed on the rotor. This separation in reference frames
is depicted in Figure 2-5. This prevents us from modeling the rotor flux using unified
variables as in an induction motor model.

In this work, a transient-time dynamic model for hysteresis motors with eddy
current effects considered is developed. Figure 2-6 shows the transient-time equivalent
circuit model for the hysteresis motor in the stationary D-@ frame. In Figure 2-
I’ I’

is the stator current, ¢y, = [igyp,inrg| Is the hysteresis part

67 s = [isDaisQ
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rotor current, and ig, = [ig.p,i ETQ]T is the eddy current part rotor current. Define

im = [imD,imo]  to be the magnetizing current as
i = G5 + rir + im0 (2.5)

Note that in the transient-time equivalent circuit model Figure 2-6 there are rotor
speed dependent voltage sources on the eddy current part of the rotor side circuits.
This is because the reference frame change for the eddy current effect relationships
from the rotor-fixed frame to the stationary frame. Define ® g, = [®py,.p, HTQ]T and
bp,. = [Ppp,P ETQ]T as the hysteresis part and the eddy current part of the rotor

flux:

@H'r: Lm"/m + LlH'I“iH'I"7 (26>

(I)Er: Lmzm + LlEriEra (27>
and the total rotor flux is defined as

®, = Prrr + By — Linim. (2.8)

A state space model for the hysteresis motor transient-time dynamics is derived
for the model given in Figure 2-5. This model is later being used to construct a flux
observer for the hysteresis motor in the field-oriented control. Selecting the state
variables € =[], ® 11, Pk, = [isp, 50, Prrp, Prrg, Prrp, Prrg| ", the state space

model for the hysteresis motor transient-time dynamics is

is —~I al BI — Zhmlizer g is ir
¢H7' = URHerLlErI _URHTLETI ULmRHrI (I)Hr + 10| us
q)Er UREerLlHrI ULmRETI _O-LHT'RETI + WTJ q)Er 0

Here R, is the stator resistance, L,, is the mutual inductance, L;, is the stator leakage
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Figure 2-6: Transient time equivalent circuit modtel for hysteresis motors including
the eddy current effect in the stationary D-Q) frame.

inductance, Ry, and Rp, are the rotor side hysteresis and eddy current resistances,

and L;g, and L;g, are the hysteresis and eddy current part rotor leakage inductances.

Further, Ly, = L,, + L;s is the total stator side inductance, Ly, = L,, + Ly, and

Lg, = L, + Lig, are the hysteresis part and eddy current part total inductances.

The rest of the parameters are defined by

0= 1/(LHT‘LE7’ - Lgn)a

k= Ly —oL? (Lig, + Lig,),

v = (Rs + 0 L2 (Lig Rur + LlQHrREr>)/”v
o= (U2Lm(RHrLErLlEr - REerLlHr))/“a
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The derivation of the model in (2.9) is presented below. In an elementary model

of the hysteresis motor model, the stator flux ®5 = [®;p, Psq] ", hysteresis part rotor

flux ®p, = [®H7"D7¢H7‘Q

}T
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are defined as

®, = Lisis + Lyyim, (2.15)
@H'r - Lmzm + LlHriH'r'; (216>
Y. = Lptm + Ligrtg,. (2.17)

The stator-side voltage balance equation is given by

d
s — 7¢s Rs’s- 218
u pp + Ryt ( )

The rotor side voltage balance includes two parts. The hysteresis part voltage balance

relation is in the stationary frame, as

d .
UHr = 02><1 - &@HT + RHTzHr7 (2]-9>
where 03,1 = [0,0]". The eddy current part voltage balance relationship is in the

rotor-fixed frame, which is similar to that of an induction motor [51]. The equation

is given by

d "
UE,r — 02><1 = &‘I)Er + RErzEfm (220)

where %, = [i,4, ifErq}T is the vector of the eddy current part of the rotor current in
the rotor-fixed d-q frame. These equations are consistent with the equivalent circuit
model of the hysteresis motor shown in Fig. 2-5, where the eddy current effect and

hysteresis effect are in different coordinate frames.

The transform of the equation from the rotor-fixed d-g frame to the stationary

D-@Q frame can be done through
Z=TZ", (2.21)

where Z is a dummy variable which can represent flux or current, and the transfor-
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mation matrix T is defined as

T cos(w,t) —sin(w,t) | (2.22)
sin(w,t)  cos(wyt)

where w, is the rotor speed, and t is the time. Substituting (2.21), (2.22) into (2.20),

and writing the equation in matrix form yields

d |Pep cos(w,t) —sin(w,t) (d D )

dt | ¢ BrQ sin(w,t)  cos(w,t) d Dy
—sin(w,t) —cos(w,t)| |Pp,
cos(w,t)  —sin(wpt) | [Pgrg
RET 0 'L.ETD _(DETQ
= — — Wy
0 REr iErQ q)ETD

Equations (2.15)-(2.19) and (2.23) fully describe the transient dynamics of a hys-
teresis motor with the eddy current effect being considered. There are six independent
dynamic equations: (2.18), (2.19), and (2.23), and six independent variables. One
can derive a state-space model for the hysteresis motor by selecting a set of state
variables, and eliminating all other variables. Many different state variable selections
can be made, with the model representing the same dynamics. By selecting the set of

state variables as © = [i], ® ., PL,| ", the state-space model (2.9) can be derived.

2.3 Field-Oriented Control for Hysteresis Motor

The field-oriented control for hysteresis motors is similar to that of the other motor
types. Figure 2-7(a) shows a vector diagram of the variable relationships . In Figure 2-
7(a), D-Q is the stationary two-phase frame, and d-q is the rotor flux-oriented frame,
where the d-axis is aligned with the rotor flux linkage, and the ¢-axis is perpendicular
to the d-axis. Vector i, represents the stator phase currents, and ®, is the rotor flux

vector. Figure 2-7(b) shows a block diagram of the position control for the hysteresis
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Figure 2-7: Vector diagram and block diagram of hysteresis motor position control
via the field-oriented control approach. (a) Vector diagram of hysteresis motor field-
oriented control. (b) Block diagram of hysteresis motor position control. The blue-
shaded blocks are the PID position controller and PI current controller.

motor via field-oriented control. In Figure 2-7(b), the motor’s angular position, the
motor terminal currents and voltages are also measured and used to reconstruct the
flux orientation through a flux orientation estimator. With the estimated rotor flux
angle é, the measured currents are transformed into the rotor flux-oriented d-¢ frame

and are then used for current control. The reference of d-axis current is set to be
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a constant. The measured motor angular position is fed-back through a position
controller, and the control effort signal is set to be the reference signal for g-axis
current. The two current control effort signals u,q and u,, are then transformed back

to the stationary three-phase frame and energize the stator windings.

The most challenging element in the field-oriented control for hysteresis motors
is the rotor flux orientation estimator. The flux angle estimation accuracy directly
influences the motor control performance. There are three approaches to obtain an

estimate of the rotor flux angle proposed in this work, as introduced below.

2.3.1 Approximate with Motor Mechanical Angle

The simplest method to obtain an estimate for the flux angle is to directly use the
measured rotor angular position, as 0 = 0,., where 6, is the rotor’s mechanical angle.
This method assumes that the magnetization is fixed on the rotor surface, which
resembles the case of a permanent magnet motor. Over-exciting the motor by a large
d-axis current at the starting up of the motor as introduced in [52| will help improve
the performance of this flux angle estimation method, as the magnetization of the

rotor can be fixed along the d-axis on the rotor.

2.3.2 Estimate Flux via Back-EMF Measurements

The second method uses the back-electromotive force (EMF) in the stator coils to
estimate the rotor flux orientation. When the magnetized rotor is rotating, the change
of the rotor field will induce a voltage in the stator winding, which is the back-EMF.
The back-EMF in the stationary D-@ frame can be calculated as

e =y — Ryiy— Lyt (2.24)
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An estimate for the rotor flux linkage in the stationary two-phase frame can be cal-

culated by

&, = /edt, (2.25)

~

where &, = [P, p, (iJTQ]T. Finally the estimated flux angle 0 can be calculated as

N (i)r N (i)r
sinf = — < , cosl = — D . (2.26)
(D7p + DFp)'/2 (D7p + DFp)'/2

This method provides good rotor flux orientation estimation performance when the
motor speed is relatively high. However, when the motor is standing still or operating
at low speed, the back-EMF signals are small and therefore the angle estimation is
not accurate. As an alternative flux orientation estimation approach, a combination
of the back-EMF based estimation and the rotor’s mechanical angle can reach a good
rotor flux angle estimation performance. One implementation of the combined flux

orientation estimation is through
0 = (1— S(jwe| — w)b, + S(|wr| — w)0rrr, (2.27)

where || is the absolute value operation, w, is the rotor speed, w?" is a threshold rotor
speed for estimation method switching, éEMF is the flux angle estimation using the
back-EMF method, 6, is the rotor’s mechanical angle measured through a position
sensor, and @ is the resultant rotor flux angle estimation. S(z) = 1/(1 4 e®) is the
sigmoid function, which is a smooth transition function from 0 to 1 at x = 0. Through
(2.27), an angle estimation using the mechanical angle at low speed, and using the

back-EMF based estimation at high speed, can be achieved.

2.3.3 Full-Order Observer

The third method of estimating the rotor flux orientation is by constructing a state

observer for the hysteresis motor. Given the hysteresis motor state space model
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(2.9), a full-order state observer can be designed. Rewrite the system equation (2.9)

in matrix form as
& = Ax + Bu,,y = Cx, (2.28)

where A, B are the system matrices in (2.9), C = [I,0] is the measurement matrix,

and y = 5 = [is D,z’SQ]T is the measurement signal. A Luenberger observer can be

designed for the system as
&= A&+ Bu+ Ly — C#), (2.29)

where & is the estimated state, and L is the observer gain matrix. The observer dy-
namics is determined by the matrix A — LC', and the design approach for Luenberger
observers can be applied to design the observer gain L. System (2.28) is stable in
open-loop, which means L = 0 will stabilize the system. Also, the motor speed w, is
a parameter in the system dynamics (2.9). As a result, gain scheduling with w, being
the scheduling parameter may need to be used in the design for L. The system (2.28)
is fully observable even when the motor is operating at zero speed.

The flux observer method provides good rotor flux angle estimation accuracy over
a large speed range, and has demonstrated the best performance in the experiments
among the three flux angle estimation methods. However, the estimation performance
of the flux observer will significantly degrade if the model parameter errors are large.
Also, this method requires full knowledge of the hysteresis properties of the rotor

material, which is often not available for off-the-shelf hysteresis machines.

2.4 Experiments with Rotary Hysteresis Motors

In this work, the position control system shown in Figure 2-7 is experimentally tested
with three hysteresis motors. Motor I and Motor II are custom-made hysteresis
motors, which are manufactured by replacing the squirrel cage rotor in a regular three-

phase induction motor with rotors made of different semi-hard magnetic materials. The
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Figure 2-8: Photograph of our custom-made hysteresis motor using a 90 W induction
motor stator as connected to a brushless DC load machine.

eCrCo alloy il
CROVAC 12l
M rotor

Squirrel Cage

D2 steel IM rotor

HM rotor

N\

Figure 2-9: Custom-made rotors for hysteresis motors. Left: D2 hysteresis rotor
for Motor I. Middle: FeCrCo alloy hysteresis rotor for Motor II. Right: the original
squirrel cage rotor for the induction motor.

original induction motor is a 90 W 51K90GU-SF induction motor from Oriental Motor
Co., Ltd. Motor I has a rotor made of D2 tool steel, which is a standard tool steel
known for its resistance to wear. It also has relatively large magnetic hardness. Prior
work studying D2 tool steel hysteresis motors include [34,36,39]. Motor II has a
rotor of FeCrCo alloy, which is the CROVAC™ 12 material from Vacuumschmeltze
GmbH. Motor I and Motor II share the same stator construction and rotor geometry,

and the only difference is in the rotor material. Figure 2-8 shows a photograph of the
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Table 2.1: Parameters of Motor I and Motor II.

Parameter Value
Motor power 90 W
Number of pole pairs 2
Rated voltage 200-220 V
Rated RMS current 0.8 A
Rotor diameter 47.5 mm
Air gap 0.4 mm
Number of turns per phase 8 x 80

induction motor stator with hysteresis rotor being tested, and Figure 2-9 shows the
custom-made rotors for Motor I and II and the original rotor for the induction motor.
The parameters of Motor I and II are shown in Table 2.1. The third hysteresis motor
being tested, Motor III, is a commercial 250 W type GLLHNNB-3529 hysteresis motor
from Elinco Inc. Figure 2-10 shows a photograph of the Motor III, and its parameters

are shown in Table 2.2.

In the experiments, the hysteresis motors are driven by a PWM three-phase in-
verter manufactured by Linz Center of Mechatronics GmbH. The inverter operates
with a DC bus voltage of 200 V. The three-phase currents of the motors are measured
through shunt resistors of the inverter, and are fed back for current control. A slotless,
brushless DC (BLDC) motor BMS60 from Aerotech Inc. is used as a load machine
for the hysteresis motors, as is shown on the left in Figure 2-8 and Figure 2-10. The
BLDC motor is driven by a current-mode linear three-phase power amplifier using
a PA12 from Apex Inc., where the current controllers are implemented by analog
circuits. The current control for the BLDC motor has a bandwidth of 2 kHz. A
sine-cosine optical encoder on the load machine is used to measure the rotor’s angu-
lar position, which can be interpolated to a resolution of 10° pulses per revolution.
The signal of this encoder is also used for controlling the position of the hysteresis
motor, and a stiff coupling is used to connect the two motors. The controllers for the
hysteresis motors are implemented in LabVIEW and are downloaded to a National
Instruments PXI controller with FPGA for execution. The hysteresis motor current

controller, PWM signal generation, encoder interpolation, and the commutation for
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Figure 2-10: Photograph of 250 W hysteresis synchronous motor from Elinco Inc.

Table 2.2: Parameters of Motor II1.

Parameter Value
Motor power 250 W
Number of pole pairs 2

Rated voltage 163-236 V
Rated RMS current 2.6 A

the BLDC motor are implemented in the FPGA with a sampling frequency of 40 kHz,
and the position controller and the flux orientation estimator are implemented in the
floating point real-time control loop with a sampling rate of 10 kHz. The hysteresis

motor’s current control has a bandwidth of 600 Hz.

2.4.1 Hysteresis Measurement of Rotor Materials

This section presents the measurement and parametrization of hysteresis properties
of the rotor materials for Motor I and Motor II: the D2 tool steel and the FeCrCo
alloy. Table 2.3 shows the chemical, physical, and magnetic properties of the two
rotor materials.

The B-H curves of the two rotor materials at different excitation amplitudes are
measured and are shown in Figure 2-11, which is measured by Dietmar Andessner
at the Linz Center of Mechatronics, GmbH. Reference [53] introduces the hysteresis

measurement apparatus. It can be seen from Figure 2-11 that the FeCrCo alloy
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Table 2.3: Rotor Material Properties.
Material Name D2 steel FeCrCo Alloy

Material C: 1.5%; Co: 12%
chemical Co: 1%; Cr: 28%
composition Cr: 12 % Mo: 1%

Conductivity | 8.3 x 10°S/m | 1.4 x 10° S/m
Remanence 0.85-090 T 0.85-095T
Coercitivity | 1.2-2.3 kA/m | 16-32 kA/m

has a larger magnetic coercivity than the D2 steel, while the saturation of FeCrCo
alloy is lower than that of the D2 steel. Since the hysteresis torque generation of
a hysteresis motor is proportional to the hysteresis loop area [31], the FeCrCo alloy
hysteresis motor can potentially generate larger hysteresis torque than the D2 steel
hysteresis motor, however it requires a larger H-field to fully utilize the hysteresis
torque capability of the material.

There are two parameters in the elliptical hysteresis model: the permeability u
and the lag angle 0. Figure 2-12 shows the hysteresis parameters of D2 steel and
the FeCrCo alloy under different B-field amplitudes. These parameters are stored
in look-up tables and are used to construct the model for hysteresis motors through
Eq. (2.1)-(2.4). With the two hysteresis parameters being functions of the excitation

amplitude, the magnetic saturation effect can be modeled.

2.4.2 Open-loop Tests

The three hysteresis motors are first tested in open-loop, i.e. the position control
loop for the motors is not closed. Under this test condition, the stator windings are
energized with symmetric sinusoidal three-phase currents, and the motors are tested

in a no-load condition.

Figure 2-13 presents the speed start-up curves of the three motors. In this test,
the stator current zero-to-peak amplitude is 1 A for Motor I and II, and is 2.5 A
for Motor III. It can be observed that the speed data of Motor II and Motor III

demonstrates a larger speed oscillation amplitude than that of the Motor I, which is
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Figure 2-11: Measured hysteresis properties of the D2 tool steel and the FeCrCo
alloy under different sinusoidal B-field excitation amplitudes at 10Hz. The data is
measured by Dietmar Andessner at the Linz Center of Mechatronics, GmbH. (a) D2
tool steel. (b) FeCrCo alloy.

refered to as the hunting behavior for hysteresis motors [54]|. Figure 2-13 also shows
that the Motor I has a shorter settling time than Motor IT and III. This is due to the
D2 steel is having a larger conductivity than the FeCrCo alloy and the rotor material

for Motor III, and thus Motor I demonstrates a larger damping than the Motor II
and ITI.
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Figure 2-12: Measured p, and 6 of the hysteresis motor rotor materials at 10 Hz
under different excitation amplitude. (a) D2 tool steel. (b) FeCrCo alloy.

The motors’ starting torques are estimated though measuring the slope of the
speed during starting up. The drag torques to the motors, including air drag and
the bearing friction, are identified through the deceleration of the motor after discon-
necting from the power sources, and are considered in the calculation of the motor
starting torques. Figure 2-14 shows the torque-slip frequency relationship of the three
hysteresis motors. Figure 2-14(a) and (b) also present the modeled torque calculated
using the time-average hysteresis motor equivalent circuit model shown in Figure 2-4,
with the motor geometric parameters and hysteresis parameters of the specific rotor

material being used. In Figure 2-14(a) and (b), the modeled and measured torque
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Figure 2-13: Start-up speed plots of hysteresis motors at different reference frequen-
cies. All speed data converge to synchronous. Note speed hunting transients for lower
two plots. (a) Motor I: D2 tool steel motor; peak current amplitude 1 A. (b) Mo-
tor II: FeCrCo alloy motor; peak current amplitude 1 A. (¢) Motor III: Commercial
hysteresis motor; peak current amplitude 2.5 A.

data agree well at high slip frequency, but have a relatively large difference at low slip

frequency. This is because the model assumes the hysteresis lag angle is equal to its
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Figure 2-14: Torque-slip frequency curve of hysteresis motors. Solid line: modeled
torque. Marked lines: measured torque. (a) Motor I: D2 tool steel motor; peak
current amplitude 1 A. (b) Motor II: FeCrCo alloy motor; peak current amplitude
1 A. (¢) Motor III: Commercial hysteresis motor; peak current amplitude 2.5 A.

maximum whenever the motor is running asynchronously, i.e., the slip frequency is
non-zero. However when the motor slip frequency is small, the lag angle can demon-

strate values smaller than the maximum lag angle, as discussed in reference [41].
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Figure 2-15: Torque-current relationships of hysteresis motors at 20 Hz driving fre-
quency measured under a locked rotor condition. (a) Motor I: D2 tool steel motor;
peak current amplitude 1 A. (b) Motor II: FeCrCo alloy motor; peak current am-
plitude 1 A. (¢) Motor III: Commercial hysteresis motor; peak current amplitude

Also, as is shown in Figure 2-14(a) and (b), the torque of motor I increases almost
linearly with the slip frequency, while the starting torque of motor II saturates to a

certain value when slip frequency is high. This indicates that the dominant torque
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Figure 2-16: Measured plant Bode plots for three hysteresis motors. Input: g-axis
current amplitude; output: measured position.

generation mechanism of Motor I is through eddy current effects, while the dominant

torque generation mechanism of Motor II is through the hysteresis effect.

Figure 2-14 (c¢) does not show the modeled torque for Motor III since we lack
knowledge about the rotor hysteresis material property for Motor III. Comparing
Figure 2-14(b) and (c), it can be seen that the measured torque-slip frequency rela-
tionship of Motor III resembles that of Motor II, where both motors’ torque saturates
to an approximately constant value as the slip frequency increases. This indicates

that the torque generation of Motor II and III is mainly through the hysteresis effect.

Figure 2-15 shows the measured torque-current relationships of the three hysteresis
motors under a blocked-rotor condition with a driving frequency of 20 Hz. It can be

seen that the motor torque is roughly quadratic with respect to the current amplitude.
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Figure 2-17: Measured closed-loop Bode plots for three hysteresis motors. Input:
reference position; output: measured position. The -3 dB level in the magnitude plot
is shown as a dashed line.

2.4.3 Position Closed-Loop Control

The position closed-loop control scheme shown in Figure 2-7 is tested with the three
hysteresis motors. The motors are first tested under no-load condition. For Motor
I and Motor II, the full-order state observer method given in (2.28) and (2.29) is
used for the rotor flux orientation estimation. For Motor III, rotor flux orientation is
estimated through the combination of the mechanical angle and back-EMF method,
which is shown in (2.27). This is because the full hysteresis motor model is available
for Motor I and II, and is not available for Motor III due to the lack of knowledge
about the rotor material hysteresis properties.

Figure 2-16 shows the measured plant frequency responses of the position control
for the three hysteresis motors. In this measurement, the input signal is the g-axis

current in the rotor flux-oriented frame, and the output signal is the measured rotor
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Figure 2-18: Closed-loop position step responses of three hysteresis motors under
different load torque. (a) Motor I: D2 tool steel motor; d-axis current is 0.4 A . (b)
Motor II: FeCrCo alloy motor; d-axis current is 0.4 A. (c¢) Motor III: Commercial
hysteresis motor; d-axis current is 0.6 A.

angular position. It can be observed in Figure 2-16 that all three measured Bode
plots demonstrate -40 dB/dec slope at high frequencies, which follows the torque-
to-position Newton’s second law relationship in a typical motor. The Bode plots in

Figure 2-16 shows zero slope at low frequency which is believed due to the bearing
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Figure 2-19: Position error signal of hysteresis motors under step change of distur-
bance torque in the positive direction. (a) Motor I: D2 tool steel motor; d-axis current
is 0.4 A . (b) Motor II: FeCrCo alloy motor; d-axis current is 0.4 A. (c¢) Motor III:
Commercial hysteresis motor; d-axis current is 0.6 A.

friction, in the fashion discussed in reference [55]. This measurement indicates that
the g-axis current is roughly proportional to the torque of the motor. It also demon-
strates that the proposed flux orientation estimation approach is successful for motors

with known and unknown rotor hysteresis properties.
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Figure 2-17 shows the measured closed-loop Bode plots for the position control
systems for the hysteresis motors. Figure 2-17 demonstrates that the bandwidth of
the position control for the three hysteresis motors are above 130 Hz.

The hysteresis motors are also tested under mechanical load. Figure 2-18 shows
the measured closed-loop position step responses of the three hysteresis motors under
different constant load torques, and Figure 2-19 shows the hysteresis motor’s position
signal under a step change of the load torque. In this experiment, the load torque is
applied by the BLDC load motor, which is under current-control. The load torque
magnitude is determined though the load machine’s current times its torque constant.
It can be seen through Figure 2-18 that Motor I demonstrates larger position ripple
than the Motor IT and III when under a constant torque larger than 0.05 Nm. This is
because Motor I uses AC current to compensate the large torque, and it demonstrates
torque ripple under this condition due to the high order harmonics of the motor
winding. In contrast, Motor II and III are able to compensate the load torque with
DC currents in their windings, as they are operating in the no-slip regime. This
experiment shows that the hysteresis motor’s position control is successful under
different load conditions, and also demonstrates that the position control for the

three hysteresis motors are robust with respect to load changes.

2.5 Summary

In this chapter, we studied position control for hysteresis motors by means of field-
oriented control. A transient-time hysteresis motor model including both hysteresis
effect and eddy current effect is developed based on the elliptical assumption of hys-
teresis loops. Three methods for estimating the rotor flux orientation are proposed,
which are used for field orientation estimation for hysteresis motors in real-time con-
trol. Three hysteresis motors, including two custom-made hysteresis motors with a
D2 steel rotor and a Cobalt alloy rotor and one commercial hysteresis motor, are
tested. All three motors have achieved successful position control with bandwidth

more than 100 Hz, and demonstrated good robustness with respect to external loads.
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This work sets a foundation for the design and control for the linear stage driven

by linear hysteresis motors, which is presented in the following chapters.
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Chapter 3

Linear Stage Design

This chapter discusses the design of our magnetically-levitated linear stage. The
design process include three levels: (1) strategies, (2) concepts, and (3) details. In
this chapter, we focus on the first two levels of the linear stage design, which presents
the process to conceive new designs for the magnetically-levitated linear stage.

In this chapter, Section 3.1 discusses the functional requirements and specifications
for the reticle transportation in the EUV photolithography scanners. The established
design strategies are presented in Section 3.2, and the design concepts that can im-
plement the strategies are shown in Section 3.3. In the end, we selected one design
concept and proceed with the detail design, building, and testing, which are presented

in Chapter 4 to Chapter 6.

3.1 Functional Requirements

The target application of our magnetically-levitated linear stage is the in-vacuum
reticle transportation in extreme-ultraviolet (EUV) photolithography scanners. Fig-
ure 3-1 shows a picture of an EUV photolithography machine from ASML Inc. In
the photolithography process, the reticle, or photomask, is a 6 inch by 6 inch square
reflective optical plate that contains a pattern of the integrated circuit. This pattern

is transferred onto the silicon wafer using a 13.5 nm wavelength light during the ex-
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Reticle handing System:

Scanning Reticle Stage

Reticle Storage
Position

Figure 3-1: Picture of extreme-ultraviolet (EUV) photolithography machine from
ASML Inc. Picture source: www.asml.com.

posure process. In lithography machines, the reticles need to be transported between
a storage position and the scanning reticle stage, and typically robot manipulators
are used to fulfill this transportation task, as shown in Figure 3-1.

In next-generation EUV lithography machines, due to the increased system com-
plexity, the reticles transportation system needs to satisfy a series of new functional

requirements as follows:

(1) Handling: The transportation system needs to transport the reticle and its
container in between the storage position and the scanning stage. The trans-
portation distance is approximately 2 meters.

(2) Volume Efficient: In order to accommodate other subsystems in the EUV
scanner, the reticle transportation system needs to satisfy a tight volume con-
straint, with its vertical height below 100 mm, and the lateral width below
500 mm.

(3) In-vacuum Operation: The reticle needs to be transported in vacuum with
a background of low pressure nitrogen, which is added to the environment for

cooling and particle control purpose.
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Table 3.1: Specifications for New Reticle Transportation System

Specification Value
Transportation distance 2m
Vertical height of the system 100 mm
Lateral width of the system 500 mm
Power dissipation in vacuum 1w
Acceleration during transportation 500 mm/s>
Maximum speed of trajectory in transportation | 250 mm/s
Position control accuracy during docking 100 pm

(4) Contact-free: Mechanical contact during transportation needs to be elimi-
nated to prevent particle generation.

(5) Low Power Dissipation in Vacuum: The system needs to have a low power
dissipation in the vacuum, since cooling in the vacuum environment is challeng-
ing.

(6) Eliminate Out-gas in Vacuum: The system must have sufficiently low out-

gassing in the vacuum environment to prevent contaminating the reticle.

The specifications for reticle transportation system are further shown in terms
of numbers in Table 3.1. With the requirements above, especially the constraint on
vertical height and the long travel distance requirement, the design for a robot reticle
hander is very challenging. This fact motivates the design for a novel reticle handling

system that can fulfill these new requirements.

3.2 Strategy

In this section, we present the selection of strategies to conceptualize a high-level
solution for the transportation system with the aforesaid design requirements. We
decide to use a magnetically-levitated linear stage to fulfill the reticle transportation
task. For the linear stage’s driving principle, we propose to use linear hysteresis
motors in order to achieve a simple and compact moving stage design. Lastly, we
consider passive levitation for some degrees of freedom of the moving stage, which

allows a more compact design and reduces the system cost. The rest of this section
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discusses the aforesaid strategies in detail.

3.2.1 Magnetically Levitated Linear Stage

To achieve the reticle transportation task within a highly-constrained volume, we

propose the idea of using a linear stage for reticle transportation. In order to fulfill the

vacuum compatibility and contamination-control requirements, we further propose to

use magnetic suspension for the linear reticle transportation stage. A magnetically-

levitated linear stage is attractive for the reticle transportation application for two

reasons:

(1)

First, linear stages/motors are suitable for transportation tasks, especially for
those with relatively long travel distances and small allowed height. Com-
pared with robot manipulators, linear stages typically require less volume in
the machine, and thus can satisfy the tight dimension constraint in the vertical
direction with less challenge.

Second, magnetic levitation is proposed for the reticle transportation stage to
eliminate mechanical contact and lubrication, which are not allowed in the ret-
icle handling environment to prevent particle generation. There are two com-
monly used solutions for linear motors to eliminate mechanical contact: air
bearings and magnetic bearings. Due to the in-vacuum operation requirement,
the use of air bearings is very challenging for the reticle transportation stage,
which will increase the cost and volume of the system. On the other hand,
the magnetic bearing is a convenient solution for linear stages and also allows

in-vacuum operation.

In addition, we plan to configure a channel with thin walls surrounding the entire

motion range of the stage. The moving stage transports the reticle inside the channel

in a clean vacuum, while the stators for the moving stage are configured on the

outside in a relatively dirty vacuum, as shown in Figure 3-2. In this way, we are able

to separate out the contamination generation from the stator assembly, which has

actuator coils and its potting, permanent magnets, cooling cables, etc.
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Figure 3-2: Diagram of reticle transportation channel and wall separating clean and
dirty vacuum.

3.2.2 Linear Hysteresis Motor

This section presents a brief discussion about the motor driving principle selection for
the magnetically-levitated linear stage for reticle transportation. Table 3.2 shows a
comparison between the motor driving principles. The advantages and disadvantages
of each driving principle are discussed below.

Permanent magnet linear motors for magnetically-levitated precision stage appli-
cations have been studied extensively through the years, and have demonstrated good
performance in terms of thrust force generation, ease of control, and power density.
However, permanent magnets can out-gas when they are exposed in vacuum, and
therefore need to be encapsulated. This requires a relatively complicated moving
stage design for the magnetically-levitated linear stage for reticle transportation.

Induction motors are not selected for the linear stage mainly because of the in-
evitable secondary loss. In an induction motor, the thrust force generation uses the
induced currents in the secondary, which generates heat in the secondary. This is not
favorable when the secondary needs to levitated in vacuum. In addition, induction
motors require asynchronous operation, and an AC component force generation can
thus exist in the motor, which can cause oscillations in the moving stage.

Reluctance motors allow a monolithic steel secondary construction, and have
the advantages of relatively large shear force production capability and high sec-

ondary structural stiffness. However, when being used for magnetically-levitated
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Table 3.2: Comparison between different motor types, advantages and disadvantages.

Motor Main features
Permanent + Large force generation capability and high efficiency.
magnet + Linear current-to-force relationship; simple position control method avail-
motor able.
— Cogging force and force ripple exists.
— Permanent magnet and its potting cannot expose in vacuum since out-
gassing should be prevented.
Induction + Relatively high efficiency typically about 90%.
motor — AC component in shear and normal forces.
— Eddy currents in the secondary can generate heat, which is challenging to
cool in vacuum environment.
+ Soft magnetic material mover; no permanent magnet needed.
Reluctance + Simple structure. High structural and packaging efficiency.
motor — Nonlinear thrust generation.
— High force ripple in shear and normal forces; high noise when open-loop
running
+ Semi-hard solid material mover; no permanent magnet needed.
Hysteresis + Simple structure. High structural and packaging efficiency.
motor

Nonlinear and history-dependent current-to-force relationship.
Relatively small shear force generation capability.
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linear stages, the relatively large normal and shear force ripple of the reluctance mo-
tor may lead to stage oscillations, which is undesirable when the stage is being used
for reticle transportation. These disturbances also occur with high spatial frequency

which makes them challenging to control.

In this thesis work, we selected linear hysteresis motors as the driving principle
for the magnetically-levitated linear stage for reticle transportation. Linear hysteresis
motors are attractive for this application for three reasons: (1) Hysteresis motors allow
using solid-steel motor secondaries on the moving stage and do not need permanent
magnets. This is desirable for in-vacuum operation, since permanent magnets can out-
gas in high vacuum when not encapsulated. (2) The hysteresis motor secondary uses
a monolithic piece of solid steel with high stiffness, which is desirable for structural
purposes. (3) Compared with induction motors, hysteresis motors do not generate
steady-state heat in the moving stage due to the fundamental harmonic magnetic
interaction when operating in synchronous mode, which is desirable since cooling of

the stage in vacuum is challenging.

Another reason that we selected linear hysteresis motors for our linear stage is to
explore the use of unconventional driving principles for linear stages. As discussed in
Chapter 1, to our knowledge, there is no reported study on the linear version of hys-
teresis motors. However, given the fact that the hysteresis motors have many unique
features, linear hysteresis motors may be attractive in some special applications, such
as in-vacuum operation, high-temperature environment, tight volume constraint, etc.
Targeting at these potential applications, we study the design, modeling, and control
for linear hysteresis motors as a part of this thesis work, which potentially can enlarge

the design space for actuation principle selection for special linear motion systems.

Linear hysteresis motors also have several drawbacks including: (1) relatively low
thrust force, (2) a lack of methods to control its force and position. Among these
two drawbacks, the first one is acceptable for the reticle transportation tasks, since
the required acceleration of 500 mm/s? is not high. The second challenge is partly
addressed in Chapter 2, where a high-bandwidth force and position control method

is proposed and tested for rotary hysteresis motors. In the development of our linear
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Figure 3-3: Diagram of passive magnetic suspension of axial and tip-tilt displacement
in rotary bearingless slice motors. (a) Principle of axial restoring force generation.
(b) Principle of tip-tilt restoring torque generation.
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stage, we plan to explore control methods for linear hysteresis motors as an extension
to the work in Chapter 2, thereby allowing these motors being used for linear position

servo applications.

3.2.3 Passive Magnetic Suspension

In the design for the magnetic suspension mechanism for our linear stage, we consider
using passive levitation for some degrees of freedom of the moving stage. An early
version of passive magnetic suspension is presented by Schob and Barletta for rotary
bearingless motors in [56]. Figure 3-3 shows an illustration of the principle of passive
magnetic suspension in bearingless slice motors. Here, the rotor has an axial length
that is significantly smaller than the diameter, which resembles a slice of a disk. With
the magnetic fields on the rotor’s peripheral, such slice motor can generate restoring
forces and torques when the rotor is misaligned with the stator in axial, tip, and
tilt directions. In this design, three degrees of freedom of the rotor are passively
stabilized: translation along the axial direction and tip and tilt of the rotor. The
other two degrees of freedoms except for the rotation about the vertical axis, i.e. the
translations in radial directions, are unstable in open-loop, and feedback control is
required to stabilize the radial suspension of the rotor.

Several other possible configurations of passive magnetic suspension for rotary
motors using ring-shaped permanent magnets are shown in Figure 3-4. The first

study of passive magnetic levitation using permanent magnet ring supports is pre-
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Figure 3-4: Passive magnetic bearings using ring-shaped permanent magnets intro-
duced in [12].

sented in [12]. The proposed design uses the field and force interactions between
permanent magnet rings to support the rotor in radial or axial directions. Similar to
the bearingless slice motor idea, additional active magnetic bearings are necessary to
stabilize the remaining unstable degrees of freedoms. This concept further enables a
number of designs for one-axis active positioning in magnetic bearings and bearingless
drives [57-60], where as many as four degrees of freedom of the rotor are passively

stabilized.

Finally, a four degrees of freedom passive magnetic bearing can be realized via
design shown in Figure 3-5. Motor designs using this suspension concept include [61]
and [36]. Here the rotor has a slender geometry, and the stators are configured on the
two tips of the rotor. The rotor spins about the z-axis, and its translation about the
z-axis is actively controlled. Other degrees of freedom, including radial translation
and tilt in x- and y-directions, are passively stabilized with the flux concentration at

the tips of the rotor.

Although a number of designs have demonstrated the application of passive mag-
netic suspension in rotary motors, to our knowledge, few works have studied linear
motors using passive magnetic suspension. To our understanding, this is because

linear motors are typically used for precision manufacturing and ground transporta-
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Figure 3-5: Diagram of passive magnetic suspension of slender rotor in bearingless
slice motors. (a) Radial restoring force generation. (b) Tilting restoring torque gen-
eration.

tion, which requires accuracy, bandwidth, and load capacity that is usually diffi-
cult to achieve with passive magnetic suspension. However, in this work, since our
magnetically-levitated linear stage does not require extremely high precision posi-
tioning during transportation, passive magnetic suspension is attractive to reduce
the number of sensors, windings, and power amplifiers, and therefore reduce the over-

all system cost and complexity.

3.3 Design Concepts

This section presents the specific design concepts that we have explored during the
design phase that can realize the design strategies discussed in Section 3.2. Some
of the design concepts are presented in our patent application [62]. Note that the
design concepts presented in this section is not limited to linear hysteresis motors.
Same magnetic configurations can be applied to stages driven by other types of linear
motors, such as linear permanent magnet motors, and linear induction motors, linear

reluctance motors.

First, let us define the coordinate system of the magnetically-levitated linear stage
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Moving Stage

Figure 3-6: Diagram of the coordinate system of the magnetically-levitated linear
stage.

as shown in Figure 3-6. Here, the y-axis is aligned with the long travel motion
direction of the stage. The z-axis is aligned with the vertical direction and points
upward. The z-axis is aligned with the cross-motion direction, and it forms a right-
handed Cartesian coordinate with y- and z-axes. The angles 0., 0,, and 6, indicate

the rotation about x-, y- and z-axes, respectively.

The design concepts presented in this section can be roughly categorized into three
groups according to their magnetic suspension configuration: (1) active magnetic
suspension in all degrees of freedom, (2) passive magnetic suspension in z- and 6,-
directions (lateral and yaw modes), and (3) linear bearingless slice motor design
with passive magnetic suspension in z-, ,, and 6,-directions (vertical, pitch and roll

modes). The rest of this section describes several linear stage design concepts of each

group.

3.3.1 Group I: AllI-DOFs Active Suspension Design

The first group of the stage design concepts use active magnetic suspension in all
degrees of freedom. In these designs, the stage’s motion is along y-axis, and all other

degree of freedom of the stage are actively suspended via magnetic bearings.
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Figure 3-7: Design concept 1 of magnetically-levitated linear stage with all-DOFs
actively controlled.

Group I: Design Concept 1

Fig. 3-7 shows a design concept of a magnetically-levitated linear stage using active
magnetic suspension in all degrees of freedom. When the stage is driven by hystere-
sis motors, the stage secondaries are made of magnetically-semi-hard material with
relatively large permeability. There are four stators configured around the moving
stage, interfacing with the stage secondaries. The normal surfaces of the secondary
are configured at an angle with the horizontal plane. Here, each stator is able to
control its total normal force, total thrust force, and the torque to the secondary in
the pitch direction. With all these forces and torques, all degrees of freedom of the

stage can be actively controlled.

Below we discuss the winding pattern for the stator that can implement the con-
trol for required torques and forces. The winding of each stator has two possible
configurations. Figure 3-8 shows the first winding configuration. Here, the stator
winding consists of a series of lumped coils, and each coil is driven by independent
power amplifiers. By controlling the currents in each coil, the total normal force,
total thrust force, and total torque in z-direction on the stage secondary can be con-

trolled independently. This winding pattern requires a relatively large number of
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Figure 3-9: Stator winding configuration using double multi-phase windings and the
corresponding air-gap flux distribution.

independent power amplifiers, especially for linear stages with long transportation

distance.

The other possible winding pattern uses multiple-winding type linear bearingless
motor configuration, shown in Figure 3-9. In this winding configuration, two sets
of multi-phase windings are configured in the same stator, as shown in Figure 3-9.
Here the windings (A, B, (') shown with large circles are the motor windings, and
the windings (u,v,w) shown with small circles are the torque control windings. The
wavelength of the torque control winding magneto-motive force is twice of that of the
motor winding. The same phase in each set of winding are connected in series, and

there are in total six independent currents in this stator. The bottom plot in Figure 3-
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9 shows the air-gap fluxes generated by the two sets of windings. Here the blue lines
show the motor flux, the red lines show the torque control flux. The forces and torques
generated by this stator is briefly discussed below. The total normal force F, and
total shear force F can be controlled via the amplitude and phase, or d- and g-axis,
of the motor winding excitation. The torque about z-axis can be controlled by the
interaction between the motor flux and the torque control flux. For example, for flux
distribution in Figure 3-9, the torque control flux intensifies the fluxes in the yellow
region, and attenuates the flux in the blue region, which generates controlling torque
about the x-axis in Figure 3-9. This design resembles the winding pattern of rotary
bearingless motors with multiple windings [63], where the suspension flux steers the
motor air-gap flux in a rotating frame for torque generation. Note that this winding
pattern can only be applied for those linear motors operating in synchronous mode
and has a relatively large d-axis flux, for example linear reluctance motors and linear
hysteresis motors. In these circumstances, the interaction between the g-axis motor
flux and the torque control flux has small amplitudes, and therefore the generated
disturbance forces and torque can be rejected by feedback control.

With such stator designs, there exists several stage configurations to implement
motion and active suspension in all degrees of freedom. Figure 3-10 shows several
example configurations. Among these configurations, design concept 1 shown in Fig-
ure 3-7 allows a simple design for the separating channel between the stator and the
stage, and allows a mechanically stiff stage design, which is favorable for our target

application.

Group I: Design Concept 2

Figure 3-11 shows a linear stage design concept uses a combination of regular linear
motors and flux steering magnetic bearings. Here, two stage secondaries are config-
ured on the two wings of the moving stage. Four regular linear motor stators are
configured on both top and bottom of the moving stage, interfacing with the stage
secondaries. The stator’s winding uses regular three-phase winding. The winding of

the top and bottom stators can be connected to reduce the number of independent
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Figure 3-11: Design concept 2: magnetically-levitated linear stage with regular linear
motors and flux steering magnetic bearings.

currents. These stators generate motor fluxes shown by the red lines in Figure 3-11,
which interact with the stage secondaries and thereby generates thrust force in y-

direction. The normal forces generated by the motor fluxes are largely canceled out

by top and bottom motors when the stage is centered.
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In addition to the motor stators, two rows of magnetic bearings with E-shaped
cores are configured on the two sides of the moving stage, as shown in Figure 3-11.
Each magnetic bearing has two coils wrapping around the top and bottom arms of the
E-shaped core, as shown by coil A and coil B in Figure 3-11. The current in each coil
is independently controlled. There are two kinds of magnetic fluxes generated by the
E-shaped magnetic bearing. The common-code current in coil A and coil B generates
lateral control flux, as shown by the blue flux lines in Figure 3-11. This flux generates
normal forces on the left and right edges of the moving stage, which can control the
z-directional suspension of the moving stage. With at least two magnetic bearings
configured along the moving stage, the ,-directional magnetic suspension can also
be controlled. This flux will also flow across the motor air gaps, however it does
not generate net force to the stage when the stage secondary is centered vertically.
In addition, the differential current in coil A and coil B generates vertical control
flux, as shown by the green flux lines in Figure 3-11. This flux steers the motor flux
and vertical control flux to generate vertical control force on the moving stage. For
example, in Figure 3-11, the vertical control fluxes intensify the motor fluxes in the
top air gaps, and weaken the motor fluxes in the bottom air gaps, thereby generates
vertical suspension force pointing upwards, which can be used to compensate the
weight of the stage, and to control its z- and 0,-directional suspension. With multiple
E-shaped magnetic bearings interfacing with the moving stage simultaneously, the
stage’s suspension in #,-direction can also be actively controlled. As a result, this
stage configuration is able to actively control all degrees of freedom of the moving

stage.

The stage design concept 2 shown in Figure 3-11 presents a relatively simple stage
design, and here the suspension of the stage in different degrees of freedom are largely
decoupled, which allows a simple control design. The main drawback of this stage
is that its vertical suspension force relies on a non-zero motor flux. As a result, the
currents in the motor windings cannot be zero even when no motion is required. This

fact makes the stage less efficient in power consumption when carrying the gravity

load.
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Figure 3-12: Design concept 1: magnetically-levitated linear stage with connected
C-shaped core stator design.

3.3.2 Group II: Passive Suspension in z- and 6,-direction

The second group of linear stage design concepts use passive suspension for z- and
0.-directional levitation, and use active magnetic suspension for levitation in other
degrees of freedom, including z-, 6,-, and 6,-directions. Note that in some of these
designs the 6,-DOF of the stage can often be actively controlled if improved stiffness
is needed, although it is already stabilized passively.

Group II: Design Concept 1

Figure 3-12 shows the design concept 1 of the magnetically-levitated hysteresis linear
stage in group II. Here the moving stage is magnetically suspended in the z-, .-, and
8,-directions actively, and the stage’s magnetic suspension in z- and 0,-directions are
passive. When the stage uses hysteresis motor, the edges of the moving stage are
made of magnetically semi-hard alloy with relatively large permeability, and thrust
forces are generated along the y-direction by the hysteresis effect in the moving part.

The stator in this design consists of a row of C-shape cores with lumped windings,

and the cores are connected by highly-permeable connector blocks. All stator core
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segments are made of laminated electric steel. There are two coils (coil A and coil B)

wound on each C-shape core, and each coil has its current controlled independently.

The operating principle of the stage design shown in Figure 3-12 is briefly discussed
here. The common-mode current in the top and bottom coils in the C-core generates
a two-phase alternating motor flux, as shown by blue flux lines in Figure 3-12. The
motor fluxes are traveling along the y-direction for thrust force generation. The
motor fluxes also stabilize the passive magnetic suspension in z- and 6.-directions.
The extrusion features on the edges of the moving stage and the saliency of the
stator poles can further improve the passive stiffness. Note that the suspension in 6.-
direction can also be actively controlled by the differential of the y-directional thrust

forces on two sides of the stage to improve stiffness and damping.

On top of the motor flux, the differential current between currents in coil A and
coil B generates a suspension control flux, as shown by the red flux line in Figure 3-12.
Magnetic suspension control forces can be generated by the superposition of the two
magnetic fluxes. As is shown in Fig. 3-12, in air gap 1 the two magnetic fluxes are
in the same direction, while in air gap 2 the two fluxes are in the opposite directions.
As a result, a net force in the positive z-direction can be generated at the pole face of
this C-core. Similarly, vertical directional forces can be generated at every pole face,
and these forces can work together to control the magnetic suspension of the moving

stage in the z-, 0,-, and 0,-directions.

The design concept 1 can achieve the suspension and motion purpose of the stage
with a simple stator design. It has two major drawbacks: (1) The passive suspension
of the stage relies on a bias flux which is generated by the coils. Therefore, the coil
current must always on to maintain stable suspension, which results in relatively low
power efficiency. (2) Each coil in the stator is independently controlled, which requires
a large number of power electronics, especially for stages with long traveling distances.
(3) The moving stage typically uses heavy motor secondaries on the windings for flux
concentration, therefore the moving stage may have low-frequency flexible modes,

which can impair the control performance.
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Figure 3-13: Design concept 2 for magnetically-levitated linear stage using permanent
magnet flux biasing. In this design stators have independently controlled coils for
suspension and thrust force generation

Group II: Design Concept 2

Figure 3-13 shows design concept 2 for magnetically-levitated linear stage in Group
I1. Here, the stage has two motor secondaries on its wings on both sides. When
the stage is driven by linear hysteresis motors, the motor secondaries are made of
magnetically-semi-hard alloy. There are four stators in this design, each has its wind-
ings implemented by a series lumped coils wrapped around the stator teeth, and each
coil is independently controlled. The two stators on each side are connected with the
flux biasing structure, which consists of a bias yoke and a permanent magnet. The
permanent magnets generate bias fluxes as shown by the black flux lines in Figure 3-
13. The bias flux generates passive stiffness in z- and 6,-directions. In addition to
the bias flux, each stator can generate a motor flux as shown by the red flux lines in
Figure 3-13, which goes through the same air gaps with the bias flux. With each coil
in the stators independently controlled, we are able to control the total thrust force,
total normal force, and normal force generation at different y-directional locations on
the stage secondaries. With all these forces and torques, the stage’s suspension and

motion in y-, z-, 6,-, and 0 -directions can be actively and independently controlled.

Compared to the design concept 1, the stage design concept 2 uses permanent
magnets to provide bias flux for the passive magnetic suspension, which is effective

for power saving. However, it shares the second drawback of the design concept 1,
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i.e., each coil requires a separate power amplifier. This increases the complexity and

cost of the system.

Group II: Design Concept 3

Figure 3-14 shows a design concept of a magnetically-levitated linear stage using
separate motor stators and pitch control stators, where Figure 3-14(a) shows a cross-
section diagram of the stage with magnetic fluxes, and Figure 3-14(b) shows a CAD
model of this stage design concept. Here, the moving stage consists of a stage base
made of non-magnetic material, four motor secondaries and four bearing secondaries.
The motor secondaries and bearing secondaries are mounted on the wings of the stage
base. There are two kinds of stators arranged around the stage: the motor stators
and the pitch control stators. The stators are configured above and below the moving
stage, and are supported with the C-shaped structure. Each motor stator has a set of
three-phase windings, and each motor stator can generate independently controlled
thrust and normal forces. With these forces, the stage’s motion and suspension in y-,
z-, 8,-, and 0.-directions can be actively and independently controlled.

The pitch control stator consists of two stator yokes with lumped windings con-
nected with a horizontally-magnetized permanent magnets. The permanent magnets
generate bias fluxes as shown with the black flux lines in Figure 3-14(a). This per-
manent magnet bias fluxes provide the stage’s passive magnetic suspension stiffness
in the z- and 6,-directions. In addition, pitch control fluxes are generated by the
windings in the pitch control stator, as shown by blue flux lines in Figure 3-14(a),
which steer the permanent magnet bias flux to generate controlling torque about the
a-direction. Figure 3-14(c) shows the air gap magnetic fluxes generated by the bias-
ing permanent magnet and the pitch control stator windings. The pitch control flux
is sinusoidally distributed in the air gaps and synchronous to the moving stage. In
Figure 3-14(c), the pitch control flux attenuates the bias flux in the yellow region,
and intensity the fluxes in the blue region, which generates pitch control torque about
the x-axis.

Design concept 3 can fulfill the motion and suspension tasks, uses permanent mag-
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Figure 3-14: Design concept 3 for magnetically levitated linear stage with separate
motor stator and pitch control stator with flux biasing. (a) Cross-section diagram
of stage configuration. (b) Three-dimensional CAD diagram. (c) Air gap fluxes
generated by the pitch control stator.
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net flux biasing for power efficiency improvement. It also uses stators with windings
connected in series, which reduces the number of independent phases compared to
design concept 2. However, as shown in Figure 3-14(a) and (b), the moving stage
presents a relatively wide design with secondaries on the wings, which may result
in low structural stiffness and relatively low modal frequencies. In addition, there
are eight stator segments in total (four motor stators and four pitch control stators)
required in this concept, which is relatively complicated and expensive for manufac-

turing.

3.3.3 Group III: Passive Suspension in 2-, 0,-, and 0,-directions

The third group of linear stage design concepts use passive suspension in z-, #,-, and
8,-directions, and use active suspension in z- and 6,-degrees of freedom. These designs
resemble the bearingless slice motor for rotary motors, whose concept is shown in
Fig. 3-3. We call these design concepts linear bearingless slice motors. Compared with
the other two groups, linear stages using the linear bearingless slice motor typically
uses less coils and sensors, since more degrees of freedom of the stage are passive.
To our knowledge, there has been no prior work reporting the design for a linear

bearingless slice motor stage.

Group III: Design Concept 1

Figure 3-15 shows a stage design concept using a linear bearingless slice motor. Here,
the stage consists of a stage base in the center and four stage secondaries on left and
right sides, which are made of magnetically-semi-hard materials. Two stator assem-
blies are configured on both sides of the stage, interfacing with the stage secondaries.
The stator assembly consists of two stators connected with a biasing permanent mag-
net, and each stator has independently-controlled lumped coils. The permanent mag-
nets in the stator assemblies provide bias fluxes as shown by the black flux lines
in Figure 3-15. This bias flux provides passive suspension stiffness in z-, 6,-, and

8,-directions. In addition to the bias flux, driving the coils in the stators can gen-
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Figure 3-15: Cross-section diagram of the design concept 1 of linear bearingless slice
motor. Stators have independently-controlled coils for suspension and thrust force
generation.

erate motor fluxes as shown by the red flux lines in Figure 3-15. These fluxes are:
(1) interacting with the stage secondaries for y-directional thrust force generation,
and (2) steering the permanent magnet bias flux for z- and 6,-directional suspension
force/torque generation. Note that in this design, the magnetic suspension in the
8,-direction can be actively controlled if additional stiffness and damping is needed.
With all these magnetic fluxes, the motion and magnetic suspension of the stage in
all degrees of freedom can be stabilized, either actively or passively.

The design concept shown in Figure 3-15 presents a simple stage design, and
is convenient for including a separation wall between the stator and moving stage.
The drawbacks of this design include: (1) The stators have coils that are driven
independently, which requires a large number of power amplifiers. (2) When the
stage is driven by linear hysteresis motors, the bias fluxes penetrate through the
hysteresis secondaries, and thus biases the hysteresis loop. This may hurt the thrust
force generation capability of the linear hysteresis motors, as it reduces the usable

area of the hysteresis loop.

Group III: Design Concept 2

Figure 3-16 shows an alternative design of the linear bearingless slice motor, where
Figure 3-16(a) shows a cross-section diagram, and Fig. 3-16(b) shows the top views

of the magnetic fluxes in the bias flux air gaps. Here, the stage consists of a stage
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Figure 3-16: Design concept 2 of linear bearingless slice motor with separate motor
stator and yaw control stator. (a) Cross section diagram of the stage. (b) Permanent
magnet bias fluxes and the yaw control fluxes in the air gaps.

base and two kinds of stage secondaries: the motor secondary made of hysteresis
alloy, and the bias flux collector made of highly-permeable soft magnetic material,
such as low carbon steel. Two stator assemblies are configured on both sides of
the moving stage. Each stator assembly includes one motor stator, two yaw control
stators, two biasing permanent magnets, and a stator back iron connecting the top
and bottom permanent magnets. The permanent magnets in the stator generate
permanent magnet bias fluxes as shown by the black flux lines in Figure 3-16, which

generates passive stiffness in z-, 0,-, and 6,-directions. In the same air gaps with the
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bias flux, the coils in the yaw control stators generate yaw control fluxes, as shown by
blue arrows in Figure 3-16(a) and (b). This flux steers the permanent magnet bias
flux to generate 6,-directional suspension torque. For example, in Fig. 3-16(b), the
yaw control flux attenuates the PM bias flux in the blue region, while intensifying
the flux in the yellow region. As a result, a torque about the vertical direction can
be generated as shown by the T, arrow in Fig. 3-16(b).

Finally, energizing the motor stators in the center of the stator assembly, motor
fluxes as shown by the red lines in Figure 3-16(a) can be generated. Similar to design
concept 2 in Group II, the common mode of the two side motor fluxes interact with the
hysteresis motor secondaries to generate thrust forces in y-direction. The differential
between the left and right motor fluxes generates lateral-direction reluctance force,
which is used to control the z-directional magnetic suspension. With all three kinds
of magnetic fluxes, we are able to stabilize all degree of freedom of the moving stage,

either actively or passively.

3.4 Summary

In this chapter, we presented the functional requirements for the reticle transportation
task in EUV photolithography machines, and discussed strategies and design concepts
for the magnetically-levitated linear stage. We selected the design concept in Figure 3-
16 for detailed design, building, and testing in this thesis work for the following

reasons:

(1) In this design, three degrees of freedom of the stage are passively stabilized,
which reduces the sensors and coils being used, thereby allows a simple system

design.

(2) This design allows a small vertical height, which is favorable for the reticle
transportation application, since the requirement of the system’s vertical height

is critical (< 100 mm).
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(3) The control for stage’s different degrees of freedom are largely decoupled, which

allows simple control design.

(4) Although a number of works have studied the design for rotary bearingless slice
motors, to our knowledge, there is no reported work on the design and testing
for linear bearingless slice motors. In this thesis work, we would like to explore
this new linear motor configuration, which potentially can be used for broader
application areas, such as transportation stages in assembly lines, non-contact

conveyance for metal, etc.

In the following chapters, we will discuss the modeling, design, building, and

experimental testing for the selected stage design.
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Chapter 4

Modeling and Analysis

This chapter presents modeling and analysis for the linear stage system, including
both the magnetic suspension and the linear hysteresis motors. We first briefly re-
discuss the operating principle for the stage design concept being selected in Sec-
tion 4.1 to make this chapter self-contained. Then we present a first-order analytical
model for the active magnetic suspension in lateral and yaw degrees of freedom in
Section 4.2. Finally, the modeling for a pre-magnetized linear hysteresis motor is

discussed in Section 4.3.

4.1 Operating Principle

In this section we present the operating principle of the selected magnetically-levitated
linear stage design. Part of this section was discussed in Chapter 3.

Fig. 4-1 shows a CAD model for the magnetic structure in the selected magnetically-
levitated linear stage design, which is comprised of two stator assemblies and one
moving stage. The moving stage comprising one non-magnetic stage base, two soft
iron stage backirons, four soft iron bias flux collectors, and two hysteresis motor sec-
ondaries. The stator assembly is comprised of one motor stator, two yaw control
stators, and a flux-biasing structure including two rows of permanent magnets and
a stage backiron. Each stator assembly also include two non-magnetic spacers for

separating the bias magnetic flux path and the motor flux path.
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Figure 4-1: CAD model of the magnetic structures in our magnetically-levitated linear
stage (cross-section view).

The coordinate system for the linear stage is shown in Fig. 4-1. The motion
of the stage is along the y-axis. The system implements a linear bearingless slice
motor design, with the magnetic levitation of the moving stage is active in - and
8.-directions, and is passive in z-, 6,-, and 6,-directions.

In the rest of this section, we first discuss the suspension forces/torques generation
mechanisms of the linear stage in Section 4.1.1. Following this we discuss the thrust

force generation mechanism of a linear hysteresis motor in Section 4.1.2.

4.1.1 Suspension Force/Torque Generation Principle

Figure 4-2 shows the magnetic fluxes in our magnetically-levitated linear stage. Fig-
ure 4-2(a) shows a cross-section diagram, and Figure 4-2(b) and (c) show the top
views of the magnetic fluxes in the bias flux air gaps and motor air gaps, respec-
tively. There are three kinds of magnetic fluxes in the system. The black lines and
arrows in Figure 4-2(a) and (b) show the permanent magnet bias magnetic fluxes,
which are used to generate passive magnetic suspension force and torques in z-, 6,-,
and 6,-directions. When the stage is displaced in these directions, the bias fluxes in

the air gaps provide restoring forces, and therefore stabilize the magnetic suspension
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Figure 4-2: Magnetic fluxes in the magnetically-levitated linear stage. (a) Cross
section diagram of the stage. (b) Top view of the permanent magnet bias fluxes and
the yaw control fluxes in the air gaps. (c¢) Top view of the motor fluxes in the air

gaps.

passively. Note that the bias fluxes also generate destabilizing force/torque in x- and
f.-directions, and feedback control is required to stabilize the magnetic suspension in

these degrees of freedom.

The blue arrows in Figure 4-2(a) and (b) show the yaw suspension control fluxes,
which are generated by energizing the yaw control stators. In the top and bottom air
gaps, the yaw suspension control flux is distributed sinusoidally, and is synchronous
to the moving stage. This flux steers the permanent magnet bias flux (black arrows)

to generate 6,-directional suspension torque. For example, in Figure 4-2(b), the
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yaw control flux intensities the bias flux in top left and bottom right areas, while
attenuating the flux in bottom left and top right areas, thereby generating a torque
about the vertical direction as shown by the T, arrow in Figure 4-2(b).

The red arrows in Figure 4-2(a) and (c) represent the motor fluxes, which are
generated by the windings in the motor stators. The common mode of the left and
right motor fluxes is used to generate y-directional thrust force on the stage by in-
teracting with the hysteresis motor secondaries. The differential between the left and
right motor fluxes generates z-directional reluctance force, which is used to control
the z-directional magnetic suspension. With all three magnetic fluxes, we are able to

stabilize all degrees of freedom of the moving stage, either actively or passively.

4.1.2 Thrust Force Generation Principle

Our magnetically-levitated linear stage uses short-secondary linear hysteresis motors
for the thrust force generation. Hysteresis motors have secondaries made of mag-
netically semi-hard materials. When the motor windings are excited, the induced
magnetization in the secondaries lags behind the external field due to the magnetic
hysteresis of the secondary material, thereby generating thrust forces [31]. The hys-
teresis motor secondaries are sometimes pre-magnetized using a large current ampli-
tude before operation to improve the force generation capability of the motor, and
these motors are often referred as ‘‘polarized hysteresis motors” or ‘‘pre-magnetized
hysteresis motors” [64]. Aside from the hysteresis thrust forces, there are also addi-
tional reluctance thrust forces in linear hysteresis motors at the front and back edges
of the motor secondaries due to the end effects, as shown in Figure 4-3. As a result,
the force generation in a short-secondary linear hysteresis motor resembles that of
an interior permanent magnet synchronous motor, where two mechanisms of thrust
force generation are existing [65].

Hysteresis motors can operate in either synchronous mode or asynchronous mode.
In our magnetically-levitated linear stage, we operate the linear hysteresis motors in
the synchronous mode for two reasons: (1) The reluctance force in the linear hysteresis

motor is oscillatory when the motor is asynchronous, which introduces undesirable
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Figure 4-4: Experimental torque characteristic of a pre-magnetized rotary hysteresis
motor. Figure is taken from [13].

vibrations to the stage. (2) Synchronous operation of the motor eliminates secondary
hysteresis and eddy current losses due to the fundamental harmonic of the motor
excitation. This is especially desirable for in-vacuum transportation systems, since

cooling of the levitated moving stage is challenging when the stage is in vacuum.

In our linear stage, we operate the linear hysteresis motors with the motor secon-
daries pre-magnetized to improve the thrust force capability. The pre-magnetization

has a very positive effect for the performance of hysteresis motors. Recent refer-
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Figure 4-5: Thrust force and phase angle relationships in short-secondary linear hys-
teresis motors.

ence [13| has presented an experiment for a pre-magnetized rotary hysteresis motors,
and Figure 4-4 shows the measured torque of a hysteresis motor pre-magnetized at
different current density levels. It can be seen that the motor’s torque under a cer-
tain current amplitude is significantly increased after pre-magnetization. Also, the
motor’s torque after pre-magnetization is largely linear with respect to the stator
current density, which resembles the behavior of a permanent magnet synchronous
motor. These characteristics for pre-magnetized hysteresis motors are favorable for

our linear stage.

Figure 4-5 shows a diagram of the typical thrust force and phase relationship
of a pre-magnetized linear hysteresis motor in synchronous operation. Here, the
horizontal axis represents the phase difference between the stator excitation and the
stage position, which is often referred as the force angle in linear synchronous motors.
The hysteresis thrust force (orange line) is sinusoidal and has its maximum values at
phase angles of +7/2, while the reluctance force (yellow line) is having two periods
within —7 to m. The summation of two thrust forces makes the peaks of the total

thrust force shift toward the center, as shown by the blue line in Figure 4-5.
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4.2 Active Magnetic Suspension Modeling

This section presents a first-order model of the active magnetic suspension of the
moving stage in z- and 6,-degrees of freedom. We first derive the the first-order
expression of magnetic fluxes in the air-gaps, and then we calculate the reluctance
force/torque generation to the moving stage, which are the controlling force/torque
applied to the stage for x- and 6,-directional magnetic suspension. The assumptions

of this model are listed as follows:

(1) The moving stage is centered in x- and 6,-directions.

(2) The hysteresis effect of the secondary material is ignored in this analysis of
normal force generation. Only reluctance force is considered.

(3) The permanent magnet bias flux is assumed to be uniformly distributed in the
air gaps.

(4) Only the fundamental harmonics of the stators’ winding distribution and magneto-
motive forces are considered. All higher-order harmonics are ignored.

(5) Flux concentration at the front and back of the stage, i.e. end effect, is ignored.

(6) The permeability of the stator yokes and stage backiron is assumed to be infinity.

(7) The motor flux in the hysteresis secondary is assumed to be in the normal

direction.

Although the model presented in this section does not capture the system’s be-
havior in detail, it provides a first-order estimation for the suspension control force

and torque, which is helpful to guide the design.

4.2.1 Lateral Suspension Force Generation

We first discuss the reluctance suspension force generation between the motor stator
and the hysteresis secondary, which is used for lateral directional magnetic suspension
control. Note that here only the normal directional reluctance forces are considered.
The effect of the pre-magnetization of the secondaries and thrust force generation of

the hysteresis motors are discussed in Section 4.3.
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Define the magneto-motive forces (MMFs) generated by the left and right motor
stators as FL and FE. When the windings in both motor stators are excitated with

symmetrical three-phase currents, the generated MMF' are

2

Fro = NIy cos(Syr + 0. (4.1)
2

Ft = N} cos(Syr + 0m): (42)

where 1, is the y-directional position in the stage coordinate with the origin defined
in the center of the stage, N,, is the number of turns per phase per pole of the motor
stator winding, IL and I? are the current amplitudes in the left and right motor
stators, respectively, \,, is the wavelength of the motor winding, ¢,, is the phase of

the motor stator excitation in the stage coordinate.

Then we calculate the magnetic permanences of the air gap and the hysteresis
secondary. The magnetic reluctance of the hysteresis secondary over incremental

length dy, in the y-direction is

ty
Ry =—"——, 4.3

where ty and wy are the thickness and width of the hysteresis secondary, respec-
tively, and pp is the magnetic permeability of the hysteresis secondary. Similarly, the

reluctance of the air gap at position y, is

Im
£ L — 4.4
I :u()ngdYr ( )

where g,, is the length of the motor flux air gap, and g is the permeability in vacuum.
The total permeance of the air gap and secondary stack over incremental length dy,

is

1 1
Pt == R + R = dm _|_ tir
H g pow grdyy prwHdyr (45)
_ omn
Gmbtm +tmpo

Then normal-directional air gap flux density distribution in the left and right air
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gaps can be calculated as

PF)
BE = m 4.6
o (4.6)
PFE
BE = . 4.7
" omdy, (4.7)
Substituting (4.1), (4.2), and (4.5) into (4.6) and (4.7), we have
Polbm L. 27
B = T N, IEcos(Z-y, + bm 4.8
PR (Amy ) (4.8)
HolH R 27
B = 2 N, IR cos(Z-y, + dm). 4.9
Gmbr + tr o <Amy Pm) (4.9)

The total reluctance forces on the stage generated by the left and right motor stators

can be calculated using the Maxwell stress tensor method as

Ly/2 (BL)Z
L m
- dy,, 4.10
fm /—LH/2 2NO wpdy ( )
Ly/2 (BR)2
R m
- dy,, 4.11
fm /—LH/2 2#0 wyay ( )

where Ly is the length of the hysteresis motor secondary. In our linear stage design,

Ly = 3X,,. Substitute (4.8) and (4.9) into (4.10) and (4.11), we have

3 2 Am
fl = SR N ()2 (4.12)
8(gum + trito)
2 A
£ = DM s gy (413

8(gpm + trpio)?

Note that when ignoring the secondary’s hysteresis effect and only consider the fun-
damental harmonic of the motor excitations, the attractive force between the motor

stator and the secondary does not depend on the force angle ¢,,.

Define I, = (I + IF)/2 and 61, = (I® — I£)/2 as the common-mode and
differential current amplitudes of the left and right motor stator currents. Then we

R = R_ 7 _ _ _BuongwaAm a2
have It = Iy + 01y , I} = Iy — 01, Also define constant K, = o = roroms N
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The total x-directional force on the stage can be calculated as

o= R fE = Ko ((I9)? = (15)?)
= Kot (I, + 2001, + 012) = (I2, = 21,01, + 012)?) (4.14)

= 4K, 1,01,

When our linear stage is operating, the common-mode current I,,, is typically set to a
constant value for thrust force generation, and the differential current 61, is used to
control the stage’s suspension in the lateral direction. Since the stage’s deviation from
its equilibrium position is small, typically we have I,, > 01,,. Define K? = AK, 11,
as the force constant in the x-direction. Then the total z-directional force on the

stage is
I = K01,,. (4.15)

This force f is used to control the z-directional magnetic suspension of the moving

stage.

Let us also calculate the yaw-directional torque generated by the motor stator
excitations. The torque on the stage generated by the left and right motors can be

calculated as

Lg/2 (BL)2
~Lu/2 2Ho
Lg/2 (BE)2
Tﬁ:/ #/2 (B) wyypdy,. (4.17)
~Lu/2  2Ho

Substitute (4.8) and (4.9) into (4.16) and (4.17), we have

" S2n{gupin + gy ) 120, (4.18)
3N0M3 U)HA%IN% )
m= 32m(g IZH + tirfio)? ()" sin(26m). (4.19)

2 2 2
Define K,,; = 3;'7‘: ‘(): H;”HH J:‘ t”;[]z;’sz. The total yaw-directional torque to the moving stage
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18
T, = Koo sin(26,) ((10)? = (1))
= 4K o1, 5in(2¢,,)0 1.

(4.20)

In our linear stage design, this torque 777 is a disturbance signal to the yaw-directional
suspension control. More discussion about the effect of this disturbance torque is

shown in Section 4.2.3.

4.2.2 Yaw Suspension Torque Generation

In this section, we present a first-order analytical model for the yaw-directional sus-
pension torque generation using a combination of the permanent magnet bias flux
and the yaw control stator excitation. Define the magneto-motive force generated by

one yaw control stator as

2
F, = N,I, sin()\—ﬂyr), (4.21)

S

where N; is the number of turns per phase pole in the yaw control stator, I, is the
current amplitude in the yaw control stator windings, and A, is the wavelength of the
yaw control stator excitation, which equals to the length of the bias flux collector on
the moving stage.

The bias flux air gap permeance over incremental length dy,. is

_ Howpdyy
b ’

Pb

g

(4.22)

where g, is the bias flux air gap length, and wy, is the width of the bias flux collector.
Note that the yaw control stator shares the same air gap with the permanent magnet
bias flux. The air gap flux distribution generated by the yaw control stator excitation

can be calculated as

Pb . fs o 2w
B, = 2 = — NI, sin(~—uw,). 4.23
wydy, b ()\sy ) ( )

Assume the amplitude of the permanent magnet bias flux is By,,.s, which is a constant
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and distributed uniformly in all bias flux air gaps. Then the total flux density in the

bias flux air gap is

21

BY = Byias + By = Byias + "N, I sin( o). (4.24)
b s

Define L; as the length of the bias flux collector. In our linear stage design,
Ly = \s. Then we can calculate the normal force and 6,-directional torque generation

in this air gap as

Ly/2 Bb2
Fn:/ b ( t) wder

B *Lb/Z 2/~1’0 (425)
LY LN
2410 49y
Ly/2 ( BY)2
= / V2 (BY) wyyydy,
—Lp/2 21“0 (4 26)
Nwp\? '
= a SBbiasIs-
27rgb

In our design, all four yaw control stators share the same current amplitude I.
As a result, the normal forces form the yaw control stators are canceling each other
when the stage is centered, and the total controlling torque on the stage about the
vertical axis is

2N wp\2

TSZ = 4TS = : Bbias[s (427)
TGy

Define K f 7= %Bbm. Then the yaw-directional controlling torque on the moving

stage can be written as
T: = K1, (4.28)

In this way, we are able to use the yaw control stator current amplitude I, to control

the stage’s suspension in 6,-degree of freedom.
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Figure 4-6: Block diagram of the 6.-directional magnetic suspension control loop. 77
is injected as a disturbance signal.

4.2.3 Discussion on Torque Disturbance Generated by Motor

Stators

Let us briefly discuss the effect of the disturbance torque in the 6.-direction generated

by the motor stators shown in (4.20), which is rewrite again here as

2 2 2
SHOMHWHANm [ (96 V3T, (4.29)

Tm = 87 (Gmptr + tafio)?
This torque is a disturbance signal in the yaw-directional magnetic suspension. We
can see from (4.29) that T7 is proportional to dI,,, which is the control effort signal for
the stage’s x-directional suspension. Since the stage’s displacement in the z-direction
from the equilibrium is small when the stage is levitated (typically below 50 pum), the
required correcting current amplitude 01, is also small (typically below 0.05 A). This
effect, together with a relatively small torque constant in (4.29), makes the effect of

this disturbance torque small and therefore ignorable in our stage design.

Let us here substitute the following typical values of the parameters into (4.29) to
get an estimate for the disturbance torque: puy =~ 30 pg, A = 112 mm, wy = 40 mm,
gm = 1.5 mm, N,, = 150, ty = 9.5 mm, I, =2 A, ¢,, = /4 rad (maximum allowed
force angle in our linear stage), 01, = 0.05 A. With these parameters, we can calculate

that the typical magnitude of the disturbance torque is 0.24 mNm.

We then estimate the stage’s displacement from the equilibrium in 6.-direction
caused by this disturbance torque. Figure 4-6 shows a block diagram of the 6.,-

directional magnetic suspension control loop. Here, the plant being controlled is
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P(s) = 1/I.s*, where I, is the stage’s inertia about the vertical axis, which equals
0.037 kg - m? for our linear stage. The controller Cy_(s) has a unit of Nm/rad, and the
control effort signal is the controlling torque in the yaw direction. Then the transfer

function from the disturbance torque 77, to the stage’s yaw-directional displacement

0, is
0.(s) 1
% T LLs2 - Sp.(8), (4.30)

where Sy, (s) is the sensitivity of the 6,-directional magnetic suspsenison loop, which
is defined as Sy (s) = 1/(Lg.(s) + 1), where Ly, (s) the loop return ratio for yaw
suspension loop.

Assume the bandwidth of the x-directional magnetic suspension is 60 Hz. Since
01, is the control effort signal of the x-directional magnetic suspension, its typical
frequency is around the bandwidth frequency. Therefore we approximate the distur-
bance torque 77, as a sinusoidal signal with a frequency of 60 Hz, and an amplitude
of 0.24 mNm. Also assume the maximum sensitivity of the #,-directional magnetic
suspension is max(Sy,(jw)) = 5, which is a typical value for magnetic suspension
control systems. Then we can estimate the maximum yaw displacement of the stage

caused by such disturbance as

1

Wma}((saz) =23X 1077 rad, (431)

max(f,) =

which corresponds to 1.3 x 107° degrees. Through this discussion, we can see that
the effect of such disturbance torque is small, and we are able to effectively reject
this disturbance through the feedback control for the stage’s #.-directional magnetic

suspension.

4.3 Linear Hysteresis Motor Modeling

This section discusses the modeling of the linear hysteresis motors in our magnetically-

levitated linear stage. The comparison between the modeled force and experimental
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Figure 4-7: Measured hysteresis property of D2 tool steel under different excitation
amplitude. Horizontal axis: field intensity (H-field). Vertical axis: flux density (B-
field). Measurement taken by Dr. Gereon Goldbeck at the Johannes Kepler University
in Linz, Austria.

measurements is presented in Chapter 6.

As is discussed in Section 4.1.2, in our linear stage, we pre-magnetize the hystere-
sis motor secondaries to improve the linear motors’ thrust force generation capability.
The pre-magnetization is done by setting the air gap length to zero, i.e., making the
moving stage in full contact with one motor stator, and excite the motor stator with
a DC three-phase current of an increasing current amplitude up to 5 A. When the
pre-magnetizing field generated by the stator is removed, the magnetization inside
the motor secondary does not fully vanish due to the material’s magnetic hystere-
sis. The secondaries on both sides of the stage are pre-magnetized symmetrically.
When the motor is operating, we energize the motor stators at a lower current am-
plitude compared with the pre-magnetization process (around 2 A), and the motor
air gap length is set to 1.5 mm. Under this condition, the motor’s operation does
not significantly change the magnetization status of the secondaries. As a result, the
pre-magnetized linear hysteresis motors operate like weak linear permanent magnet
motors with relatively high secondary permeability.

In our linear hysteresis motor, hardened D2 tool steel is selected for the secondary
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I. Calculation of H-field in pre-magnetization

Secondary: Hardened D2 Tool Steel
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Figure 4-8: Modeling process of pre-magnetized linear hysteresis motor. (a) Calcu-
lating H-field generated by the stator during pre-magnetization process using finite
element method. (b) Checking the measured B-H curve of the secondary material
to determine the curve of material’s magnetization status. (c) Calculate the motor’s
thrust force generation treating the pre-magnetized hysteresis secondary as perma-
nent magnet with nonlinear B-H curve.

118



material. Figure 4-7 shows the measured hysteresis loops of the secondary material
under different flux density amplitude, which is taken by Dr. Gereon Goldbeck at the
Johannes Kepler University in Linz, Austria. Reference [66] introduces the hysteresis

measurement setup being used.

Figure 4-8 summarizes the modeling process of the pre-magnetized linear hystere-
sis motors in this work. There are three steps in this modeling. In the first step, we
calculate the field intensity (H-field) inside the secondary generated by the stator in
the pre-magnetization process, as shown in Figure 4-8(a). In the second step, we check
the measured hysteresis data of the motor secondary material, and use the calculated
pre-magnetizing H-field to determine the magnetization status of the secondary after
pre-magnetization, as shown in Figure 4-8(b). Finally, we model the pre-magnetized
hysteresis secondary as an array of permanent magnets with its material property de-
termined in the previous steps, and calculate the thrust force generation of the linear
motor, as shown in Figure 4-8(c). Below we discuss the detailed modeling process in

each step.
Step I: Pre-magnetizing field calculation.

In the first step of the modeling, we calculate the field intensity (H-field) inside the
secondary generated by the stator in the pre-magnetization process. Here the finite
element package FEMM [67] is used for this calculation. In this simulation, the air
gap length of the motor is set to zero, and the current amplitude in the stator three-
phase windings is 5 A. The frequency of the simulation is set to zero. The stator’s
geometric parameters are presented in Figure 5-19 and Table 5.5 in Chapter 5. The
length of hysteresis motor secondary equals 9 motor stator tooth pitch, which is 1.5
times of the wavelength of motor stator MMF. The hysteresis secondary thickness is
9.52 mm, and the back iron thickness is 6.35 mm. The width of the hysteresis motor
is 40 mm. Figure 4-9 shows the B-H property of the secondary material used in this
simulation, which is achieved by collecting the maximum points in each measured B-
H loop of the hardened D2 tool steel in Figure 4-7. Figure 4-9 is also often referred
to as the “‘virgin magnetization curve’ of a hysteresis material, which represents the

B-H status of the hysteresis material when it is first being magnetized.
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Figure 4-9: Nonlinear B-H curve of secondary material during pre-magnetization
simulation. Also known as the ‘‘virgin magnetization curve’’ of the material.
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Figure 4-10: Magnetic field intensity (H-field) in the pre-magnetization process sim-
ulated with FEMM. Here magnetostatic simulation is used. The air gap length is
zero, and current amplitude equals 5 A.

Figure 4-10 shows a simulated field plot of the H-field distribution in the linear
hysteresis motor during the pre-magnetization process. Here the H-field evaluating
line is defined as a horizontal line in the secondary through the middle of its thickness,
as shown by the red line in Figure 4-10. Figure 4-11 shows the magnitude and angle
of the simulated H-field along the H-field evaluating line in the secondary, i.e., the
red line in Figure 4-10. The average of the H-field magnitude and the linear fit for
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Figure 4-11: Simulated field intensity magnitude and angle in secondary along mid
line during the pre-magnetization process.
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Figure 4-12: Normal and tangential components of field intensity during the pre-
magnetization in secondary along mid line simulated by FEMM. Blue: simulated
data. Orange: fundamental harmonic fit data calculated from magnitude |H| =

2.1 x 10 A/m and angle 0 = 27y, / A\,
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the angle are also plotted in orange lines in Figure 4-11. Here, the average H-field
magnitude is [H| = 2.1 x 10* A/m, and the fitted angle is § = 27y, /\,, rad, where
Am = 112 mm is the wavelength of the motor stator windings. Figure 4-12 shows the
normal (vertical) and tangential (horizontal) components of the simulated H-field.
The fundamental harmonic fit of the H-field components calculated from the average
magnitude and the fitted phase are also plotted in Figure 4-12. It can be seen that
the two components of the simulated H-field are in general matching well with their

fundamental harmonic fits.
Step II: Checking B-H curve for magnetization status.

In the second step of the modeling, we check the measured B-H curve of the hys-
teresis secondary material to find its magnetization status after the pre-magnetization.
The measured B-H curve of the secondary material is shown again in Figure 4-13.
In Step I, we calculated that the average magnitude of the H-field in the secondary
during pre-magnetization is |H| = 2.1x 10* A/m. Checking the data in Figure 4-13, it
can be seen that the magnetization status of the material after pre-magnetization can
be represented by the outmost loop in Figure 4-13, specifically the region highlighted
with blue circles. When the external pre-magnetizing field generated by the stator is
removed, the magnetization of the material is B, = 0.53 T, which is the remanence

of the material.
Step III: Thrust force calculation.

In the last step, we model the hysteresis secondary as a permanent magnet ar-
ray, and calculate the thrust force of the motor using finite element method. Here,
the magnetic property of the magnets representing the secondary is set with the
magnetization status curve in shown in Figure 4-13. Note that unlike typical rare-
earth magnets, this B-H curve is nonlinear. When an alternating external field is
generated by the stator, such secondary can exhibit hysteresis when they are demag-
netized. That is, when an external H-field pushes the material’s magnetization status
to a lower point in the demagnetization curve, the flux density level does not recover
to the previous magnitude when the external H-field changes direction. Instead, the

magnetization status follows a minor hysteresis loop, thereby generating secondary
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Figure 4-13: Measured B-H curve of the D2 tool steel. The material’s magnetization
status curve after pre-magnetization is highlighted in blue circles.

loss. In our model for pre-magnetized linear hysteresis motors, this effect is not cap-
tured. This is acceptable here for two reasons. First, the H-field magnitude generated
by the stator when the motor is operating is significantly smaller than the stator field
during the pre-magnetization phase. This allows us to approximate the B-H curve
in of the material in the operating range with a linear curve without significant loss
of accuracy. Second, in our linear stage, we operate the motor synchronously, where
the fundamental harmonic of the external magnetic field does not slip with respect to
the secondary material, and only has a phase difference with respect to the secondary
material when the stage is accelerating or decelerating. This fact further reduces the
magnitude of the external H-field variation range in the material. As a result, the
model presented here is able to capture the behavior of the linear hysteresis motors

in our linear stage with sufficient accuracy.

The calculation of the thrust force also uses FEMM. In this simulation, the hystere-
sis secondary is modeled as an array of permanent magnets comprising 40 segments,
as shown in Figure 4-14. The material of all segments are the same, and the mag-

netization direction of each segment is determined the H-field direction during the
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Figure 4-14: Finite element model for linear hysteresis motor thrust force calculation
in FEMM. Here the pre-magnetized hysteresis secondary is modeled as a permanent
magnet array of 40 segments. The material of all segments are the same, while the
direction of the magnetization is determined by the H-field during pre-magnetization,
ie. 0 =2my./\, rad.

pre-magnetization phase. Specifically in this model, we set the magnetization angle
as 0 = 2wy, / A\, rad, where y, is the position of the center point of each segment in the
stage coordinates. Figure 4-15 shows the method of setting the nonlinear permanent
magnet property in FEMM, where the blue solid line shows the target material prop-
erty, which has H. = 6.6 x10* A /m and B, = 0.53 T. The method to set such material
property is: (1) set the secondary material’s coercivity as H. = 6.6 x 103> A/m, and
(2) set the material’s B-H property as the B-H curve of the material shifted to the
right by H,, as shown by the orange dashed line shown in Figure 4-15. Note that this
simulation will include both hysteresis and reluctance thrust force generation, since
the secondary material has magnetization for hysteresis thrust force generation, and

has relatively high permeability for reluctance force generation.

We simulated pre-magnetized linear hysteresis motor using FEMM while sweep-
ing the phase of the stator current. The amplitude of the motor current is set to
2 A. Figure 4-16 shows the simulated field distribution in the pre-magnetized linear
hysteresis motor at different phase difference ¢,, between the stator and secondary
magneto-motive forces. The phase difference ¢,, is often referred as force angle for
linear synchronous motors. As shown in Figure 4-16(a), when ¢,, = 0, the motor field

and secondary field are along the same direction, and the air gap field is largely in the
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Figure 4-15: The method of setting secondary material property in FEMM. Blue solid
line: target nonlinear permanetn magent material property with H. = 6.6 x 10> A/m
and B, = 0.53 T. Orange dashed line: B-H property of hysteresis secondary material
in FEMM model. Note that the material’s coercivity is set to H. = 6.6 x 10> A/m in
FEMM.

normal direction. There is no thrust force generated at this moment, and the normal
attractive force generation of the motor reaches its maximum. When ¢, = 7/2, the
field lines are tilted in the air gap including both normal and tangential components
as shown in Figure 4-16(b), and the hysteresis thrust force generation reaches its
maximum. When ¢,, = m, the stator field and secondary field are opposed to each
other. As shown in Figure 4-16(c), the secondary field is largely returning through
the stage backiron. There is no thrust force generation at this moment, and the nor-
mal attractive force reaches its minimum. This total normal attractive force is a sum
of an attractive reluctance force between the stator and secondary, and a repelling

normal force between them due to the same polarity are facing each other.

Figure 4-17 shows the simulated thrust force of the pre-magnetized linear hystere-
sis motor as we sweep the phase of the current excitation using the finite element
model shown in Figure 4-14. The amplitude of the stator current is set to 2 A. Note
that this is the force generated by one linear motor, while our linear stage consists

two linear hysteresis motors on both sides. It can be seen that the peaks of the
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Figure 4-16: Simulated magnetic field distribution of pre-magnetized linear hysteresis
motor under different phase difference ¢,, between stator and secondary magneto-

motive force. (a) ¢,, = 0 rad. (b) ¢, = 7/2 rad. (c¢) ¢, = 7 rad.
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Figure 4-17: Simulated total thrust force generation in pre-magnetized linear hystere-
sis motor as a function of the phase of motor stator excitation using finite element
method. Stator current amplitude is 2 A.

thrust force are in between +7/4 and £m/2, which matches with the discussion in

Section 4.1.2.

We then calculate the thrust force generated by reluctance force only to separate
the reluctance effect in the total thrust force generation. In this simulation, the
coercivity of the secondary material is set to zero. The material’s property is assumed
to be linear, and its permeability is set to the slope of the nonlinear B-H curve around
the remanence point B,, which is ug = 29u¢. Figure 4-18 shows the simulated
magnetic field intensity distribution when the stator current amplitude is set to 2 A.
It can be seen that the H-field range in the secondary material is within —3000 A /m
to 3000 A/m, which is small compared with the H-field range in Figure 4-15.

Figure 4-19 shows the simulated thrust force decomposition in a pre-magnetized
linear hysteresis motor using our model. The stator current amplitude in simulation
is set to 2 A. In Figure 4-19, the blue line shows the simulated total thrust force
generation. The orange line shows the simulated reluctance thrust force generation.
The yellow curve shows the estimated hysteresis thrust force generation, which is

calculated by subtracting the simulated reluctance thrust force from the simulated

127



2.375e+004 : »2.500e+004
2.250e+004 : 2.375e+004
2.125e+004 : 2.250e+004
2.000e+004 : 2.125e+004
1.875e+004 : 2.000e+004
1.750e+004 : 1.875e+004
1.625e+004 : 1.750e+004
1.500e+004 : 1.625e+004
1.375e+004 : 1.500e+004
1.250e+004 : 1.375e+004
1.125e+004 : 1.250e+004
1.000e+004 : 1.125e+004
8.750e+003 : 1.000e+004
7.500e+003 : 8.750e+003
6.250e+003 : 7.500e+003
5.000e+003 : 6.250e+003
3.750e+003 : 5.000e+003
2.500e+003 : 3.750e+003
1.250e+003 : 2.500e+003
<2.677e-002 : 1.250e+003

Density Plot: |HI, A/m

Figure 4-18: Field intensity (H-field) distribution of in reluctance-force-only simula-
tion for pre-magnetized linear hysteresis motor. Here the secondary material is set
to H. = 0 and puy = 2949. The maximum H-field intensity is 3000 A/m in motor
secondary.

total thrust force. It can be seen that this simulated reluctance force demonstrates
two periods between ¢, = —m to ¢,, = m. The estimated hysteresis thrust force is
sinusoidal with respect to the phase of excitation, and its peaks are at ¢, = +m/2.
These observations match our prediction in Section 4.1.2.

This model for pre-magnetized linear hysteresis motors is developed after we built
and tested the magnetically-levitated linear stage prototype. The experimental mea-
surements of the linear hysteresis motors in our linear stage is used to validate this
model. The comparison between the simulated and experimental measurements are

presented in Chapter 6.

4.4 Summary

In this chapter, we first presented the operating principle of our magnetically-levitated
linear stage. We then presented a first-order analytical model for the active magnetic
suspension of our linear stage, which shows the expression for the suspension con-
trolling force/torque generation using reluctance force principle. Lastly, we present
the modeling for pre-magnetized linear hysteresis motor using finite element method.

Here, the pre-magnetized hysteresis secondary is modeled as a permanent magnet
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Figure 4-19: Simulated thrust force generation in pre-magnetized linear hysteresis
motor as a function of the phase of motor stator excitation. Stator current amplitude
is 2 A. Here the total thrust force is simulated using the model shown in Figure 4-
16. The reluctance force is simulated using the model shown in Figure 4-18. The
hysteresis thrust force is estimated by subtracting reluctance force from the total
force.

array, where the material property and the magnetization direction of each magnet
is determined by the H-field in the pre-magnetization step. To our knowledge, this
work presents the first model for pre-magnetized hysteresis motor including in both
linear and rotary form.

In the next chapter, we will describe the design and building of our magnetically-

levitated linear stage prototype.
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Chapter 5

Magnetically Levitated Linear Stage

Hardware

This Chapter introduces the design and fabrication of the magnetically-levitated
linear stage prototype, whose operating principle and analysis are presented in Chap-
ter 4. This chapter is organized as follows: Section 5.1 presents a system overview.
Section 5.2 shows the design and fabrication of the moving stage. Section 5.3 presents
the stator assembly, including the bias flux structure, motor stator, and yaw control
stators. Section 5.4 discusses the sensing system for the linear stage, including both
air gap sensors and travel-directional displacement sensor. Section 5.5 presents the
power electronics. Section 5.6 discusses the grounding and shielding of the linear stage

system. Finally the real-time control system design is introduced in Section 5.7.

5.1 System Overview

Fig. 5-1 shows the CAD model of the magnetically-levitated linear stage design,
and Fig. 5-2 shows a photograph of the prototype system. Our magnetically-levitated
linear stage prototype comprising two stator assemblies, one moving stage, and a

sensing system. The stators are mounted on an optical table. Devices not shown
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Figure 5-1: Cross-section view of the CAD model for magnetically-levitated linear
stage system.

Figure 5-2: Photograph of the magnetically-levitated linear motor prototype.

in the figures include the power electronics for energizing the stators, and a real-
time controller and its break-out boards. The coordinate system for the linear stage
is shown in Fig. 5-1 and 5-2. Here, the moving stage is driven along the y-axis.
The magnetic levitation of the moving stage is active in z- and 6,-directions, and is
passive in z-, 0,-, and 0,-directions. The overall design parameters of our linear stage

prototype are shown in Table 5.1.
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Table 5.1: Key design parameters of the magnetically-levitated linear stage prototype.

Parameter Description Variable Value
Linear stage total length Lyrns | 650 mm
Linear stage total width Wwyorns | 420 mm
Linear stage total height Hyps | 100 mm
Hysteresis motor air gap length Jmotor 1.5 mm
Bias flux air gap length bias 2.0 mm
Bias magnetic flux density Bpias 045 T
Weight of the moving stage Mestage 4.8 kg
Vertical sag length due to stage’s weight Asag 0.75 mm

Our moving stage design is vacuum compatible, however the sensing system for
the prototype was not designed to best fit the vacuum environment. When the system
needs to operate in vacuum, different sensors need to be used. Possible alternative
sensing methods are discussed in Chapter 7. In addition, when the linear stage is
used for in-vacuum transportation, a channel with thin walls (not shown in figures)
needs to be configured along the motion range of the moving stage. The moving
stage is levitated and transports the reticle inside the channel in clean vacuum, while
the stators are configured outside the channel, and are in a relatively dirty vacuum
environment. This channel is able to separate out the contamination generation from

the stator assemblies.

5.2 Moving Stage

Moving Stage Design and Fabrication

Figure 5-3 shows the CAD model of the moving stage, and Figure 5-4 shows the
photos of the moving stage. The moving stage is mainly comprised of a stage base, two
stage back irons, two hysteresis motor secondaries, and four bias flux collectors. Two
magnetic encoder scales are fixed on the bottom of the moving stage for displacement
measurement, as shown in Figure 5-3(b). The parts in the moving stage that are not
shown in Fig. 5-3 are: (1) two copper plates for passive electrodynamic damping in

the passively-levitated degrees of freedom, and (2) the optical sensor targets made
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secondary and to improve the optical air gap sensor sensitivity.
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Figure 5-3: CAD model of the moving stage. (a) Top view. (b) Bottom view.

of 0.5 mm thick white polyacetal (Delrin) sheets, which is covering the hysteresis

shown in the photos in Figure 5-4. The major geometric parameters of the moving

stage are shown in Figure 5-5, and their values are shown in table 5.2. The total mass

of the stage is 4.8 kg.

The stage base is made of 6061-T6 aluminum. On the bottom of the moving

stage, a honeycomb reinforcement structure is included to improve the stiffness of the
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(b)

Figure 5-4: Photos of the moving stage. (a) Top view. (b) Bottom view.

moving stage, as shown in Figure 5-3(b) and Figure 5-4(b).

The moving stage has two stage secondary assemblies on both sides of the stage
base. Fach stage secondary consists of one stage backiron, two bias flux collectors, one
hysteresis secondary, one copper damping plate, and one white Delrin sheet. Figure 5-
6 shows a photo of the stage secondary without the Delrin optical sensor target sheet.

The stage back iron and bias flux collectors are made of ANSI 1018 low carbon steel,
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Figure 5-6: Photo of stage secondary without the Delrin optical sensor target sheet.

whose relative permeability is approximately 1913 = 85010 [68]. Although better
soft magnetic materials exist, we selected 1018 steel for its high availability, low cost,
and the ease of manufacturing in our prototype. The edges of the bias flux collectors
are skewed with one full tooth pitch of the yaw control stator to reduce the cogging
force generation due to the permanent magnet bias flux. The effect of such skewing

is simulated in Section 5.3.3.

The hysteresis motor secondaries are made of hardened D2 tool steel. D2 tool steel

has relatively large magnetic hysteresis, which allows it to be used for the secondary
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Table 5.2: Major geometric parameters of the moving stage.

Parameter Description Variable | Value

Stage length Ltage 192 mm
Stage width Wtage 188 mm
Stage height Hgtage 80 mm
Hysteresis secondary width Wh 40 mm
Hysteresis secondary thickness th 9.5 mm
Hysteresis secondary skew length Sh 18.8 mm
Bias flux collector width wy, 6.35 mm
Bias flux collector thickness ty 9 mm

Bias flux collector skew length Sp 17 mm
Stage backiron thickness top 6 mm

of hysteresis motors. It also has relatively high magnetic permeability, which is ad-
vantageous for reluctance force generation for magnetic suspension purposes. Fig. 5-7
shows the measured hysteresis loop of D2 tool steel hardened to Rockwell 65, which is
measured by Dr. Gereon Goldbeck from Johannes Kepler University in Linz, Austria.
The hysteresis data is used to estimate the thrust force capability of the linear hys-
teresis motors using the model introduced in Chapter 4. The edges of the hysteresis
secondaries are also skewed by one motor stator tooth pitch to reduce tooth harmonic
reluctance force ripples. There are three slots in the hysteresis secondary along the
motion direction, and each has a width of 2 mm. These slots are matching with the
slots in the motor stator yokes, which can concentrate the motor magnetic fluxes and
thus improve the passive magnetic suspension stiffness.

The hysteresis secondaries and the bias flux collectors are assembled onto the stage
back irons via epoxy. Here the structural adhesive Loctite 326 is being used together
with primer Loctite 7649 for the assembly. In addition, we used micro solid glass
spheres with 80 um-diameter, or bond line controller, from Rock West Composites to

set the thickness of the epoxy layer.

Moving Stage Structural Analysis

In this section we discuss the structural analysis for the moving stage. When the

linear stage is in operation, the moving stage is under stretch due to the attractive
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Figure 5-7: Measured hysteresis property of hardened D2 tool steel under different
excitation amplitude. Horizontal axis: field intensity (H-field). Vertical axis: flux
density (B-field). Measurement took by Gereon Goldbeck from Johannes Kepler
University in Linz, Austria.

magnetic forces on both sides. Figure 5-8 shows a static structural finite element
simulation for the moving stage assembly using Solidworks. In this simulation, we
assumed the magnetic flux density in all air gaps are 1.2 T and is in the normal
direction, which is an over-estimated value. Under this circumstance, the normal
directional magnetic force per unit area on all stage secondaries is 0.57 MPa. It can
be seen that when under such tension the maximum deformation of the moving stage
is below 5 pum, which is acceptable for the reticle transportation application. The
calculated maximum stress under this condition is 7.4 MPa, which is safely below the
yield stress of the stage materials.

We also conducted dynamic finite element analysis for the moving stage to predict
its resonance frequencies and mode shapes, which is critical for the magnetic suspen-
sion performance of the linear stage. Our design goal is to set the resonance frequency
of the stage’s first flexible mode’s about 10 times higher than the target suspension
control bandwidth (90 Hz), and all mode shapes are not excitable or detectable using
our stators and air gap sensors. Figure 5-9 shows the flexible modes of the moving

stage as well as their corresponding frequencies simulated with the dynamic finite
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Figure 5-8: Deformation of the moving stage under attractive magnetic forces assum-
ing all air gap flux are 1.2 T simulated using Solidworks finite element tools.

1st 908 Hz 2nd: 1768 Hz 3rd: 3362 Hz
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V99

Figure 5-9: The first six flexible modes of the moving stage and their corresponding
resonance frequencies predicted using Solidworks finite element tools.

element tool in Solidworks. It can be seen that the first flexible mode of the stage has
a resonance frequency of 908 Hz, which satisfies the design target. All modes shown
in Figure 5-9 are not excitable with the attractive forces from the motor stators, and
are not detectable using the air gap sensors aligned with the centerlines of the stage

on the two sides (sensing system is introduced in Section 5.4).
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Figure 5-10: CAD cross-section view of the stator assembly.
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Figure 5-11: Photograph of front view of the stator assembly without the optical air

gap sensor printed circuit board.

5.3 Stator Assembly

In this section, we discuss the analysis, design, and fabrication of the stator assembly.
Figure 5-10 shows a cross-section view of the CAD model of the stator assembly,
and Figure 5-11 shows a front view photograph of stator assembly with the air-gap
sensor printed circuit board removed. The stator assembly mainly consists of a motor
stator, two yaw control stators, and a flux-biasing structure comprising two rows of

permanent magnets and one stator back-iron, as shown in Figure 5-10. Each stator

assembly is fixed on the base optical table via three angle plates.
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5.3.1 Flux Biasing Structure

This section discusses the design of the flux biasing structure, which includes two
rows of permanent magnets and a stator backiron in each stator assembly. The main
design parameters for the flux-biasing system include: (1) permanent magnet height
hym, i.e. the magnet’s dimension in the vertical direction; (2) permanent magnet
thickness t,,, i.e. the magnet’s dimension in the magnetization direction; (3) the
bias flux air gap length g, (same with yaw control flux air gap). Other variables, such
as separation distance between the bottom of magnets and the top of motor stator,
motor flux air-gap, yaw control stator height, and stage backiron thickness, can also
influence the bias flux’s performance through changing the leakage reluctance of the

bias flux.

In the design of the flux biasing structure, we sweep the design parameters using
three-dimensional finite element simulation via Ansys Maxwell. First, we set the
bias flux air gap length at 2 mm, which is a typical value for our linear stage, and
then we swept the height and the thickness of the bias magnet. In this simulation,
other geometric parameters for the stage are set as follows: hysteresis secondary
thickness is 9 mm, hysteresis secondary width is 40 mm, stator back iron thickness
is 14 mm, stage back iorn thickness is 6 mm, motor stator total height 56 mm,
motor stator width is 40 mm, and stage total height is 75 mm. Figure 5-12 shows
the calculated passive stiffness in the vertical direction and the negative stiffness
in the lateral direction under different magnet geometries, and Figure 5-13 shows
the ratio between the negative stiffness and the passive stiffness with respect to the
magnet dimension. It can be seen that while both negative stiffness and passive
stiffness increase as the magnet’s thickness and height increase, minimizing the ratio
between the negative stiffness and the passive stiffness would prefer a design with large
magnet thickness and small magnet height. In our linear stage design, we selected
to use a magnet thickness of 25.4 mm (1 inch) and a magnet height of 6.35 mm
(1/4 inch). This selection is close to the optimal design in terms of the ratio between

the negative stiffness and the passive stiffness, while satisfying a minimum passive
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Figure 5-12: Simulated flux bias structure performance with different permanent mag-
net dimensions. (a) Passive stiffness in z-direction (vertical). (b) Negative stiffness
in z-direction (lateral).
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Figure 5-13: Simulated ratio between the negative stiffness and passive stiffness with
respect to the dimension of biasing permanent magnet.

stiffness requirement of 2 x 10* N /m, which provides a vertical mode natural frequency
of 10 Hz. We selected magnets with such dimension since they are available off-the-
shelf, therefore no custom-made magnets are required, which typically have higher

cost and take a longer lead time for manufacturing.

The next step is to set the air gap length for the bias flux path. Figure 5-14 shows
the simulated vertical-directional restoring force generated by the permanent magnet

bias fluxes when the stage is displaced from the equilibrium position in the vertical
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Figure 5-14: Simulated vertical-directional restoring force at different bias flux air
gap lengths. Weight of the moving stage is plotted with dashed line.

Table 5.3: Simulated bias flux performance at different air gaps.

Gbias Asag kz fnz ’ kz ‘ fnz

1.5 mm 0.7 mm 48 x10* N/m | 16.2 Hz 5.1 x 10° N/m | 51 Hz
1.75 mm 0.9 mm 3.8x10* N/m | 14.0 Hz 3.7x10° N/m | 44 Hz
2 mm 1.0 mm 2.7x 10* N/m | 12.1 Hz 2.6 x 10° N/m | 37 Hz
2.25 mm 1.2 mm 2.0 x 10* N/m | 10.3 Hz 2.0 x 10° N/m | 32 Hz
2.5 mm 1.5 mm 1.5x 10* N/m | 9.1 Hz 1.6 x 10° N/m | 29 Hz

direction at different air gap lengths. Note that the stage’s weight is compensated
with the vertical directional restoring force. As a result, the gravity-induced sag of
the moving stage can change with respect to the air gap length. Table 5.3 shows the
simulated gravity-induced sag distance A, passive stiffness in vertical direction k.,
negative stiffness in lateral direction |k,|, natural frequency in vertical direction f,,.,
and unstable natural frequency in lateral direction f,,, at different air gap lengths. In
our final design, we selected an air gap length of 2 mm for the bias flux path due to

a trade-off between the negative stiffness and passive stiffness.

Finally, we simulate the performance of the stage with bias flux only using three-
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Table 5.4: Simulated bias flux performance with the selected parameters.

Parameter Description Variable Value

Air gap flux density Buias 045 T
Gravity induced sag Agag 1.0 mm
Passive stiffness in z-direction k. 2.7 x 10* N/m
Passive stiffness in roll direction ko, 112 Nm/rad
Passive stiffness in pitch direction ko, 72 Nm/rad
Negative stiffness in lateral direction K| 2.6 x 10° N/m
Negative stiffness in yaw direction | ko, 527 Nm /rad

dimensional finite element method with the selected design parameters, and the re-
sults are shown in Table 5.4. Note that in the final linear stage system, both passive
and negative stiffnesses can further increase when the effect of the motor flux is in-

cluded.

5.3.2 Motor Stator

This section introduces the motor stator, including the winding scheme and detailed

design and fabrication for stator yoke and coils.

Motor Stator Winding Scheme

We first discuss the winding scheme design for the motor stator. Due to the constraint
in the vertical directional dimension of the stator assembly, lumped winding is selected
for the motor stator since it has relatively small end-turn volume. Fig. 5-15 shows the
selected winding scheme of the motor stator and the corresponding magnetomotive
force (MMF) waveform F; generated by the motor stator. As shown in Fig. 5-15, the
stator armature has three phase windings A, B, and C' wound on the stator teeth.
Here — A indicates a coil in the same phase with A, while its current is in a reversed
direction. In the motor stator, one full period consists of six stator teeth, and the
winding pattern is (A, —C, B, —A, C,—B). The stator coils excite the armature to
magnetically interact with the hysteresis secondary on the moving stage for thrust
force generation.

Figure 5-16 shows a phasor diagram of the six excitation currents in the motor
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Figure 5-15: Winding diagram of the motor stator and the generated magneto-motive

force distribution.

Figure 5-16: Phasor diagram of the motor stator currents.

stator, which corresponds to the currents in six adjacent coils in one full wavelength.

It can be seen that such a winding scheme implements a six-phase winding using

three independent currents. The reason for such a winding pattern selection, appose

is discussed below.
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Assume the motor stators are excited with balanced three-phase currents:

ia = I cos(wnt), (5.1)
2

ip = Iy cos(wpt — %), (5.2)
2

ic = I, cos(wp,t + ?ﬁ), (5.3)

where I,,, is the amplitude of the motor currents, and w,, is the electrical frequency for
the motor stator excitation. The n-th harmonic of the magneto-motive force (MMF)

generated by the stator excitations are

W = F cos (27;nys) cos (wmt>, (5.4)
5 = Fpcos (27;Zy5 — 2;) cos (wmt — 2;), (5.5)
Fé = F¢cos (27;nys + 2;) cos (wmt + 2;), (5.6)

where FJi, F5, and JF¢ are the complex amplitudes of the n-th order harmonics of
MMF generated by the phase A, B, and C, respectively, ys is the coordinate along
the motor stator, and )\, is the wavelength of the motor stator MMF.

Knowing that cos(z) cos(y) = %(COS(I‘ +y) + cos(x — y)), the MMF expressions
(5.4) to (5.6) can be written as
f’n
Fi = ?A <cos (27;\”% + wmt) + cos (27;\nys - wmt)>, (5.7)

m m

2Ny, 27

— Wit — ?(n— 1))>, (5.8)

FB 21Ny, 2
}‘E:B<cos( Zny —|—wmt—§(n+1))+cos(

Fn
Fo = 2C<cos(

2mnys
Am

2mnys

Am

+wmt—|—2§(n+l))+cos( —wmt+2;r(n—1))>. (5.9)

In the MMF expressions (5.7) to (5.9), the first terms are backward traveling waves,
and the second terms are forward traveling waves. Substituting in n = 1,2, ..., one
can find that the 1st, 4th, 7th, ... harmonics for each MMF are forward traveling
waves, while the 2nd, 5th, 8th, ... harmonics are backward traveling waves. The 3rd,

6th, 9th, ... harmonics for all MMFSs have zero amplitude.
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Figure 5-17: Motor winding scheme candidates. (a) Winding I: three-phase equivalent
of six-phase lumped winding. (b) Winding II: three-phase lumped winding,.

Now we discuss the force generation of the motor with such stator magneto-motive
force. The thrust force in a linear motor is generated by the interaction the primary

and secondary fields as [65]:
F;thrust X fs X FT? (510)

where F; and F, are the magneto-motive force of the primary and secondary, respec-

tively. This thrust force relationship can be rewritten as

Finrust Z | Fo [ F sin ¢y, (5.11)

n=1
where |F| and |F| are the magnitudes of the n-th harmonic of F; and F,., respec-
tively, and ¢, is the difference in the electrical angle between the two n-th order har-
monics. Equation (5.11) shows that the thrust force can only be generated through
the interaction between the same order harmonics of the primary and secondary

magneto-motive force.
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Figure 5-18: Harmonic analysis of the stator magnetio-motive force of two winding
schemes. (a) and (b): Normalized amplitudes of the first 10 harmonics of stator
MMF generated by phase A in Winding I and Winding II, respectively. (c) and (d)
Superposition of first seven harmonics of MMF generated by phase A in Winding I
and Winding II, respectively.

In a linear hysteresis motor, the secondary is magnetized with the stator’s ex-
citation, therefore the induced magnetization has the same MMF' distribution with
the stator. As a result, all harmonics in the stator MMF are able to generate force.
In an asynchronously-operated hysteresis motor, the forward traveling waves in the
stator MMF are able to generate thrust force, while the backward traveling waves
can generate braking force. In a pre-magnetized, synchronously-operated hysteresis
motor, only the fundamental harmonic of the stator MMF is able to generate thrust
force, while all high-order harmonics of the stator MMF are generating oscillatory
forces. In both cases, the high order harmonics in the stator MMF are undesired, and
we should minimize their magnitude to improve the stage’s performance.

Let us now compare the harmonics of the stator MMF generated by the two wind-
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ing pattern candidates: Winding I: the three-phase equivalent of six-phase winding, as
shown in Figure 5-17(a), and Winding II: the three-phase winding scheme, as shown
in Figure 5-17(b). Figure 5-18 shows a comparison between the harmonic analysis of
the two stator MMF. Here, Figure 5-18(a) and (b) show the normalized amplitudes
of the first ten harmonics of stator MMF generated by phase A winding in Winding
I and Winding II, respectively, and the direction of each traveling wave are labeled.
Figure 5-18(c) and (d) show the superposition of first seven harmonics of MMF gen-
erated by phase A in Winding I and Winding II, respectively. It can be seen that the
stator MMF' of Winding II has a relatively large second-order harmonic, which can
significantly hurt the motor’s performance. In contrast, the stator MMF of Winding I
does not have even-number harmonics. Although the third harmonic of the Winding
IT stator MMF is large, it does not generate disturbance force in the motor due to the
three-phase symmetry. Based on this discussion, the Winding I scheme is selected
since it has less high order harmonics compared to Winding II, which generates less

disturbance forces in the linear hysteresis motors.

Motor Stator Yoke and Coil

This section introduces the detailed design and fabrication for the motor stator, in-
cluding both motor stator yoke and the winding coils. Figure 5-19 shows the CAD
diagram of the motor stator yoke and its major geometric variables, and the values of
the motor stator yoke design parameters are shown in Table 5.5. Figure 5-20 shows a
photograph of the motor stator yokes. The motor stator yoke is fabricated by stacking
80 layers of lamination, which is laser cut from 0.5 mm-thick M19 electric steel sheets.
The lamination sheets are bonded via EB-548 bonding varnish, and are tig welded
on the back-side of the stator yoke. Note that each stator yoke has three indents
with 2 mm width and 3 mm depth distributed in its stacking direction, as shown in
Figure 5-20, where each slot is achieved via stacking four layers of lamination with
their stator teeth being 3 mm shorter than the nominal stator teeth length. These
slots are interfacing with the slots on the hysteresis secondaries (shown in Figure 5-4)

to improve the passive stiffness of the stage’s suspension.
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Figure 5-19: CAD diagram of the motor stator yoke with the major design parameters.

Table 5.5: Values for major geometric parameters of the motor stator yoke.

Parameter Description | Variable | Value
Stator length Lgiuior | 650 mm
Stage width Wstator 40 mm
Stage height Hinior 45 mm
Slot pitch Aslot 18.8 mm
Slot width Welot 10.3 mm
Tooth width Wiooth 8.5 mm
Slot depth dsior 26 mm

Figure 5-20: Photograph of motor stator yoke. A US quarter coin is included in the
picture for size reference.

The winding in each motor stator consists of 34 coils, where the phase A is con-
taining 12 coils, and phase B and phase C are each containing 11 coils. The coils
are fabricated by Mr. Fred Sommerhalter, who has fabricated many different coils
for research projects at the Precision Motion Control Lab at MIT. The motor coils

are made of AWG 21 bondable magnetic wire, and each motor coil has 151 turns.
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Figure 5-21: Photos of motor coil. (a) and (b): Motor coil in its winding tool courtesy
of Mr. Fred Sommerhalter. (c¢) Photograph of one motor coil. (d) Motor coil on motor
stator yoke.

Figure 5-21 shows the photos of the winding tool, motor coil, and coils on the motor

stator yoke.

Figure 5-22 shows a photo of the assembled motor stator. Here the motor stator
is fastened to the stator backiron and spacers via five dovetail-shaped nuts. During
the assembly of the motor stator, two layers of Kapton polyimide film are wrapped
around each stator tooth, each slot, and the aluminum spacers. Then the coils are
slid on to the insulated stator teeth, and are bonded to the insulated stator yoke
using epoxy to prevent relative motion, since such motion can risk scraping off the
insulating enamel layer on the magnetic wires and cause insulation failure. The coils
of the same phase are connected via soldering, and the soldering joints are insulated
using heat shrink tubes. The leads of each phase are coming out from the stator
assembly on the end as shown in Figure 5-22, and the leads are covered with PTFE

tubings to protect the insulating enamel on the wires from scraping off. In the full
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Figure 5-22: Photograph of motor stator assembled to the stator backiron and spacers.

motor stator assembly, when interfacing with the moving stage at an nominal motor
flux air gap of 1.5 mm, the total per phase resistance and inductance of the motor

stator winding are Ry = 8.4 2 and Ly = 75.6 mH, respectively.

5.3.3 Yaw Control Stator

This section introduces the design for yaw control stator, including cogging force
reduction, winding scheme, and detailed design and fabrication for yaw control stator

yokes and coils.

Cogging Force Reduction

One challenge in the design for the yaw control stator is to minimize the cogging
force generation due to the stator’s saliency. As shown in Figure 5-10, the yaw
control stators are in the flux path of the permanent magnet bias flux. As a result,
the strength of the bias flux in the air gaps are modulated by the yaw control stator
teeth, which can generate reluctance forces at the front and back edges of the bias
flux collectors on the moving stage. This effect can generate a cogging force to the

moving stage, which has a spatial period equals to the yaw control stator tooth pitch.
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Figure 5-23: Two dimensional finite element model for the bias flux structure and yaw
control stators. (a) Cross-section diagram of left stator and left stage secondary and
cutting contour. (b) Full two dimensional model cutting along the cutting contour.
The stator back iron is modeled as a large yoke surrounding the zoom in region.
(¢) Two-dimensional model for bias permanent magnets, yaw control stators, stage

backiron, and bias flux collector. Here (c) is a zoomed in picture of the model region
in (b).

In this section, we introduce the design for yaw control stator yoke and the bias flux

collectors for minimizing the cogging forces.

First we introduce the model being used for the cogging force simulation. Here we
selected to use two-dimensional finite element simulation based on FEMM [67], since
it requires less computation time than a three-dimensional finite element simulation.
Figure 5-23 shows the two-dimensional finite element model construction. This model

is set up in the following three steps: (1) Cut the stage and stator’s flux biasing
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Figure 5-24: Simulated total cogging force in the motion direction under different
number of yaw control stator teeth number over the moving stage length.

structure along the contour shown in Figure 5-23(a). (2) Spread all parts along the
contour except for the stator backiron in a 2D plane, as shown in Figure 5-23(c). (3)
Add a large, highly-permeable yoke connecting the top and bottom bias permanent
magnets to represent stator backiron, which provides a flux return path for the bias
flux, as shown in Figure 5-23(b). This model can be used to calculate the bias and
yaw control magnetic fields in our magnetically levitated linear stage system. Note
that this two-dimensional model does not capture the leakage path for the permanent
magnet bias flux accurately, since the effect of the motor stator and motor secondary
are ignored. Here we set the remanence of the permanent magnets to 0.8 T to reach
an air gap bias flux density of 0.45 T, which matches the air gap bias flux density
calculated by a three-dimensional finite element simulation. Also note that the model
shown in Figure 5-23 only represents one side of the stage. The total cogging force
in the y-direction will be approximately twice of the force calculated from the model.
This model’s computation time is about 40 times faster than a three-dimensional

finite element model for the bias and yaw control fluxes.

With the model in hand, we can design the yaw control stator yoke and bias
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flux collectors based on the simulation results. We used two methods to reduce the

cogging force on the moving stage, which are discussed below.

(1) Finer teeth — The first method of reducing the cogging force is to use a yaw
control stator with finer teeth. Since the cogging force is generated by the saliency
of the yaw control stator yoke, the cogging force’s wavelength and magnitude can be
reduced with a smaller tooth pitch in the yaw control stator. Figure 5-24 shows the
simulated cogging force peak-to-peak amplitude at different number of teeth covering
the full stage length, and Figure 5-25 shows the bias magnetic field distribution in
the stator and stage when the number of stator teeth over the stage length equals
to 3 and 12. It can be seen that the cogging force amplitude is reduced as the yaw

control stator teeth are becoming finer.

As discussed in Chapter 4, the wavelength of the yaw control flux should match
with the length of the moving stage for yaw control torque generation. As a result,
using finer yaw control stator teeth typically requires a larger number of phases in
the yaw control stator winding. This also requires more power amplifiers and making
the system more complex. In our design, we selected to use 10 stator teeth over the
length of the moving stage due to a trade-off between the system complexity and

cogging force amplitude.

(2) Edge skewing — The second method for cogging force reduction is skewing the
edges of the bias flux collectors. As shown in Figure 5-4, the edges of the bias flux

collectors are skewed by one yaw control stator tooth pitch. The effect of skewing is

155



I Position 1

| Position 2 |

| Position 3 |

| Position 4 |

Position' 5

/151015=

Figure 5-26: Estimation for effect of skewing secondary for cogging force reduction
with 2.5-dimensional finite element simulation.

simulated using the two-dimensional finite element model by the following method:
First, we calculated the thrust force generation on the stage at five evenly-distributed
positions within one stator tooth pitch, as shown in Figure 5-26. Then, we averaged
the five calculated forces to get an estimated force generated with skewed bias flux
collectors. This method is referred as the 2.5-dimensional simulation in [69]|, where
the skewing effect is simulated for linear permanent magnet synchronous machine
for cogging force reduction. Figure 5-27 shows a comparison between the simulated
non-skewed and skewed y-directional force generated on the stage by the bias flux as
the stage is moved by one tooth pitch. It can be seen that with a skewed edge in the
bias flux collectors, the cogging force is significantly reduced, with its peak-to-peak

value reduced from 16 N to 0.3 N.

Yaw Control Stator Design and Fabrication

This section introduces the detailed design and fabrication for the yaw control stators.
Figure 5-28 shows the CAD diagram of the yaw control stator yoke and its major

design parameters, and Table 5.6 shows their values. In the yaw control stator yoke,

S

we selected a large ratio between the tooth width and slot width, i.e. wj ,,/ws,, =

11/6. This design is selected for two reasons: (1) The yaw control stator coil does not

need large ampere-turns, since the yaw control flux does not require large amplitude
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Figure 5-27: Simulated cogging force on the moving stage with skewing on the bias
flux collectors. (a) Comparison between cogging force with and without skewing. (b)
Zoomed in cogging force data with skewing.

to generate a steering flux for yaw control torque generation. Therefore small slot
width is acceptable for the yaw control stator. (2) The permanent magnet bias flux
can concentrate in the yaw control stator teeth, and a relatively large stator teeth

width can help prevent severe saturation in the yaw control stator teeth.
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Figure 5-28: CAD diagram of the yaw control stator yoke and its major dimensions.

Table 5.6: Major geometric parameters of the yaw control stator yoke.

Parameter Description | Variable | Value
Yaw control stator length | L%, | 650 mm
Yaw control stator width | W¢,,,,. | 6.35 mm
Yaw control stator height | H;, .. | 27.6 mm

Slot pitch Aot 17 mm
Slot width W0 6 mm
Tooth width Wiooth 11 mm
Slot depth ot 13 mm

The windings of the yaw control stators use a five-phase equivalent of ten-phase
winding, where five independent current are being used. There are 10 stator teeth in
one full wavelength, and the yaw control stator windings are in the pattern: (A, -D,
B, -E, C, -A, D, -B, E, -C). Figure 5-29 shows a winding diagram of the yaw control
stator, and Figure 5-30 shows a phasor diagram of the currents in the yaw control
stators windings. The windings in the same phase in all four yaw control stators are

connected in series.

Figure 5-31 shows the photos of the assembled yaw control stator, including both
the yaw control stator yoke and the coils. The yaw control stator yoke is fabricated
with ANSI 1018 low carbon steel. Compared with electrical laminations, a stator
yoke made of solid steel has a significantly lower cost. We simulated the yaw control
stator iron loss with a low carbon steel yoke, and the calculated total iron loss in four
yaw control stator yokes is 2.6 W when the electrical frequency of the yaw control

stator excitation is 10 Hz, which is acceptable for our linear stage prototype.

There are in total 38 coils in each yaw control stator. The phase A, B, and D in
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Figure 5-30: Phasor diagram of the winding currents in yaw control stator.
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Figure 5-31: Photographs of the yaw control stator. (a) Full yaw control stator. (b)

Zoomed-in photo of yaw control stator. (c¢) Zoomed-in photo of the yaw control stator
showing the coil connections.
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Figure 5-32: Photographs of the winding tool of the yaw control coil. Photograph
courtesy of Fred Sommerhalter. (a) Parts of the yaw control coil winding tool. (b)
Assembly of yaw control coil winding tool. (c¢) Photo of the yaw control coil.

each yaw control stator has 8 coils, and phase C' and E has 7 coils. Figure 5-32 shows
the photos of the yaw control coil and its winding tool. The coils are also fabricated
by Mr. Fred Sommerhalter, who has fabricated the motor stator coils as well. The
yaw control coils are made of AWG 23 bondable magnetic wire. The coil’s height is
8 mm, and its outer length and width are 16.5 mm and 12 mm, respectively. The
number of turns of each yaw control stator coil is 50.

When assembling the coils to the stator yoke, similar to the motor stator, we wrap
two layers of Kapton polyimide insulating tape to each stator slot and stator teeth.
The coils are bonded to the stator teeth to prevent vibration. Figure 5-33 shows

the procedures of making the connection between two coils in the same phase. The
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Figure 5-33: Procedures of connecting coils in the yaw control stator. (a) Wrap each
tooth with two layers of Kapton tape for insulation. (b) Remove enamel on magnetic
wire in the middle of two leads using sand paper. (c) Make sure enamel on wire is
removed all around the wires. (d) Put heat shrink tube on one lead. (e) Tie the
two leads together and make a knot in wires with the insulation removed sections
together. (f) Solder the two wires at the knot. (g) Cut off left over leads, and heat
up the heat shrink tube at the connection point.

same method is used for connecting the coils in the motor stator. The same phase
windings of all four yaw control stator are connected in series. The leads of each
yaw control stator are covered with PTFE tubes, and are connected to another yaw
control stator. The total per phase resistance and inductance of all four yaw control

stators’ windings are 5.2 €2 and 5.7 mH, respectively.

5.3.4 Mechanical Design and Assembly Process

This section introduces the mechanical design and assembly process of the stator
assembly. The over-all design is shown in Figure 5-34. Aside from the magnetically
involved parts, each stator assembly include two L-shaped aluminum spacers, two
housing plates, ten magnet spacers (not shown in Figure 5-34), five dovetail-shaped
nuts, a bottom spacer plate, and three angle plates. The stator assembly is mounted
on the optical table, which is not shown in the picture.

In each stator assembly, two L-shaped aluminum spacers are included to separate

the bias flux path and the motor flux path. Figure 5-35 shows the CAD model of
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Figure 5-34: Cross-section view of the stator assembly CAD model.

Figure 5-35: Aluminum spacer for stator and its critical dimensions. (a) CAD model
of the aluminum spacer. (b) Cross-section of the spacer and its dimensions in mil-
limeters.

the aluminum spacer and its major dimensions. In the stator assembly, there is a
gap designed in between the two L-shaped spacer. This is included to ensure contact
between the motor stator yoke and the internal surfaces of the L-shaped aluminum

Spacers.

The assembly process of the stator is briefly introduced here. We first assemble
the motor stator and two aluminum L-shaped spacers to the stator backiron. There
are five dovetail-shaped slots arranged on the back side of the stator yoke, as shown
in Figure 5-19 and Figure 5-20. Five dovetail-shaped nuts made of ANSI 1018 low
carbon steel, as shown in Figure 5-36(a), are inserted in the slots, and are used to

fasten the motor stator to the spacers and the stator backiron. The CAD model of
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(a) (b)

Figure 5-36: Fixture of motor stator. (a) CAD model of dovetail-shaped nut for
motor stator fixture. (b) Dovetail-shaped nut in stator yoke.

Stator Backiron

Dovetail nut

10x M5 screws

2x Spacers 2x Spacers

Figure 5-37: CAD model of motor stator, aluminum spacers, and stator backiron.

the assembled motor stator, aluminum spacers, and the stator backiron is shown in

Figure 5-37.

Next, the yaw control stators can be assembled into the stator assembly as shown
in Figure 5-38 through the screws and four 1 inch-long magnet spacer tubes. Then,
permanent magnets with 1 inch x 1 inch x 1/4inch dimension can be placed one by one
into the pockets on the back of the yaw control stator yoke with their magnetization
direction aligned, as shown in Figure 5-39. Finally, the stator top and bottom housing
plates, bottom spacer plate, angle plates, and the optical sensor printed circuit board

can be assembled into the stator assembly.
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Figure 5-39: Assembly of the biasing permanent magnet in the stator assembly. (a)
CAD model of the stator showing the permanent magnets. (b) Photograph of the
assembly process for biasing permanent magnets.

5.4 Sensing System

This section introduces the sensing system for the magnetically-levitated linear
stage prototype. There are two kinds of displacement sensors used to measure the

stage’s motion in z-, y-, and 6,-directions: optical reflective sensors are used to mea-
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Figure 5-40: Photograph of the printed circuit board for the optical air-gap sensors
(QRE1113GR from On Semiconductor) and the circuit diagram of the optical sensor.

sure the air gap length of the linear stage at different y-directional position, and

magnetic encoders are used to measure the stage’s y-directional displacement.

5.4.1 Optical Displacement Sensors

To measure the z- and 6.-directional displacements of the moving stage at different
y-positions, 16 reflective-type optical displacement sensors (QRE1113GR from On
Semiconductor) are arranged along the stator on two printed circuit boards (PCBs),
and the PCBs are mounted on the front surface of the two stators assemblies, as
shown in Figure 5-1. With this configuration, there are two optical sensors arranged
face to face at the same y-directional position, and the sensor pair is to measure
the stage’s x-directional displacement differentially. Figure 5-40 shows a photograph
of the optical sensor PCB and a schematic diagram of the optical sensor’s circuit.
The sensor QRE1113GR consists of an infrared LED and a phototransistor facing
the same direction. With the circuit diagram shown in Figure 5-40, the LED shines

an infrared beam on the side surface of the moving stage, and the phototransistor
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Figure 5-41: Calibration data of the reflective optical air-gap sensors (QRE1113GR).
Linear fit equation: Vyrp = 3.34Ax.

detects the reflected light. Two 0.5 mm-thick white Delrin polyacetal sheets are
epoxied on the two side surfaces of the moving stage for better reflectivity, as shown
in Figure 5-4. Figure 5-41 shows the calibration data of the optical sensors on two
sides of the moving stage with respect to the lateral displacement of the stage, and
the differential signal of two sensor’s outputs is also plotted. It can be seen that the
differential signal of left and right optical sensor outputs is largely linear with respect

to the lateral displacement of the moving stage.

In the design of our stage, at least two pairs of optical sensors are engaged with the
moving stage at any position. When the linear stage is operating, the stage’s z- and 6.-
directional displacements are calculated from the readings of the optical sensors that
are engaged with the stage, as shown in Fig. 5-42. The measured y-directional position
of the stage is used to determine which two pairs of optical sensors are engaged
with the stage. The encoders for stage’s y-directional displacement measurement is
introduced in Section 5.4.2. In order to prevent step changes in the air-gap signals due

to errors in optical sensor calibration, a sigmoid function is used to blend the optical
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Figure 5-42: Top view diagram of optical sensors and moving stage. In this configu-
ration, T = (z9 + x3)/2, and 0, = (9 — =3)/ Lsensor-

sensor readings as the stage is moving. The stage’s z- and 6,-directional displacements
are estimated through the sensor readings as follows: Define the estimated stage’s
displacements in z- and 6,-directions as & and 6., respectively. x; is the differential
signal of the i-th optical encoder pair. Define &; = (z;_1 + z;)/2 and 0, = (xig —
%;)/ Lsensor as the stage’s displacements estimated by the i — 1-th and i-th sensor
pair readings, where L., is the y-directional distance between two optical sensor
pairs. Also define y,,, as the switching threshold for i-th air gap sensor, i.e. if

Yswi_; < Y < Ysw, then T = z; and 0. = 0,;. Define sigmoid function S(x) as

1

)= e

(5.12)

which is a smooth transition from 0 to 1 switching at x = 0, and § is a positive
constant setting the steepness of the switching. The z- and 0,-displacement estimation

can be calculated using Algorithm 1:
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Algorithm 1 Air gap sensor switching for N sensor pairs.
=0

0. =0

fori:= 1 to N-1do
i =a(1= Sy = yow)) + 25 — You,)
0. =0.(1 = Sy — yau)) + 05y — Yu,)

A

return z, 0,

With this air gap sensor switching algorithm, a smooth transition from one set
of sensor readings to the next set can be achieved when the stage is moving. The
outputs of Algorithm 1,  and éz, are used for feedback control for the stage’s magnetic

suspension.

5.4.2 Magnetic Encoders

The stage’s y-directional displacement is measured by linear magnetic encoders.
In order to achieve a design where no cable is attached to the moving stage, we
configured two magnetic encoder scales on the bottom of the moving stage. Two
rows of encoder readheads, with four encoder readheads in each row, are configured
along the moving direction of the stage, as shown in Figure 5-43. Here we selected
the LM15 magnetic encoder from Renishaw Inc. for our linear stage. The reason for
this selection is because this magnetic encoder allows a large ride height tolerance up
to 4 mm, which is the distance between the encoder readhead and the scale. This
is favorable for our linear stage prototype, since the stage’s suspension in vertical
direction is achieved passively, which has relatively low stiffness and damping. The
resolution of the encoder is 8192 counts per full wavelength (10 mm), i.e. 1.2 um.
In our testing, we found that the selected encoder can demonstrate a hysteresis of
about 10 ym per 100 mm when we move back and forth of one cycle, and the amount
of hysteresis can vary between the encoder scales. Such error is not acceptable for

the reticle transportation application. However, this encoder is used in our prototype
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Figure 5-43: Magnetic encoders in magnetically-levitated linear stage. (a) Photo-
graph of the encoder readhead array. (b) CAD model of the moving stage showing
the encoder scales.

system as a proof of concept. During the experimental tests, we zero the encoder

readings after every 3 cycles of motion.

The y-directional position signal of the moving stage is calculated by integrating
the increment of the encoder reading from an readhead that is engaged with the stage.
Define vy, v, y3, and y4 as the readings for the four encoder readheads in one row,
Ay;(k) = yi(k) — yi(k — 1), = 1,...,4 as the increment of each encoder reading at
time step k, and Yguw, ; Ysw, > Ysws as the three threshold positions that the encoder being
used is switched. Note that at these threshold positions the moving stage must engage
with two encoder readheads simultaneously. Then the stage’s position measured by

this row of encoder readheads can be calculated using Algorithm 2:
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Algorithm 2 Encoder handing

1 Ayi(k) = yi(k) —yi(k —1);1 = 1,..4
2: if g(k — 1) < ysw, then
3 g(k) =g(k —1) + Ay (k)

4: else if y5,, < y(k—1) < ysu, then
5. g(k) = g(k — 1) + Aya(k)

6: else if Yo, < y(k —1) < Ysw, then
T g(k) =gk —1) + Ays(k)

8: else

9 g(k) = g(k — 1) + Aya(k)

10: end

Finally, we average the measurements of the left and right rows of encoders to
get the y-directional displacement measurement of the stage. Note that typically
magnetic encoder scales are not vacuum compatible. When the linear stage needs
to operate in vacuum, different vacuum-compatible displacement sensors are needed.

Alternative sensing system design options are discussed in Chapter 7.

5.5 Power Electronics

This section introduces the power electronics being used in our magnetically-levitated
linear stage prototype. There are in total eleven phases in our linear stage: each
motor stator is driven by three-phase currents, and all yaw control stators are con-
nected in series, and are driven by five-phase currents. We used eleven single-phase
power amplifiers to drive the stators. The power amplifier being used is the B30A40
switching-type amplifier from Advanced Motion Control (AMC). This amplifier can
be used either in single-phase or three-phase mode. In our prototype, we selected to
use the amplifier in single-phase and current control mode, which takes an analog sig-
nal as the current command, and outputs a high-voltage PWM signal which energizes
the stator winding. The DC bus voltage is supplied by the DC power supply PS30A
from Advanced Motion Control, which takes a 120/208V three-phase AC power as
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Table 5.7: Specifications of power amplifier B30A40.

Specification Value
Rated continuous power 5.7 kW
Continuous current 15 A
Peak current 30 A
Switching frequency 20 kHz
DC bus voltage range 60-400 V
Operating DC bus voltage | 300 V

NI PXI Realtime Controllef
Current Commands$

Power Amp #1

Power Supply #

Currenit Outpyt

3¢
3-phase 208V AC

power from wall
GNI

Figure 5-44: Connection diagram of power electronics for magnetically-levitated linear
stage.

the input, and the output is 300 V. The specifications of the current-controlled power
amplifier are shown in Table 5.7.

The power electronics for our magnetically-levitated linear stage are configured
by Dr. Jun Young Yoon. Figure 5-44 shows the power electronics connection diagram
for our magnetically-levitated linear stage prototype. The 120/208 V three-phase
AC power supplies from the wall are connected to five DC power supplies (PS30A by
AMC), whose output is a 300 V DC voltage. Then the DC bus voltages are connected
into the high-voltage input of the power amplifiers (B30A40 by AMC). The current

command signals sent out from real-time controller’s D/A channels are connected into
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Figure 5-45: Photograph of the rack for power electronics, including DC power supply,
power amplifiers, and fuses.

the signal input of the power amplifiers. Finally the outputs of the power amplifiers
are connected to the stator windings. Fast-acting fuses are connected to the outputs
of each power amplifier for safety. Figure 5-45 shows a photograph of the rack for the
power electronics. Readers are referred to Dr. Jun Young Yoon’s thesis [69] for more

details about the power electronics.

5.6 Grounding and Shielding

This section discusses the grounding and shielding for the magnetically-levitated lin-
ear stage prototype. In our linear stage, the optical air gap sensor QRE1113GR has

an analog output, and the PCBs for air gap sensors are mounted on the front face of
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Figure 5-46: Diagram of layers in the optical air gap sensor printed circuit board.

the stator assemblies, which is close to the stator coils. In addition, the stator coils
are excited with high-voltage switching-type power amplifiers. As a result, the air
gap sensors’ reading can be influenced by the switching noise from the power ampli-
fiers if the grounding and shielding are not properly configured, and this effect can

significantly influence the performance of our linear stage prototype.

The first shielding effort in our prototype is the design for the air gap sensor
PCBs. Figure 5-46 shows a diagram for the layers in an air gap sensor PCB. As
shown in Figure 5-46, there are four layers in the PCB. Define the layer with the
sensor elements soldered on as the first layer. In this PCB, the first and the second
layers are the signal layers for sensors’ power and readings. The third layer is a full
layer of copper connected to the signal common, and the fourth layer is another copper
layer connected to the power common. The intention is that the currents due to the
parasitic capacitive coupling between the stator coils and the PCB can flow back to
the power common in the last layer of the PCB, and therefore reduce its interference

with the signal ground and the air gap sensor signals.
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Figure 5-47: Diagram of connection in our magnetically-levitated linear stage prototype. Note that here only the power

electronics for left stator is shown. The right stator uses symmetrical connections.
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Figure 5-47 shows a diagram of the connections in our prototype system. Note
that in this figure we only show the power electronics for the left side stator. The right
side stator uses the same configurations. The triangles labeled with s indicate the
signal common, triangles labeled with p indicate the power common, and the ground
symbol with F indicates the earth ground. In our system, these three commons
are not connected. The power supplies here provide two outputs: 300 V and a power
common. These outputs are connected to the power amplifiers. The current command
analog signals and the signal ground from the real-time controller are connected to
the signal ports of the power amplifiers. The power amplifiers’ output are connected
to the stator windings through shielded cables to energize the stator windings, and

the shields are connected to the corresponding power common.

The blue lines in Figure 5-47 represent the cables carrying the output signals
of air gap sensors. These signals are connected to the A/D converters of the real-
time controllers through shielded cables, where the shield is connected to the signal
common. As discussed in Section 5.4, we only need the differential signal of the two
optical sensors on two sides at the same y-directional position for suspension control.
Therefore here we connect the outputs of the sensors pairs to the two terminals of the
differential analog inputs, and rely on the differential amplifiers in the A /D interface

to reject the common-mode noise from the switching power amplifiers.

Finally, oversampling is applied for the air gap sensor readings to further filter the
noise due to the interference from the switching power amplifiers. In our system, we
over-sampled the air gap sensor readings at 100 kHz using the FPGA, averaged every
10 samples to one signal, and passed the averaged signal to the feedback control
loop. Since the switching frequency of the power amplifiers is 20 kHz, such over-
sampling method can take five samples in one switching cycle and then average the
readings, which can and effectively reduce the noise level in the air gap sensor signals.
Figure 5-48 shows the measured air-gap sensor reading with and without the over-
sampling filter. It can be seen that using such over-sampling technique, the amplitude
of the noise in the air gap sensor reading is effectively reduced. Figure 5-49 shows

a histogram of the optical air gap sensor reading. The signal’s standard deviation is
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Figure 5-48: Measured optical air gap sensor output signal with and without over-
sampling.
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Figure 5-49: Histogram of final optical air gap sensor output signal. Standard devia-
tion: 1.3 mV (0.4 um).

1.3 mV, which corresponds to 0.4 um in stage’s lateral displacement.

In our linear stage prototype, the optical table’s surface and the housing of stator
assemblies are connected to the earth ground for safety. Since the yokes of the motor
stators and yaw control stators are all electrically connected to the stators’ housing,

they are also connected to the earth ground. Before turning on the power of the
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linear stage prototype, a high-voltage insulation test using an insulation meter is

recommended between each phase and the earth ground to avoid insulation failure.

5.7 Control Design

This section introduces the control system design for our magnetically-levitated lin-
ear stage prototype, including an overview of the linear stage control system, and

implementation details for the real-time controller in our prototype.

5.7.1 Control System Overview

Fig. 5-50 shows a control system block diagram for our linear stage prototype. Here,
the z- and 6,-directional displacements of the moving stage are estimated from the
encoder and air-gap sensor measurements as described in Section 5.4, and are fed-
back for suspension control. The z-directional error signal is amplified by the 2z-DOF
suspension controller C,(s), and the control effort signal u, is used as the differen-
tial magnitude of the left and right motor current amplitudes. In addition to the
z-directional control effort signals, a constant bias current I, is injected to the mo-
tor stator’ current amplitude for thrust force generation and maintaining magnetic

suspension.
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Figure 5-50: Block diagram of the control system for our magnetically-levitated linear stage prototype.
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The hysteresis motors in our linear stage operate in synchronous mode. The
position control loop for the linear stage is closed with the encoder measurement y
being used for feedback, and the position control effort signal u, is used to determine
the phase difference between the motor stator excitation and the position of the linear
stage. Therefore the phase of the motor stators is calculated as ¢,,pt0r = f—:;y + Uy,

where A, is the wavelength of the motor stator magneto-motive force.

With the amplitude and the phase of the motor current determined, the cur-
rent commands for the three-phase windings in the left and right motor stators

(I} s L5 s I1) and (I3, Loy I1y) are determined as

2

Izu = (Ibias - Uz) COS()\*y + uy)» (513)
2 2

I7, = (Tbias — Uz) COS(/\ly +uy, + %), (5.14)
2 2

11w = (bias — uz) COS(Aly +uy — %), (5.15)

X 2w

I3, = (Tpias + uz) cos()\—y + uy), (5.16)
2 2

Ty = (Ipias + ug) COS()\ly + uy + g), (5.17)
2 2

T = (Tbias + Uq) COS(A—Wy +uy, — %). (5.18)

These current command signals are then sent to the current-controlled power ampli-

fiers and energize the motor stators.

The suspension of the stage in ,-direction is discussed below. The estimated yaw
displacement 6, is injected into the yaw suspension controller Cy_(s), and the control
effort signal uy. is used to determine the yaw control stators’ current amplitude.
The winding excitations of the yaw control stators are synchronous to the moving
stage, with their phases being ¢yq, = i—:y, where A, is the wavelength of the yaw

control stator magneto-motive force. The current commands for the yaw control
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stator windings (I, I}, I¥, I, I¥) are generated by the five-phase distributor as

2

I = g, Cos(%y), (5.19)
2 2

I = uy, cos(ly + —W), (5.20)
As 5
2T 4m

I; = — — 5.21

c uoz COS( )\Sy+ 5 )7 ( )
2 6

I = ug, cos(—ﬂy + 1), (5.22)
As 5
2 8

I; = uyp, cos(;y + g) (5.23)

These signals are then sent to the power amplifiers as current commands and used to

energize the yaw control stators.

5.7.2 Real-time Controller

This section introduces the implementation details for our real-time controller. The
controllers shown in Figure 5-50 are implemented in LabVIEW, and the real-time
controller being used is NI 8108 controller with NI 1031 PXI chassis from National
Instruments, and two FPGA modules NI-7845R are included.

Figure 5-51 shows a diagram of the real-time control code structure. The con-
troller code is implemented in two hardwares: the real-time processor (RT target) and
FPGA. The FPGA in our controller is used for interfacing with signal inputs/outputs,
over-sampling for air gap sensor readings, encoder signal interpolation, and encoder
handling as shown in Algorithm 2. The rest of the control code, including air gap
sensor handing, digital controllers for suspension and motion, multi-phase distribut-
ing, trajectory generation, data plotting and recording, and Bode measurements, are
implemented in the RT target. Below we briefly introduce the implementation details
for these tasks.

Oversampling is applied for all air gap sensor readings to filter the noise due to
the interference from the switching power amplifiers. As we discussed in Section 5.6,

the power amplifiers we used have a switching frequency of 20 kHz. In our system, we
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Figure 5-51: Diagram of real-time controller code structure for magnetically-levitated
linear stage.

over-sampled the air gap sensor signals at 100 kHz using the FPGA, averaged every
10 samples to one signal, and passed the averaged signal to the real-time controller
for feedback control. Using such over-sampling technique, the noise in the air gap
signals are effectively reduced.

The magnetic encoder we selected provides quadrature digital signals, and the
interpolation for the encoders is implemented in the FPGA. Figure 5-52 shows the
encoder interpolation LabVIEW code for one encoder readhead. Note that there are
in total eight encoder readheads in our system, and each requires its own encoder
interpolation code. Therefore there are eight encoder interpolation loops running in
the FPGA in parallel. The encoder interpolation loops run at a loop rate of 4 MHz,
which corresponds to 10 tick counts for a 40 MHz on-board clock.

The encoder handling algorithm shown in Algorithm 2 is also implemented in
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Figure 5-53: LabVIEW code for encoder handling algorithm.

FPGA via LabVIEW, as shown in Figure 5-53. Note that there are two rows of
encoder readheads in our prototype, each has four encoder readheads, and there are
two parallel encoder handling loops in the FPGA to get the left and right encoder

readings. Each encoder handling loop runs at a loop rate of 100 kHz.
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z1= (y-swi(l))/a;
22= (y-swi(2))/a;
z3= (y-sw(2))/a;
2d= (y-sw(d))/a;
25= (y-sw(3))/a;

51 = 1/(1+exp(-z1));
52 = 1/(1+exp(-z2)):
53 = 1/(1+exp(-23));
54 = 1/(1+exp(-z4));
55 = 1/(1+exp(-25));

S =[51,52,53,54 55];

x_hat_1 = x(1)*(1-51) + =(2)*S1;
x_hat_2 = x_hat_17(1-52) + »(2)*52;
¥_hat_3 = x_hat_2%(1-53) + x(4)*53;
x_hat 4 = x_hat_3*(1-54) + =(3)*54;
%_hat_5 = x_hat_4%(1-55) + x(6)*55;
%_hat = x_hat_5;

Rz_hat_1 = Rz(1)*(1-51) + Rz{2)*51;
Rz_hat_2 = Rz_hat_1*(1-52) + Rz({3)"52;
Rz_hat_3 = Rz_hat_2*(1-53) + Rz{4)*53;
Rz_hat_4 = Rz_hat_3*(1-54) + Rz(3)"534;
Rz_hat_53 = Rz_hat_4*(1-53) + Rz(E)*55;
Rz_hat = Rz_hat_5;

Theta_z_hat

——— Jom|

Figure 5-54: LabVIEW code for air gap sensor handling considering the first six
air-gap sensors.
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Figure 5-55: LabVIEW code for reference trajectory generation.

The rest of the control code are implemented in LabVIEW in the real-time target.

Note that in our system the number of deterministic loops are limited to two, which

is the number of cores in the real-time controller NI 8108. The code in the RT target

includes two loops. The control loop operates at a loop rate of 5 kHz, in which we
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implement the z- and 6,-directional displacements estimation, the digital controllers
for the suspension and motion control, and the generation for three-phase and five
phase current commands for stators. In another real-time loop running at 1 kHz, we
implement the trajectory generation for stage motion, data plotting and recording,

and dynamic signal analyzer for frequency response measurements.

Figure 5-54 shows the LabVIEW code for air gap sensor switching algorithm as
shown in Algorithm 1. Here the MathScript in LabVIEW is used. The inputs include
the measured stage position y, the signals from the air gap sensors, and a constant
£, and the outputs are the estimated stage position in z- and 6.-directions. These

outputs are then used for feedback control to stabilize the stage’s magnetic suspension.
The suspension and motion controllers implements lead-lag form of PID controllers

with high-frequency cut-off as

1)a73+1 1
Tis” 7s+1 Tps+1

O(s) = K,(1 + (5.24)

where K, is the proportional controller gain, 7; is the integral time constant, « is the
lead pole-zero separation constant, 7 is the lead time constant, and 7% is the time
constant for the low pass filter. The controllers for each loop are designed in continu-
ous time, and are then converted to discrete-time through matched z-transform using
the pole-zero mapping method with a sampling time of 5 kHz. The outputs from the
controllers are then fed into the multi-phase distribution fucntions, which implements
(5.16) to (5.23). The control performance of the magnetic suspension and motion for

the stage are discussed in Chapter 6.

The rest of the code are configured in a slower loop with lower priority, which
include the trajectory generation, data plotting and recording, and frequency response
measurement. Figure 5-55 shows the reference trajectory generation code, which
generates a S-shaped second-order polynomial trajectory in real-time with a maximum
acceleration a,,,, and a maximum velocity v,,,.. The generated value is being used
as the reference for stages’ motion control. The frequency response measurement uses

the LabVIEW Dynamic Signal Analyzer code written by Tyler Hamer in Precision
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Motion Control Lab at MIT [70], which can be downloaded from GitHub.

5.8 Summary

This chapter presented the hardware design and fabrication for our magnetically-
levitated linear stage prototype. The magnetic design process for the bias flux paths,
motor stators, and yaw control stators are discussed. The mechanical design and
manufacturing for moving stage and stator are presented. We also discussed the
design and configuration for the sensing system, power electronics, grounding and
shielding, and controllers.

With the magnetically-levitated linear stage prototype designed and built, in the

next chapter we discuss the experimental tests.
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Chapter 6

Experimental Tests

This chapter presents the experimental tests for our magnetically-levitated linear
stage prototype. We first present the magnetic suspension tests in Section 6.1. Then

the tests for the linear motors are presented in Section 6.2.

6.1 Suspension Tests

This section discusses the magnetic suspension of our linear stage prototype, including
both the passive magnetic suspension in z-, 0,-, and 0,-directions and the actively-

controlled suspension in z- and 6.-directions.

6.1.1 Passive Magnetic Suspension

Table 6.1 shows the measured resonance frequency, damping ratio, and the es-
timated passive stiffness of the stage in the passively-levitated degrees of freedom.
These measurements are taken when the motor stator bias current I, is set to 2 A.
The bias flux air gap is 2 mm, and the air gap of the motor flux is 1.5 mm. The stage
is sagging below its equilibrium position by 0.75 mm due to its weight in steady state.

Below we introduce the measurement setup for the passive magnetic suspension

performance. To measure the stage’s displacements in z- and 6,-degrees of freedom,
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Table 6.1: Measured magnetic levitation performance of the stage in the passively-
levitated degrees of freedom under Ip;,s = 2 A.

DOF Resonance Frequency | Passive Stiffness | Damping Ratio
z (Vertical) 12.9 Hz 3.1 x 10* N/m 0.1
6, (Pitch) 10.6 Hz 76 Nm/rad 0.018
6, (Roll) 9.0 Hz 118 Nm/rad 0.03

three eddy current displacement sensors from Contrinex, Inc. are configured above
the moving stage and interfacing with the aluminum stage base, as shown in Fig-
ure 6-1. Note that these sensors are not included as a part of the setup when the
stage is operating. The stage’s displacement in the 6,-direction is measured by the
encoders arranged at the bottom of the stage, which is described in Section 5.4. Since
the encoders are not aligned with the stage’s center of gravity, the stage’s pitch mode
motion is detectable by the encoders. During the measurement, we hit the stage in a
certain direction while it is magnetically levitated, and measure the stage’s displace-
ments in the passively levitated degrees of freedom. Figure 6-2 shows the measured
stage’s impulse responses in z-, ¢,-, and 6,-directions. The natural frequency and
damping ratio can be calculated from the measured impulse responses. The pas-
sive stiffnesses are estimated by the natural frequency measurements and the stage’s

inertia in different degrees of freedom.

The data in Table 6.1 shows that the stage’s magnetic suspension in the passive
directions have relatively low stiffness. This is mainly because the linear stage is oper-
ating at a relatively large air gap length, which is required for configuring separation
walls between the stator and the moving stage. It can also be seen from Table 6.1
and Figure 6-2 that the passive damping ratio of the stage are also relatively low,
especially in the pitch mode. This is an inherent limitation for the passive magnetic
suspension in bearingless slice motors. Potential methods to improve the passive

damping are discussed in Chapter 7 .
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Figure 6-1: Eddy current probes for in the z- and 60,-directional displacement mea-
surement.

6.1.2 Active Magnetic Suspension

This section presents the experimental tests for the active magnetic suspension
of the moving stage in x- and 6.-degrees of freedom. In our linear stage prototype,
we attach a 0.5 mm-thick plastic shim on the pole face of each motor stator, and a
0.5 mm-thick Delrin sheet is attached on each stage secondary as the optical sensor
target. When the power is not turned on, the stage is touching on one side of the
plastic shim in the air gap due to the negative stiffness caused by the permanent
magnet bias fluxes, and the maximum off-centering displacement of the stage in the
z-direction is 0.5 mm. As we turn on the suspension controllers, the stage is able
to take off from the wall and levitates at the center position between two stator
assemblies.

Figure 6-3 shows the measured plant and loop frequency responses of the stage’s
magnetic suspension in z- and 6.-direction under a bias current of 2 A, which are

obtained from a dynamic signal analyzer (DSA) implemented in a real-time processor
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Figure 6-2: Measured impulse responses of the stage’s passive magnetic suspension.
Note the time scale in three plots are different. (a) Vertical directional mode (z-
direction). (b) Roll mode (6,-direction). (c) Pitch mode (f,-direction).
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Figure 6-3: Measured plant and loop Bode plots of the magnetic suspension in ac-
tively controlled degrees of freedom. (a) z-directional magnetic suspension. (b) 6,-
directional magnetic suspension.

Phase (deg)

(NI 8108) at 1 kHz. Note that this plant measurement is taken with the magnetic
suspension control loops closed, since the systems are unstable under open-loop. In
the z-directional suspension plant frequency response, the magnitude curve shows a

notch and a peak around 9 Hz, and the phase curve shows a peak at this frequency.
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Figure 6-4: Measured sensitivity and complimentary sensitivity functions of the ac-
tive magnetic suspension systems. (a) z-directional magnetic suspension. (b) 6,-
directional magnetic suspension.

This indicates that there are a pair of complex zeros and poles in the z-directional
magnetic levitation plant. To our understanding, this is due to the second-order 0,-
directional mode is being added to the measured mode. Data show the cross-over
frequencies of the x- and 6,-directional magnetic levitation are 70 Hz and 60 Hz,

respectively, and the phase margin of both loops are around 20 degrees.
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We also measured the sensitivity of the magnetic suspension control loops in -
and 6,-directions. Figure 6-4 shows the measured magnitude frequency response of

the sensitivity and complementary sensitivity functions, which are defined as

1
S(s) = 1+ L(s)’ (6.1)
T(s) = #23) (6.2)

where L(s) is the loop return ratio. The measured peaks of the sensitivity curves of z-
directional magnetic suspension are of max(|Sx(jw)|) = 3.0 at 74 Hz and max(|Tx(jw)|) =
3.1 at 68.5 Hz, and the peaks for 6,-directional magnetic suspension are max(|Sy, (jw)|) =
3.7 at 80 Hz and max(|Ty,(jw)|) = 3.5 at 80 Hz. These values indicate the worst-case

amplification of sinusoidal external disturbance signals.

6.2 Linear Motor Tests

This section introduces the experimental tests of the linear hysteresis motors in our
magnetically-levitated linear stage prototype, including the thrust force measure-

ments in Section 6.2.1, and position control tests for the linear stage in Section 6.2.2.

Figure 6-5: Photograph of pre-magnetized hysteresis secondary under a magnetic
viewing film.
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Figure 6-6: Photograph of thrust force measurement process for the linear stage.

6.2.1 Thrust Force Measurement

This section discusses the thrust force measurement of the linear hysteresis motors.
In our linear stage, the hysteresis secondaries are pre-magnetized to improve the
motors’ thrust force capability. The pre-magnetization of the hysteresis secondary
is achieved by setting the corresponding air gap to zero, i.e. pushing the stage in
full contact with the motor stator on one side, and gradually increase the current
amplitude of the three-phase windings in the motor stator up to 5 A. The hysteresis
secondaries on both sides of the stage are magnetized symmetrically. Figure 6-5
shows a photograph of a pre-magnetized stage secondary under a magnetic viewing
film. It can be seen that the arrow-shaped hysteresis secondary is having a periodical
magnetization pattern.

We first measure the linear motor’s thrust force as a function of the phase differ-
ence between the stator excitation and the secondary magnetization. This phase is
often referred as the force angle ¢,, for linear synchronous motors. In this measure-

ment, the stage is magnetically levitated, and a force gauge is used to measure the
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Figure 6-7: Measured thrust force and phase relationship of the linear stage under
different bias current amplitudes.

thrust force while sweeping the phase of the excitation, as shown in Figure 6-6. Note
that the stage’s position does not move during the measurement. Figure 6-7 shows
the measured thrust force and phase relationship for the linear stage under different
bias current amplitudes. Here, the phases of the peak thrust forces are in between
+7/4 and £7/2. This is a result of the combination of hysteresis thrust force genera-
tion and reluctance thrust force generation, as discussed in Section 4.1.2 in Chapter 4.
The maximum thrust force that our stage has demonstrated is 5.8 N under 2.5 A bias
current amplitude, which corresponds to an acceleration of 1200 mm/s*. This test
shows that our stage’s thrust force is able to satisfy the acceleration requirement for
the reticle transportation application (500 mm/s?).

We then compare the measured thrust force and the simulation using the finite el-
ement model presented in Section 4.3, where the pre-magnetized hysteresis secondary
is modeled as a permanent magnet array, whose material property is determined by
the pre-magnetization process. Figure 6-8 shows the simulated and measured thrust
forces of the linear stage plotted together. It can be seen that the simulation results
and the measurements are agreeing well. This comparison validates the model for

pre-magnetized linear hysteresis motors presented in Section 4.3.
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Figure 6-8: Comparison between measured and simulated thrust forces of the linear
stage under different current amplitudes. (a) Current amplitude 1.5 A. (b) Current
amplitude 2 A. (¢) Current amplitude 2.5 A.
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6.2.2 Linear Stage Position Control

This section discusses the position control experiments for the magnetically-levitated
linear stage in the motion direction, including the system identification for the plant

dynamics, and the closed-loop position control for the moving stage.

Plant System Identification and Modeling

The stage’s position control uses the measurement from the encoders as the feedback
signal. As discussed in Section 5.7, when the stage is operating, we maintain a
constant bias current amplitude [p;,s, and use the phase between the stator and
secondary magnto-motive force, or the force angle ¢,,, as the control effort. As shown
in Figure 6-7, the thrust force generation is largely linear with respect to ¢,, when
¢Om € [—m/4, w/4]. Therefore in this test we limit the position control effort signal
in [—m/4,7/4]. With such settings, we expect the thrust force of the linear stage is
approximately linear with respect to the position control effort signal.

Figure 6-9 shows the measured plant frequency response of the linear stage position
control, with the force angle ¢,, being the input, and the stage’s position measured
by the magnetic encoders on the bottom of the stage as the output. The stage is
magnetically levitated during the measurement. The frequency response in Figure 6-
9 shows a resonance around 2 Hz. To our understanding, this resonance is generated
by the cogging force between the stage and the stators. The stage’s position is at an
equilibrium generated by the periodical cogging force at steady state. When the stage
is having a displacement from the equilibrium position, a restoring force is generated
due to the interaction between the pre-magnetized hysteresis secondaries and the
stator yoke, which behave like a weak stiffness to the stage. In the frequency range
above the low-frequency resonance in Figure 6-9, the data demonstrates a slope of -2
in magnitude and a phase around —180°, which resembles the relationship between
force and displacement on a free mass. This indicates that the input signal ¢,, is

largely proportional to the thrust force generation to the moving stage as expected.
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Figure 6-9: Measured frequency response from the force angle ¢,, and the measured
position using the magnetic encoders underneath the moving stage.

Finally, there are a complex pole pair and a complex zero pair in the measurement at
around 10 Hz, with the pole pair being at a lower resonance frequency. The measured
phase demonstrates a notch at 10 Hz due to this complex pole-zero pair. This is due

to the coupling between the stage’s motion in y-direction and the pitch motion of the

stage.

Below we discuss the modeling for the coupling between the stage’s motion in
y-direction and the pitch mode. Figure 6-10 shows a diagram of the stage’s motion
in the y-direction and rotation about the x-axis. Here, the stage’s center of gravity is
CG@G, the mass of the stage is m, and its inertia about x-axis is I,. The displacements
of the stage include y and 6, in the corresponding directions. The thrust force to the
stage is F,, which is acting above the point C'G by [;. The stage’s motion is measured
by the encoder placed on the bottom of the stage, and the vertical distance between
the point C'G and the measurement is [5. The displacement measured by the bottom

encoders is yp.
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Figure 6-10: Diagram of stage’s motion in y-direction and 6,-direction and their
coupling. CG is the stage’s center of gravity, y is the stage’s motion-directional
displacement, 6, is the stage’s pitch displacement, F), is the thrust force, y;, is the
encoder measurement, /; is the distance between F}, and C'G, and [ is the distance
between the encoder to CG.

The stage’s dynamics in the y-direction is

ij = F,/m. (6.3)

Since the thrust force is not aligned with CG, a torque T, = —F}l; is generated to

the stage about the z-axis. Then the stage’s dynamics in 6,-direction is

L, = —F,ly — bpofy — kpo0s, (6.4)

where kg, is the passive magnetic suspension stiffness in the 6,-direction, and bg,
is the passive damping. Applying Laplace transformation to (6.3) and (6.4), we can

calculate the transfer function from F, to y and 0, as

yls) _ 1

Fy(s) — ms?’ (6.5)
0.(s) _ L

F,(s) 1,5+ bpes + kng (6.6)
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Figure 6-11: Pole-zero plot of linear stage control plant system in equation (6.8) as
l1l5 changes. The blue crosses indicate the poles, and red circles indicate possible zero
positions.

The measured position using the encoder arranged underneath the moving stage is

Yo = Ozlo + y. (6.7)

Substituting (6.5) and (6.6) into (6.7), the transfer function from F, to y, can be

found as

B —lyly 1
 I1,S%2 4 bpys + kpy  ms?
1 (Ix — lllgm)82 + bRxS + ka

(6.8)

ms? (I:5% 4 bpes + kra)

The transfer function (6.8) is the plant that we need to control when closing the
position control loop for the linear stage. Note that the low-frequency resonance in

the stage dynamics due to the cogging force is not included in this model. It can
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be seen that the transfer function (6.8) has two terms. The term 1/ms? corresponds
to the y-directional dynamics, just Newton’s second law. The other term in (6.8)
demonstrates a pair of complex poles and zeros, which is due to the coupling between
the 0,-directional mode and the y-directional motion of the stage. For a given m, I,
brz, and kg, the system’s poles are fully determined. However, the position of the
zeros depends on the parameters [; and l5. Figure 6-11 shows a pole-zero plot of the
system in (6.8) under different /;l5 values. This plot is generated with substituting in
the values: m = 4.8 kg, I, = 0.017 kg.m?, kg, = 75.3 Nm/rad, bz, = 0.04 Nms/rad,

2. Here, the blue crosses indicate the

and sweeping ;15 from —0.008 m? to 0.014 m
poles of the system, and the red circles indicate the possible position of the zeros as
l1l5 changes. In Figure 6-11, the two poles at the origin correspond to the stage’s
y-directional rigid body motion, and the complex pole pair corresponds to the stage’s

resonance in 6,-direction. Below we discuss three different cases for the zeros’ position

and the corresponding system dynamics:

(1) Non-collocated measurement — The first case is when our linear stage is using
the bottom encoder measurement as the output, where [; = 4 mm, and [, = 32 mm.
Figure 6-12 shows the pole-zero plot and the frequency response of the linear stage
system under this setting. As shown in Figure 6-12(a), there is a complex pole-zero
pair corresponding to the pitch mode of the system, and the pole pair is having a
lower resonance frequency. Figure 6-12(b) shows both the measured and modeled
frequency responses of the system. Note that here the low-frequency resonance due
to the cogging force is not included in the model. We can see that the system is having
a pair of resonance and anti-resonance due to the pitch mode, and the corresponding
phase is demonstrating a notch. In machine dynamics, this case is often referred as
non-collocated measurement [71], indicating the actuation and measurement are on
different sides. Closing the control loop around such systems can often result in low
stability margin: when the resonance or anti-resonance in the loop return ratio is
crossing over, the corresponding phase margin is typically negative due to the phase

notch in the plant.

(2) Collocated measurement — In our linear stage prototype, an additional encoder
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Figure 6-12: Non-collocated stage dynamics with bottom encoder reading used for
output. (a) Modeled pole-zero plot. (b) Measured and modeled Bode plot. Here the
low frequency resonance due to the cogging force is not included.

is configured on the top of the moving stage, as shown in Figure 6-13. The second
case is when our linear stage is using the encoder configured on the top of the stage as
the output. Under this condition, {; = 4 mm, and [, = —40 mm. Figure 6-14 shows
the pole-zero plot and the Bode plot of the system. As shown in Figure 6-14(a), in

the complex pole-zero pair corresponding to the pitch mode, the complex zero pair is
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Figure 6-13: Photograph of the top encoder for the magnetically-levitated linear
stage.

having a lower resonance frequency. In Figure 6-14(b), the anti-resonance has a lower
resonance frequency than the resonance, and the phase is demonstrating a peak due
to the pitch mode coupling. This case is called collocated measurement configuration

in system dynamics |71].

(3) Right plane zero — When the value of [;l; further increases, an extreme case
can happen when I, —llom < 0, or l1ls > I,/m. Figure 6-15 shows the modeled stage
dynamics with [; = l; = 200 mm, where Figure 6-15(a) shows the pole-zero plot of the
system, and Figure 6-15(b) shows the modeled frequency response. Under this case,
the two zeros of the system are moved to the real axis, as shown in Figure 6-15(a).
Note that one of zeros is in the right half plane of the complex plane. Also, it can be
seen in Figure 6-15(b) that the the phase of the frequency response drops to —360°
after the pitch mode resonance frequency, since the right plane zero is providing a
negative phase change to the system (appose to a positive phase change due to a left
plane zero). When closing the control loop around the system, such phase drop in
the plant makes it impossible to stabilize the control loop with a cross-over frequency
above the pitch mode resonance frequency. This extreme case should be avoided when

designing a motion stage.
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Figure 6-14: Collocated stage dynamics with encoder on the top of the stage used for
output. (a) Modeled pole-zero plot. (b) Measured and modeled Bode plot.

As we have discussed before, our linear stage prototype is demonstrating a non-
collocated measurement configuration. When we close the control loop around the
system, the system typically has low stability margin due to the phase drop at the
resonance frequency. In this work, we tested two methods to solve this stability issue:

(1) Moving the position of the measurement point and align it with the stage’s center
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Figure 6-15: Modeled stage dynamics with [y = I = 200 mm with right plane zero.
(a) Pole-zero plot. (b) Frequency response.

of gravity, and therefore making the pitch mode undetectable. (2) Moving the stage’s
center of gravity and align it with the thrust force, and therefore making the pitch
mode unexcitable. Below we discuss the experimental tests for these two methods in

our linear stage prototype.

(1) Double-sided measurement: We first tested the linear stage with double-
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sided encoder measurement. In this test, we define a weighted average between the
top and bottom encoder readings y,,, being the output. The averaged y-position

measurement is defined as

Yavg = (1 — @)y + app, (6.9)

where « is a constant between 0 and 1. In our experiment, the value of « is empirically
tuned to make the pitch motion of the stage not detectable by the averaged measure-
ment ¥Y,,,. For our experiential setup shown in Figure 6-13, o = 0.65. Figure 6-16
shows the measured system frequency response using top, bottom, and average mea-
surement as the system’s output, where the red line is the system using the average
encoder reading as the output. It can be seen that the red line in Figure 6-16 does
not show resonance or anti-resonance at the pitch mode natural frequency, and its
phase is also flat and around —180°. This measurement double confirms that the
resonances and phase changes in the data are due to the coupling between the stage’s

y- and #,-modes.

(2) Stage with additional mass: The second experiment we conducted is including
an additional mass in the moving stage and thus moving the stage’s center of gravity
upward, thereby making it aligned with the thrust force. Note that with the additional
mass included, the gravity induced sag of the stage can also increase. Figure 6-
17 shows the photograph of the stage with the additional mass that can make the
pitch mode not excitable. The mass is added empirically by measuring the frequency
response of from force angle ¢,, to the reading of the bottom encoders, while observing
the phase of the measurement around 10 Hz. The total weight of the additional mass
of the stage is 0.39 kg. When the mass is included, the stage’s sag below the centerline

increased to 1.05 mm.

Fig. 6-18 shows the measured frequency response of the position control plant
with and without the additional mass, with the force angle ¢,, being the input, and
the bottom encoder reading ¥, being the output. The black line is the data measured

without the payload. Here the measured phase demonstrates a notch at 10 Hz, and
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Figure 6-16: Measured frequency responses from the force angle ¢,, to the stage
position measured by different encoders. Black line: position measured by the bottom
encoder. Blue line: Position measured by the top encoder. Red line: weighted average
of the top and bottom encoder readings.

Figure 6-17: Photograph of the stage with additional mass that can make the stage’s
center of gravity aligned with the thrust force.

the corresponding magnitude shows resonance and anti-resonance due to the coupling

dynamics. The red line in Figure 6-18 shows the measurement with the additional
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Figure 6-18: Measured frequency responses from the force angle ¢,, to the stage
position measured by bottom encoders.

mass included. It can be seen that the phase of the data does not show peak or notch
at the 6,-mode resonance frequency (10 Hz). The measured magnitude plot with the
additional mass also does not show resonance or anti-resonance. This measurement
confirms that when the stage’s center of gravity is aligned with the thrust force, the

pitch mode is no longer excitable.

Closed-loop Position Control

This section introduces the closed-loop position control for the magnetically-levitated
linear stage. With the stage’s pitch mode not excitable or not detectable, we are able
to close the position control loop of the stage without the aforesaid stability issue.
In this experiment, we closed the position control loop for the moving stage with the
additional mass included, and the bottom encoder reading is used for feedback. The
plant frequency response is shown in Figure 6-18 by the red line.

Figure 6-19 shows a measured position step response of the moving stage. The

10-90% rise time of this step response is 0.014 s, which corresponds to a bandwidth
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Figure 6-19: Measured position step response of our linear stage. The position control
is tested with the additional mass included. The rise time of the step response is
0.014 s, indicating the position control loop’s bandwidth is 25 Hz.

of 25 Hz. The reason that we did not further increase the position control bandwidth
is because the control effort signal can become noisy when we further increase the
position control gain due to the amplification of the quantization noise of the encoder

measurement.

The stage is also tested to track a second-order polynomial reference trajectory.
The trajectory’s maximum acceleration and velocity are @, = 500 mm/s? and
Umaz = 250 mm/s, respectively. The trajectory is generated by the LabVIEW code
shown in Figure 5-55. Figure 6-20 shows the tracking performance of the stage’s mo-
tion, where the top plot shows the reference and measured position (which are largely
overlapping), the middle plot shows the position tracking error in the y-direction,
and the bottom plot shows the measured z- and 6,-directional displacements of the
stage as it is moving following the trajectory. The middle plot in Figure 6-20 shows
the maximum position control tracking error is about 50 pum, and the tracking er-
ror demonstrates a periodical pattern, where the spatial period of the tracking error
matches with the motor stator tooth pitch. To our understanding, this error is caused
by the cogging force in the pre-magnetized linear hysteresis motors. In addition, the

stage’s tracking error demonstrates a small amplitude oscillation of 10 Hz when the
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Figure 6-20: Measured tracking performance of the stage while tracking a S-shaped
trajectory with a4, = 500 mm/ s? and Vpae = 250 mm/s. Top plot: reference and
measured stage displacement. Middle plot: position tracking error. Bottom plot:
measured stage displacements in x- and 6,-directions.

stage is in steady-state. This is because the pitch mode is slightly excitable when the
additional mass is included in the stage. The bottom plot in Figure 6-20 shows that
the stage’s maximum deviation from center in z-direction is about 50 pm, which is
well below making mechanical contact with the side walls (mechanical air gap length

is 500 pm on each side).
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Table 6.2: Temperature measurement of the linear stage during operation.

Time | Coil Temperature | Lamination Temperature | Secondary Temperature
0 min 21.4 °C 21.5 °C 21.5 °C
5 min 24.2 °C 22.7 °C 21.7 °C
10 min 25.6 °C 23.6 °C 21.9 °C
15 min 26.5 °C 25.1 °C 22.1°C
20 min 26.6 °C 25.3 °C 22.2 °C

6.2.3 Thermal Measurements

This section introduces the thermal measurement of our linear stage prototype. In
this test, the temperature is measured with a type-K thermocouple probe from Fluke
working together with a Fluke multimeter. In this thermal test, the moving stage is
magnetically levitated and tracks a trajectory of 250 mm in length. The maximum
acceleration of the trajectory is 500 mm/s?, and the maximum speed is 250 mm/s.
The stage stops at the end positions for 2 s before it moves in the reversed direction.
The bias current amplitude in the motor stators is 2 A. The ambient temperature
during the test is 21.5 °C. Note that in our prototype no forced cooling is included
for the stators, and there is no thermal insulation between the stator and the stage.
Table 6.2 shows the measured temperature of the motor stator coil, stator lamination
at the teeth, and the stage secondary. It can be seen that the stator coil’s tempera-
ture reaches steady-state after operating for about 20 minutes, and the steady state
temperature is 26.6 °C. The secondary’s temperature rises significantly slower than
that of the stator lamination and coils. To our understanding, the temperature rise
in the secondary is due to two reasons: (1) heat transfer from the stator, and (2)
hysteresis and eddy-current secondary loss in secondary. The effect of the two mech-
anism is difficult to separate in experiments. Here we present a rough estimation for
the power from each source.

We first estimate the power loss in the secondary due to the eddy current and
hysteresis effect using finite element method. Note that our linear motors are oper-

ating in synchronous mode, and only the high-order harmonics are involved in the
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generation of the secondary losses. In this simulation, the motor stator operates at
a current amplitude of 2 A and a frequency of 2.3 Hz, which corresponds to a syn-
chronous speed of 250 mm/s. Simulation shows that the power loss in each hysteresis
secondary due to the high-order harmonics of the excitation is 0.04 W under this

condition.

We then estimate the power of the radiative heat transfer from the stator to
the secondary. Here, we assume the radiation is only from the lamination to the
secondary. The area involved in the radiative heat transfer is the full area of the
secondary, which is A = 40 mm x 192 mm. The emissivity of the secondary surface
(the Delrin plate covering the secondary) is assumed to be € = 0.8. The steady-state
temperature for lamination and secondary, T;,, = 25.3 °C= 298.3 K and T,.. =
22.2 °C = 295.2 K, are used in this calculation. Then we can estimate the radiative
power as Puq = eo(T, —T2) = 0.13 W, where o = 5.67 x 107 W - m2K~* is
the Stefan—Boltzmann constant. Comparing the estimated power from the radiatitve
heat transfer and the secondary loss, it can be deduced that the temperature rise in
the secondary in our linear stage prototype is mainly due to the heat transfer from the

stator. When such heat transfer can be blocked via cooling the stators or radiation

shields, we expect the temperature rise in the secondary can be significantly reduced.

The input power of in our linear stage is also estimated. Since the operating
frequency of the linear motors is only 2.3 Hz and the linear motors have no load, the
input power P, is approximately equal to the stator power loss. The peak current
amplitude of the motor windings is 2 A, and the motor stator’s per-phase winding
resistance is 8.4 €). Therefore the total power loss of the two motor stators can be

calculated as

P,—=2x3 o 2R, = 100.8 W. 6.10
V2

Note that in our prototype the entire length of the stators are energized when the
stage is operating. When using our linear stage for long-distance transportation tasks,

the stators should be driven in sections to reduce power dissipation.
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6.3 Summary

In this chapter, we presented the experimental tests for our magnetically-levitated
linear stage prototype, including both magnetic suspension tests and linear motor
tests. We compared the measured thrust force with the simulated force using the pro-
posed pre-magnetized linear hysteresis motor model discussed in Section 4.3. Good
agreement between the measurement and simulation validated our model. We also
discovered that the stage’s pitch mode dynamics is coupled to its motion along the
y-axis, and conducted experiments for validation. The test results presented in this
chapter shows that our magnetically-levitated linear motor prototype is able to suc-
cessfully levitate the moving stage, and is able to satisfy the acceleration requirement
of the reticle transportation task.

Although our linear stage prototype is satisfactory as a proof-of-concept, there
are several limitations that we discovered during the experimental tests. In the next
chapter, we will discuss the limitations for our current stage design, propose potential
solutions, and discuss variations of stage design that potentially can deliver improved

performance for the reticle transportation application.
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Chapter 7

Discussion and Design Variations

In the previous chapters, we have presented the design, building, and testing of our
magnetically-levitated linear stage prototype. Through this process, we have dis-
covered several limitations for the bearingless-slice-linear-motor-based stage design,
which requires a series of improvements for an application to the reticle transporta-
tiont task in EUV lithography machines. In this chapter, we first discuss the limi-
tations for of our magnetically-levitated linear stage, and propose potential solutions
for these issues in Section 7.1. Then, we present alternative design concepts that may
deliver improved performance for the reticle transportation task in EUV photolithog-

raphy scanners in Section 7.2.

7.1 Discussion of Limitations

Through the building and testing process, we learned that there are three major
limitations in our magnetically-levitated linear stage prototype: (1) Pitch mode is
coupled to the stage’s motion when thrust force is not aligned with the stage’s center of
gravity; (2) Vertical mode of the stage is excitable by the linear motors’ common-mode
attractive force variation; (3) Non-vacuum-compatible sensing system. Below we
discuss more details about these limitations, and suggest methods that can potentially

solve these issues and therefore improve the performance for our linear stage system.
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Figure 7-1: Diagram of stage’s motion in y-direction and 6 -direction and their cou-
pling.

7.1.1 Pitch Mode Coupling

The first limitation in our linear stage is due to the coupling between the stage’s pitch
mode (6,-directional mode) and its motion along the motion direction (y-directional
mode), as discussed in Section 6.2.2. Figure 7-1 shows a diagram explaining the issue.
When the stage’s thrust force is not aligned with the center of gravity of the moving
stage, the thrust force can apply a torque to the stage when it is accelerating or
decelerating, thereby exciting the stage’s pitch mode. Meanwhile, in our linear stage,
the pitch mode is passively levitated, which has relatively low stiffness and damping
(natural frequency wy, = 66 rad/s, damping ratio ¢y, = 0.018). Such lightly damped
vibration is undesired for lithography application, especially when the reticle is in the
transportation stage.

In order to solve this issue, the following three improvements should be applied:

(1) Pitch Mode Not Excitable When With Reticle

The first method is to make the pitch mode not excitable when the stage is carrying
the reticle. When using a magnetically-levitated linear stage for reticle transportation,
we should align the thrust force generation with the center of gravity of the moving

stage when the reticle is in the stage. Under this condition, the lightly-damped pitch
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mode is not excitable by the thrust force, and the vibration of the reticle due to the

pitch mode coupling can be prevented.

(2) Pitch Mode Not Detectable in Measurement

The second method is to make the pitch mode not detectable in the measuremnet.
As discussed in Section 6.2.2, when the stage is having a non-collocated measurement
configuration, meaning the thrust force and measurement are on different sides of the
stage’s center of gravity, the stage’s position control can have low stability margin
due to the coupling between the pitch mode and the stage’s motion. When using
a bearingless slice inear motor design, we should make the passively-stabilized pitch
mode not detectable by measuring through the stage’s center of gravity. In this way,
we are able to eliminating the stability issue in the y-directional position control.
We can achieve this goal by: (a) Measuring the stage’s displacement using a laser
interferometer, and aligning the laser with the stage’s center of gravity in the vertical
direction; (b) Measuring the stage’s placement on both top and bottom sides, and
compute the displacement of the center of gravity, as we tested in Chapter 6.2.2 with

the setup in Figure 6-13.

(3) Improve Passive Damping in Pitch Mode

In our current linear stage prototype, the pitch mode has a relatively low passive
damping (¢p, = 0.018), which is not enough to damp out the stage’s vibration in
this mode when it is excited. In order to use the stage for precision applications, the
passive damping of the stage in the pitch mode needs to be improved.

One potential method to increase the passive damping in the pitch mode is using
a passive damper design as shown in Figure 7-2. In this design, a figure-eight-shaped
short-circuited conductive loop as shown in Figure 7-3(a) is fixed on the bottom of the
moving stage. Two stator rails with permanent magnets are configured on both sides
of the conductive loops, as shown in Figure 7-2 and Figure 7-3(b). When the stage
is having a velocity in the pitch direction, the change of the net flux coupled to the

conductive loops generates electro-motive forces due to the Faraday’s law of induction.
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Figure 7-2: Diagram of additional passive damper design for linear stage.
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(a) (b)

Figure 7-3: CAD model of parts in the suggested additional passive damper. (a)
Figure-eight-shaped conductive loop. (b) Stator rail for passive damping.

The induced currents can interact with the external field, and generates damping
torque to the stage. Note that this damper design requires a relatively complicated
design for the separation wall between the moving stage (including the conductor

loop) and the outside stators, and therefore increases the system complexity.

Below we present a first-order calculation for the damping generation in the pitch
direction using such passive damper design. Define the displacement of the stage in
the pitch direction as 6, the flux density in the air gap between the two permanent
magnet rails is B, the total length of the figure-eight-shaped conductive loop is L, the

conductive loops in front and back are loop A and loop B, respectively, the resistance
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of each loop is R. The the net flux variation in the loop A can be calculated by

L2

The generated electromotive force around the conductive loop A is

_dey o L2d6,
dt 4 dt -

(7.2)

€A

Then the induced current around loop A is i4 = €4/R. The generated restoring force

on the incremental coil length di is

B2L?
. (7.3)

s~ ——r %

The generated restoring torque in the 6,-direction by the conductive loop A is

BAL 0,
SR dt

L/2
TxA:2/ ldfs = — (7.4)
0

With both conductive loops A and B, the total restoring torque in pitch mode is

B2L*d6,
4R dt -

T, ~ — (7.5)

Substituting typical values B =1 T, L = 0.2 m, R = 0.001 €2, the pitch mode
damping coefficient generated by this additional damper is 0.2 Nms/rad, which is
five times larger than the passive damping in our current stage configuration. With
such additional damper, the expected damping ratio for the moving stage in the pitch
mode is 0.12. Under this condition, the pitch mode oscillations can be damped to 1%

error within 0.5 s.

7.1.2 Vertical Mode Vibration

The second limitation of our linear stage prototype is due to the coupling between the

common-mode attractive force generation in the linear motors and the stage’s motion
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Figure 7-4: Diagram of the coupling between the linear motors’ common-mode at-
tractive force variation and the vertical-directional mode of moving stage.

in the vertical direction. Figure 7-4 illustrates such effect. As shown in Figure 7-4, the
stage’s weight W is balanced by the attractive forces between the stage secondaries
and the stators, and the stage sags below the center of the stators for such force
balance. When the motor is operating, the common-mode attractive force between
the two linear motors on both sides can be position-dependent, and can vary with
respect to the motors’ force angle. This variation of the common-mode attractive
force can excite the vertical oscillations of the moving stage, which is not acceptable
for the reticle transportation device.

Below we discuss the mechanism of attractive force variation between the motor
stator and the stage secondary when our linear stage is operating. The first mecha-
nism is due to the phase change of the motor excitation with respect to the hysteresis
secondary. Figure 7-5 shows the simulated thrust and attractive forces between the
motor stator and the stage secondary while fixing the location of the secondary and
the motor current amplitude, and sweeping the phase of the excitation. This data is
simulated via the finite element model for the pre-magnetized linear hysteresis motor,
which is discussed in Section 4.3. It can be seen that when thrust force is generated
to the moving stage, the attractive force between the motor stator and the moving
stage can vary accordingly. Here, the yellow region in Figure 7-5 shows the is the

operating range for our linear hysteresis motors, as we limit the force angle ¢,, be-

220



]
T

= Requilred

- Acceleration range

£ 0¢

Z 1 .

= Operating Range

H _2 L | ] 1 | | 1 .
-7 -37/4 -ml2 -ml4 0 pi/d 7l2 3nld T

g 50

Q

O

2

@

2

(S}

&

E 1 1 1 1 1

- -3nld -wl2 -ni/4 0 pi/4 w2 3mi4 T
Phase (rad)

Figure 7-5: Simulated thrust and attractive force between one motor secondary and
the motor stator while sweeping the motor current phase, and locking the position of
the secondary. Motor current amplitude is 2 A.

tween —7 /4 and 7 /4. The peak-to-peak attractive force variation in the full operating
region is 7.6 N. The blue region in Figure 7-5 is the range when we limit the stage’s
acceleration within +500 mm/s?, which is the acceleration requirement of the reticle
transportation task. Under this condition, the peak-to-peak normal force variation
is 2.8 N. This variation of the motors’ common-mode attractive force happens when

the stage is accelerating or decelerating.

Another source of attractive force variation is due to the cogging force in the linear
hysteresis motors, which is generated by the interaction between the pre-magnetized
hysteresis secondaries and the motor stator yokes. Since the hysteresis secondaries are
pre-magnetized by the motor stators, their magnetization are aligned with the stator
teeth and have no skew, which can generate cogging forces between the motor stator
and the hysteresis secondary. Figure 7-6 shows the simulated attractive force ripple

between the hysteresis secondary and the motor stator when the secondary is moved
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Figure 7-6: Simulated attractive force between motor secondary and motor stator as
secondary is moved over one full stage length. Motor excitation is synchronous to the
motor secondary.

over one full stage length, and the motor excitation is synchronous to the secondary.
Here the motor current amplitude is set to 2 A, and the effect of the reluctance-
force-induced force ripple is removed from the total force ripple to simulate the effect
of skewed edge in the motor secondary. The simulated attractive force ripple in
Figure 7-6 demonstrates a periodical pattern, and its wavelength matches with the
motor stator tooth pitch. The peak-to-peak variation of this attractive force is 1.8 N.
When the stage is operating, this ripple in the common-mode attractive force exists
not only during the acceleration phase, but also in the constant speed phase.

Here we propose several potential solutions to the common-mode attractive force

variation issue as follows:

(1) Skewed Pre-magnetization For Hysteresis Secondary

One typical method to reduce the cogging forces in permanent magnet synchronous
machines is skewing. In this method, the magnet array in the secondary is skewed with
one tooth-pitch of the stator. In this way, the attractive and thrust force generated by
magnet-iron interaction can be averaged out as the secondary is moving relative to the

stator yoke. In order to solve the attractive force variation due to the cogging effect
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in the linear hysteresis motors, one can pre-magnetize the secondary in a skewed
manner. This will also help reduce the position control tracking error due to the
cogging force as shown in Figure 6-20, as the cogging force in both normal and shear

directions can be reduced by the skewing.

(2) Feedforward Attractive Force Variation Compensation

The second method that can reduce the attractive force variation due to both phase
variation and cogging effect is through feedforward cancellation. In this method, we
need to model or measure the attractive force as a function of the motor current
amplitude, motor current phase, and the stage’s position. When the motor is oper-
ating, we vary the bias current amplitude I;,s and thus cancel out the normal force
variation in the linear motors through a model-based feedforward method, thereby
maintaining the motor’s attractive force at a constant value. Prior work studied the

model-based force ripple and cogging compensation for motors include [72,73].

(3) Feedback Control for Attractive Force

In our current linear stage configuration, the attractive forces between the moving
stage and the stators are not measured. If such attractive forces are measured in
real-time, one potential method to reduce the attractive force variation is to feedback
control the attractive force and therefore maintaining it at a constant value. In this
method, load cells need to be configured in between the stators and their base to
measure the reaction attractive force generated to the stator assembly. The outputs
of the load cells can be used for feedback control, and we can use the bias current
amplitude I;,s as the control effort for the attractive force regulation loop. In this
method, we are able to regulate the variation for the attractive force generated by the
motor, thereby reducing the vertical vibration of the stage. Note that in the linear
hysteresis motors, the thrust force generation also depends on I;,s. As a result, the
stage’s position control loop and the common-mode attractive force control loop are

coupled.
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Figure 7-7: Diagram of the operating principle of laser interferometers. Figure taken
from [14].

(4) Additional Steel Secondary for Normal Force Nuller

The last proposed method for the common-mode attractive force variation reduction
uses an additional steel secondary. This method was initially studied in reference |74],
where a steel motor forcer is added to a linear permanent magnet machine to reduce
the pitch error induced by the position-dependent normal force variation in the linear
motor. Future work should consider using a similar method for reducing the variation

in the total normal force in linear motors.

7.1.3 Sensing System

Our linear stage prototype uses optical reflective displacement sensors for air gap
measurement at different positions, and uses magnetic encoders for displacement
measurement in the motion direction. Such sensing system is convenient for a proof-
of-concept prototype. However, magnetic encoder scales are not compatible with the
vacuum environment and cannot satisfy the contamination control requirement. In
addition, the use of optical air gap sensors is challenging when a thin wall separating
the stator and stage is included, since the configuration of a large number of transpar-
ent windows is difficult for such separation wall. In order to use the linear stage for
reticle transportation application, different sensing system design is required. Below

we discuss one possible alternative design for the sensing system.

224



Motion Direction
X «—>

- - Laser
z Yy

Ax do dy

Photodiode
lateral senso

7/

With lateral displacement Ax: d; = d, + 2Ax

Motion Direction

«—
& . . Laser
0 dy d
2 0
Photodiode
lateral senso
6,

When rotation is about point O, d, = d,

Figure 7-8: Diagram of operating principle for laser lateral displacement sensor.

To measure the stage’s displacement in the motion direction, one possible alterna-
tive sensing option is to use a laser interferometer system. Figure 7-7 shows a diagram
of a laser interferometer system, which is taken from [14]. Laser interferometers can
measure the stage’s displacement without mechanical contact. In addition, the stage
is required to operate in vacuum, which is desired for interferometers since no air
refractive index compensation is required. Two axis of laser interferometers can be

used to also measure the stage’s yaw degree of freedom motion.

For the stage’s lateral displacement measurement, one possible sensor design con-
cept is shown in Figure 7-8. Here, a reflective corner cube is configured at the center
of the stage. A laser is configured to reflect twice in the corner cube, and the re-
turning laser is detected by a photodiode lateral sensor, which measures the lateral
displacement of the received laser. When the stage is having a lateral (x-directional)
displacement Ax, the displacement of the reflected laser is Ad = 2Ax. When the
stage is having a rotation about the vertical axis, the reflected laser does not move.
Using such optical sensing system, no air gap sensor handling is required, which helps

simplify the sensing system. The design and testings for this laser-based lateral sensor
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is suggested for future work.

7.2 Alternative Stage Designs

Through designing, building, and testing for our magnetically-levitated linear stage
prototype, we learned that the linear bearingless slice motor has several limitations as
discussed in the previous sections. In this section, we relax the simplicity requirement
for the linear stage design, and re-evaluate other linear stage design concepts based
on the lessons learned in this project. These alternative stage designs inherently
eliminate the aforesaid limitations of a linear bearingless slice motor, and therefore can
potentially deliver improved performance for the reticle transportation application.

As presented in Chapter 3, the direct-drive linear stage design concepts can be cat-
egorized into three groups: (I) active magnetic suspension in all degrees of freedoms,
(IT) passive magnetic suspension in z- and 6,-directions (lateral and yaw modes), and
(III) linear bearingless slice motor design with passive magnetic suspension in z-, 6,,
and 6,-directions (vertical, pitch and roll modes). With a relaxed requirement for
system simplicity, the stage design concepts in Group I, where the stage’s magnetic
suspension in all degrees of freedom are actively controlled, is recommended for future
efforts of reticle transportation to achieve improved performance. The reason for such
recommendation is discussed as follows.

Table 7.1 shows a comparison between the three linear stage configuration groups,
where the advantages and disadvantages of each group are listed. The stage designs
in Group II has a relatively simple system design with two degrees of freedom pas-
sively stabilized. However, these stages typically require a moving stage with highly-
permeable extruding secondaries on the wings for concentrating the flux for passive
suspension, as shown in Figure 7-9. This fact can result in relatively low frequency
flexible modes for the moving stage, which can hurt the the stage’s magnetic suspen-
sion performance. In addition, although the passively-levitated lateral mode is not
excitable by suspension control forces and thrust force in a nominal design, it may

be excitable when the stage or stator has manufacturing or alignment errors. For
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Figure 7-9: Diagram of one design concept in Group II, where the stage is passively
levitated laterally. The stage requires highly permeable secondaries on the wings,
which can result in stage’s low frequency flexible modes.

example, if the stage secondaries are not symmetrical on the two sides, the lateral
force generated by the skewing of the secondary edges may cause lateral-directional
vibration. These issues of the Group II stage designs are not favored for reticle
transportation in lithography applications.

Comparing with other stage configurations, Group I linear stage designs have the
best magnetic suspension performance, since there is no low-stiffness and lightly-
damped passive modes. In addition, it does not require additional magnetic bearings
for the docking positions for the reticle transportation task, since the stage is able
to provide sufficient positioning accuracy for reticle handling with active suspension
control. The major drawback for the stage designs in Group I is that the system
complexity is relatively high, since all degrees of freedom of the stage require actuation
and sensing. However such system complexity may be accepted with for performance
improvement.

Below we discuss two stage design concepts in Group I that are promising for
the reticle transportation application. These design concepts were first presented in
Chapter 3. Here we re-discuss the operating principles for these linear stage design
concepts, and present implementation suggestions of these stage design concepts for
the reticle transportation application.

Figure 7-10 shows a magnetically-levitated linear stage design concept where the
stage is actively levitated in all degrees of freedom, which is first shown in Figure 3-7
in Chapter 3. The secondaries of the linear motors are configured on the wings of

the moving stage, and its surfaces are at an angle 6 with respect to the horizontal
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Table 7.1: Comparison between stage design concept groups in advantages and dis-

advantages.

Stage Design Concepts

Main features

Group I: All-DOF actively
controlled

Best performance in accuracy and vibration suppression;
No additional docking magnetic bearings required;
Relatively high system complexity: more sensors and ac-
tuators are required.

Group II: Passive: z- and 6,-
DOFs. Active: z-, 0,-, and 0,-
DOFs.

Relatively high performance in vibration suppression;
thrust force does not excite passive DOFs;

Relatively simple system design: no sensing/actuation in
passive-DOFs required;

Lateral forces caused by manufacturing error may excite
the stage’s passive DOF;

Typically require stage with highly-permeable extrusions
on two sides, which leads to bad stage structural dynam-
ics.

Group III: Passive: z-, 0,-,
and 6,-DOFs. Active: z- and
0,-DOFs.

Simplest system design: only three DOFs requires sens-
ing/actuation;

Simple stage design and allows good stage structural dy-
namics.

Passive pitch mode excitable by thrust force;

Passive vertical mode excitable by common-mode attrac-
tive force variation.
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Figure 7-10: Design concept for magnetically-levitated linear stage with stage’s all
degrees of freedom actively controlled. Four motor stators with each coil separately
driven are used. The stage’s secondary has surface at an angle # with respect to the
horizontal direction.

plane. Four stators are configured around the moving stage and interfacing with the
secondaries. Among the two stator winding pattterns shown in Figure 3-8 and 3-9 in
Chapter 3, we recommend to use the lumped winding with each coil driven indepen-
dently, as shown in Figure 3-8. This winding pattern is suggested for the following
two reasons. First, this winding is flexible in controlling the normal attractive force to
the stage at different positions along the motor, which can provide better suspension
control performance since disturbance torque generation in the other winding is elim-
inated. Second, when the stage’s travel range is large, the motor stators should be
driven in sections to avoid stator power consumption in the range that is not interfac-
ing with the stage. Driving each coil independently naturally allows such sectioning
design for the stators. In addition, in the design for the power electronics for this
linear stage, switches can be designed to allow the power electronics being handled
from one section of the motor windings to another when the stage is moving. In this

way, the number of power electronics being used can be effectively reduced.

Figure 7-11 shows a diagram of the normal-directional suspension forces on the

moving stage in the design concept shown in Figure 7-10. The total suspension
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Figure 7-11: Diagram of normal suspension control forces on the moving stage.

controlling forces and torques on the stage are

ZFZ‘:(Fn3+Fn4_Fnl_Fn2)Sin97 (76)
EF, = (Fu + Fag — Faa — Fag) cost), (7.7)
ST, = %COSH(FM + Fly — Fy — Fo), (7.8)

where w is the distance between the forces acting point on two sides of the stage,
and 6 is the angle between the secondary’s surface and the horizontal plane, as shown
in Figure 7-11. Through equations (7.6) to (7.8) it can be seen that the angle 6 is
an important design parameter. The height constraint for the system favors a small
angle 6, while the lateral force generation capability favors an angle 6 close to 45°.
Trade off between packaging and suspension force generation capability should be
considered in the detailed design for this linear stage.

Figure 7-12 shows another suggested linear stage design concept, which was first
introduced in Chapter 3. The four motor stators use regular three-phase windings.
The motor fluxes are shown with the red arrows in Figure 7-12. In addition, two rows
of E-shaped magnetic bearings are configured on the two sides of the moving stage,
as shown in Figure 3-11. Each magnetic bearing has two coils, and the current in
each coil is independently controlled. The common-code current in the two coils in
one magnetic bearing generates lateral control flux, as shown by the blue flux lines in

Figure 3-11. This flux generates normal force on the left and right edges of the moving
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Figure 7-12: Design concept for magnetically-levitated linear stage with stage’s all
degrees of freedom actively controlled. Four motor stators using three-phase con-
nected windings are used. Additional E-shaped magnetic bearings are used for the
magnetic suspension.

stage, which can control the z-directional suspension of the moving stage. With at
least two magnetic bearings configured along the moving stage, the yaw degree of
freedom can be controlled. The differential current of the two coils in one magnetic
bearing generates vertical control flux, as shown by the green flux lines in Figure 3-11.
This flux steers the motor flux and vertical control flux to generate vertical control
force on the moving stage. With multiple E-shaped magnetic bearings interfacing
with the moving stage simultaneously, the stage’s suspension in 6,-direction can also
be actively controlled. As a result, this stage configuration is able to actively control
all degrees of freedom of the moving stage.

This stage design uses connected three-phase windings for thrust force generation,
which reduces the number of phases independently driven compared with the design in
Figure 7-10. This stage design also allow a simple control design, since the suspension
force in different degrees of freedom can be generated independently and thus allow
a decoupled control design. The major drawback of this linear stage design is that it
uses motor flux as the bias flux. Therefore the motor current cannot be turned off
even when no thrust force is needed. When power consumption on the stator side can
be relaxed, this linear stage design concept presents a relatively simple stage design

yet delivers good performance.
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7.3 Summary

In this chapter, we discussed the limitations of our current magnetically-levitated
linear stage prototype, including: (1) stage’s pitch mode is excitable by thrust force,
(2) stage’s vertical mode is excitable by motors’ common-mode attractive force, and
(3) sensing system is not vacuum compatible. Potential solutions for these limitations
are presented. In addition, we presented two suggested alternative linear stage design
concepts which solve the aforesaid limitations inherently, and can potentially provide
improved performance for the reticle transportation application in photolithography

machines. The design for these linear stages are suggested for future work.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

This thesis presents the design, construction, control, and testing for a new types
of magnetically-levitated linear stage driven by linear hysteresis motors. The elimi-
nation of permanent magnets from the moving stage allows the stage to be vacuum
compatible without encapsulation, which is advantages for the in-vacuum transporta-
tion application. The magnetic suspension of the stage is achieved using a novel linear
bearingless slice motor design, where the stage’s magnetic suspension in three degrees
of freedom, including vertical, pitch, and roll, are passive. This compact design effec-
tively reduces the number of sensors and actuators being used. The prototype system
has successfully levitated the moving stage, and has demonstrated the required accel-
eration and position control capability. The limitations of our linear stage prototype
are discussed, and alternative linear stage concepts that can potentially deliver im-

proved performance are suggested for future design efforts.

8.1.1 Summary of Contributions

Below is the list of primary contributions of the thesis.

1. Developed an equivalent circuit model for hysteresis motors’ transient-time dy-

namics (Chapter 2).
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. Proposed three methods for estimating the rotor’s magnetization orientation in
a hysteresis motor, including the mechanical angle method, back-electromotive

force method, and the full-order observer method (Chapter 2).

. Proposed a position control method for hysteresis motors based on field-oriented
control, and tested the proposed control method with three different rotary
hysteresis motors (Chapter 2). All three motors have demonstrated a position
control bandwidth of more than 100 Hz. To our knowledge, this is the first
work that enabled the high-bandwidth torque and position control for hysteresis

motors.

. Designed a novel magnetically-levitated linear stage using a linear bearingless
slice motor configuration, where the stage’s magnetic suspension in three degrees
of freedom are passively stabilized. The linear stage’s motion is driven by linear
hysteresis motors. To our knowledge, this is the first linear bearingless slice

motor design and the first work on linear hysteresis motor reported in literature

(Chapter 3 and 4).

. Developed a first-order analytical model for the active magnetic suspension con-
trol forces and torques in the our magnetically-levitated linear stage (Chapter

1),

. Developed a finite-element-method-based model for pre-magnetized linear hys-
teresis motors by modeling the magnetized hysteresis secondary as an array of
permanent magnets, and the magnets’ material property is determined by the
pre-magnetization process (Chapter 4). The model is validated by experimental

measurements in our linear stage prototype (Chapter 6).

. Designed and built a magnetically-levitated linear stage prototype driven by lin-
ear hysteresis motors (Chapter 5). Experimentally characterized the suspension
and motion performance of the linear stage prototype (Chapter 6). Our linear
stage prototype has successfully levitated the moving stage. The resonance fre-

quency of the passively levitated degrees of freedom is approximately 10 Hz,
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and the suspension bandwidth of the actively-controlled degrees of freedom is
about 60 Hz. The stage’s maximum thrust force is 5.8 N under a 2.5 A current
amplitude, which corresponds to a stage acceleration of 1200 m/s?. This is able
to satisfy the acceleration requirement for reticle transportation task. The stage
was tested to track a reticle handling reference trajectory, where the maximum
position tracking error of our linear stage is 50 um. The stage’s lateral displace-
ments during motion is below 50 pm, which is well below making mechanical

contact to the side walls.

8. Discussed the limitations in our linear stage prototype including pitch mode
coupling, vertical mode vibration, and the sensing system limitation, and pro-
posed possible methods that can potentially solve these issues (Chapter 7).
Discussed alternative stage design concepts that can eliminate these limitations

and potentially can provide improved performance (Chapter 7).

8.1.2 Typical Specifications for Hysteresis Motors

As a part of the conclusion of this thesis work, we would like to summarize the typical
hysteresis motor specifications based on the knowledge learned in this thesis project.
This summary is targeting at providing a reference for selecting hysteresis motors for
general use.

Hysteresis motor’s torque can be calculated by [76]:

Lr
[}, = —pA 8.1
h 2 bAp, ( )

where V. is the magnetically-involved volume of the hysteresis rotor, p is the number of
pole pairs, and Ay, is the area of the hysteresis loop that the rotor material is operating
at, which can be calculated by A, = § By,dH;, where By, = f,(H},) is the material’s
hysteresis loop. The hysteresis motor encompass a large family of rotor materials
and their performance can vary. Table 8.1 presents the typical hysteresis torque
generation per unit rotor volume for motor with one pole pair for several hysteresis

materials. In this table, the hysteresis property data for the first three materials are

235



Table 8.1: Hysteresis motor specifications for typical rotor materials.

Rotor Material T,/ V, for p =1 | Curie Temp. | Tensile Strength
Unhardened D2 steel 806 N/m? 770 °C 1500 MPa
Hardened D2 steel | 2.8 x 103 N/m? 840 °C 2200 MPa
CROVAC 12 6.0 x 10 N/m? | 640 °C 620 MPa
AINiCo II 1.0 x 10* N/m? 820 °C 37 MPa
AlINiCo V 1.3 x 10* N/m? 860 °C 21 MPa

measured within this thesis work, and the property of the AINiCo magnets are taken
from reference [32]. Note that here the torque generation due to the eddy current
effect in the motors are not considered, that is, the values listed in Table 8.1 are
the maximum rotor torque density the motors in synchronous operation. Also, it is
worth mentioning that for a hysteresis motor, the required ampere-turns increases as
the rotor material’s hysteresis gets larger. Typically a hysteresis motor uses a ring-
shaped hysteresis material for the rotor to fully utilize the hysteresis material, since
the magnetic flux’s penetration depth may be limited. Usually the larger the rotor
material’s hysteresis, the thinner the rotor thickness. Off-the-shelf hysteresis motors
typically use rotor materials made of FeCrCo alloy or AINiCo magnets, and the rotor

ring thickness is typically below 5 mm.

Table 8.1 also shows the curie temperature and tensile strength for the listed rotor
materials. For comparison, the Curie temperature and strength of Neodymium mag-
nets are 320 °C and 75 MPa, respectively. It can be seen that all hysteresis materials
listed in Table 8.1 have a larger operating temperature range than the Neodymium
permanent magnets, and the first three hysteresis materials have significantly higher
strength than the Neodymium magnets. These properties of the hysteresis motors
allow them being used for high temperature circumstances, and some rotor materials
can relieve the speed limit of motors from the rotor strength, and suitable for ultra

high speed machines.

The efficiency of hysteresis motors in synchronous and asynchronous operations

need to be discussed separately. When a hysteresis motor is operating in synchronous,
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the fundamental harmonic magnetic excitation does not generate rotor loss since
the magnetization status of the rotor material is fixed. Under this condition, the
motor’s efficiency can reach above 90% for a well designed hysteresis motor. When a
hysteresis motor is operating asynchronously, the motor’s efficiency drops due to the
rotor’s hysteresis and eddy current losses. When in asynchronous, the efficiency of a

hysteresis motor is typically around 50% at the rated speed [36].

8.2 Future Work

The suggested future works are listed as follows.

8.2.1 Broader Application for Hysteresis Motors

The hysteresis motors are known for simple construction, small rotor imbalance, and
high rotor strength and thermal robustness, which is attractive for special drives such
as ultra-high-speed motors, high-temperature motors, and in-vacuum drives. Poten-
tial applications include high-speed spindles for precision machining, high-speed drills
and centrifuges for oil and gas industry, high-temperature steam turbines, and tur-
bochargers for combustion engines. When equipped with high-bandwidth torque and
position control capability as studied in Chapter 2, hysteresis motors have great po-
tential to be used in reaction wheels and gyroscopes, where both high speed and high
control bandwidth are required. Future work should consider the usage of hysteresis
motors for a broader application areas. We summarize the typical performance for

hysteresis motors with different rotor materials in the conclusion of this thesis.

8.2.2 Speed Sensorless Control for Hysteresis Motors

In Chapter 2 of this thesis, we studied the field-oriented control for hysteresis motors
with the motor’s speed/position measured with an encoder. However, typically the
encoder cannot operate in harsh environments such as high temperature or humid

conditions, which limits the usage of the motors. In addition, the elimination of the
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sensor can reduce the cost for the drives. The speed sensorless control for other kinds
of motors, including permanent magnet synchronous machines, induction machines,
and variable reluctance machines, have been extensively studied. However, to our
knowledge, there is no reported work studying the sensorless control for hysteresis
motors. Future work can study the speed estimator for hysteresis motors, which can
enable the sensorless torque and speed control for these machines, and allow them to

be used in a broader application areas.

8.2.3 Optimal Magnetic Design for Linear Bearignless Slice
Motors

The magnetically-levitated linear stage prototype presented in this thesis is sufficient
to proof the design, however, the prototype is not optimized to demonstrate the best
performance. Potential improvement to the linear stage design include: (1) Optimize
the structural design for the moving stage to minimize its inertia while satisfying
structural and motor requirement, for example using thinner hysteresis secondary and
use alternative stage base material with improved stiffness-to-weight ratio. This can
increase the natural frequency of the passive magnetic suspension, and also improve
the acceleration capability. (2) Optimize the permanent magnet bias flux path design

to improve the ratio between the passive stiffness and negative stiffness.

8.2.4 Passive Damping Improvement

One of the major limitation for our current linear stage prototype is the lack of damp-
ing in the passively-levitated degrees of freedoms. This issue is especially problematic
for the vertical and pitch mode, since these modes can be excited when the stage is
operating, as described in Chapter 7. Future work should consider improving the
damping of the stage in these degrees of freedom. One possible design of passive
damper is presented in Figure 7-2 and Figure 7-3, which uses eddy-current damp-
ing in a short-circuited conductive loop interacting with permanent magnet in the

rails for damping generation. Another potential method is to apply active damp-
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ing for passively-levitated degrees of freedom, which is studied in recent work [75].
In this work, the target is magnetically-levitated in the vertical direction with top
and bottom electromagnets. The differential current in top and bottom actuator is
controlling the target’s suspension in the vertical direction, and the common-mode
current is depending on the horizontal velocity of the target, thereby providing active
damping to the target in the lateral directions. Future work can consider applying

such method for linear bearingless slice motors for damping improvement.

8.2.5 Common-mode Attractive Force Regulation for Linear

Motors

As discussed in Section 7.1.2 in Chapter 7, another limitation for linear bearignless
slice motors is the stage may oscillate vertically due to the variation of the common-
mode attractive force of the two linear motors. This is undesirable for linear stage
transportation stages for precision manufacturing applications. Possible methods to
solve this issue are discussed in Section 7.1.2; including: (1) skewing the magnetiza-
tion in the motor secondaries, (2) feedforward compensation for the attractive force

variation, and (3) feedback control for the motor’s attractive force.

8.2.6 Alternative Sensing System

The sensing system in our prototype system, including optical air gap sensors and
magnetic encoders, are not compatible with the vacuum and the particle-free environ-
ment. Future work should investigate alternative sensing systems that is compatible
with the vacuum and clean environment, thereby suitable for the transportation ap-
plication for semiconductor manufacturing. Possible alternative sensors include laser
interferometers and laser-based lateral sensor, are discussed in Section 7.1.3 in Chap-

ter 7.
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8.2.7 Alternative Magnetically-Levitated Linear Stage Con-

figurations

Aside from the linear bearingless slice motor based stage design, some alternative
linear stage designs can realize the magnetic suspension and motion requirement, and
may demonstrate improved performance for the reticle transportation application.
Several possible alternative linear stage design concepts are discussed in Section 7.2
in Chapter 7. Future work should consider the design, prototyping, and testing for

these alternative stage configurations.
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