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Abstract

Acoustic noise and associated vibration are potentially troubling characteristics of

electric machines including variable-reluctance motors, induction machines, and per-

manent magnet synchronous motors. The severity of this problem depends on the

types of motors and their applications. One exemplary case where the vibro-acoustic

noise becomes especially detrimental is iron-core linear motors operating at high ac-

celeration and targeted for high accuracy applications.

In this doctoral research, we identify root causes of the vibro-acoustic noise of

iron-core linear motors, and create magnetic designs paired with control algorithms
to achieve high-acceleration with low noise and vibration. Vibro-acoustic noise is-

sues of rotary machines have been researched over the years, but not as much work
has been done for linear machines whose major causes of noise generation might be
different from rotary motors due to the structural differences. This thesis focuses
on the following aspects: 1) Investigate the causes and develop and verify theory
for acoustic noise emitted from linear iron-core machines. 2) Design, construct, and
test a new linear iron-core motor that can simultaneously provide high force and low
noise. 3) Design and construct an experimental linear motor testbed to investigate
the noise issue of conventional iron-core motors, and to demonstrate the new motor's
desired performance of high force and low noise.

We hypothesize and experimentally validate that the acoustic noise and associated
vibration of linear iron-core permanent magnet motors are caused by high frequency
force harmonics vibrating the moving stage. Such stage vibration can be transmitted
through the system structure and can also radiate as acoustic noise, thereby disturbing
precision machines. In order to reduce high frequency force harmonic content, our
new motor has fine teeth, narrow slots with high slot aspect ratio, five phases, and a
moving Halbach magnet array. With our new fine-tooth motor, we significantly reduce
the vibro-acoustic noise of linear iron-core motors while substantially enhancing the
shear stress density, compared to conventional 3-4 combination iron-core motors. The
overall acoustic noise level in Pascals is reduced by 93 % during the acceleration
period with non-skewed magnets. In terms of the sound pressure level (SPL), this is
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a significant noise reduction from 83 dB to 60 dB. The cogging-driven and velocity-
dependent noise, which is dominant in constant velocity regions, is also significantly
reduced in our new motor design. Our fine-tooth motor design reduces the cogging
force by a factor of 10-to-1 when using skewed magnets, thereby reducing cogging-
driven acoustic noise by 90 % in Pascals. We also present in this thesis the force
performance of our new fine-tooth motor both in simulations and experiments. Our
new motor shows predicted shear stress improvements of 28 % (from 0.090 N/mm2 to
0.115 N/mm 2) at the prototype practical power level of 10 W/mm and 84% (from
0.167 N/mm 2 to 0.308 N/mm 2) at an anticipated ultimate RMS (root mean square)
current density limit in the coil wires of 50 A/mm 2 , relative to a conventional motor.

Understanding causes of the vibro-acoustic noise and how to mitigate it in both the
design and post-design phases provides useful tools to achieve high-performance and
quiet linear motion devices. This research will benefit many industrial applications
which require both high throughput and high accuracy.

Thesis Supervisor: David L. Trumper
Title: Professor of Mechanical Engineering
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Chapter 1

Introduction

In the semiconductor industry, it is an essential process to print chips on silicon

wafers using photo-lithography. Targeting to manufacture denser integrated circuits

(ICs) at higher rates, lithography machine technology has been advancing rapidly,

following the Moore's law of doubling the number of transistors per square inch on

ICs every two years [1]. Together with the size shrinking, it has been demanded in the

semiconductor industry to have higher speed of production. The linear motor stage

in a state-of-the-art lithography scanner cycles to carry a wafer or photo-mask, also

called a reticle, at tens of G's to achieve high throughput while keeping the position

error within less than a nanometer at the same time.

There have been efforts to increase the reticle stage acceleration further by re-

placing iron-less Lorentz motors with iron-core permanent magnet motors since they

produce higher shear stress (force divided by force-generating area in [N/mm2 j) and

higher force density (force to moving mass ratio in [N/kg]). However, when conven-

tional linear iron-core motors are used to cycle the reticle stage, it can be observed

that such motors emit a significant amount of noise, which is transmitted in both

structural- and air-borne pathways. Such vibrations disturb the lens and metro-

frame, thereby deteriorating the system accuracy performance. Thus, the current

lithography machines typically use iron-less Lorentz actuators for the reticle stage [2].

In the pursuit of smaller chip size and faster speed of production, the next-

generation EUVL (Extreme Ultra-Violet Lithography) machines require higher ac-
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celeration than the current DUVL (Deep Ultra-Violet Lithography) scanners with

even tighter accuracy requirements. These industrial needs motivates the design of a

new high force, but quiet motor. The main focus of this thesis is thus to design and

test a new linear iron-core permanent magnet motor to simultaneously achieve high

force and low noise. We have designed and constructed a new five-phase iron-core

permanent magnet motor, called a fine-tooth motor, which has the magnetic design

features of fine teeth, narrow slots with high aspect ratio, and Halbach magnet array.

With our new fine-tooth motor, we have successfully demonstrated the potential to

significantly reduce the vibro-acoustic noise of iron-core motors while substantially en-

hancing the shear stress density, compared to conventional 3-4 combination iron-core

motors. By simultaneously providing high force and low noise, our new fine-tooth mo-

tor design can help enable higher throughput without compromising required system

accuracy in the semiconductor industry.

In this chapter, we first present an overview of the contributions of the thesis. We

then present prior art for the motor noise issues of rotary machines and also for high

force/torque machines. In the following section, the vibro-acoustic noise of linear

motors is discussed with our hypothesis on the noise mechanism. We then outline the

overview of the thesis at the end of this chapter.

1.1 Accomplishments and Contributions

We summarize the accomplishments and contributions of this thesis in this section.

The detailed results and explanations are discussed throughout many chapters of this

thesis.

" Experimentally investigated the causes of vibro-acoustic noise emitted by a

conventional linear iron-core permanent magnet motor.

" Designed a new linear iron-core motor to achieve lower noise while producing

higher force than a conventional motor.
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* Constructed a new linear motor, which consists of a five-phase fine-tooth deep-

slot stator armature with double-layered full-pitch concentrated windings and

non-skewed/skewed moving magnet tracks with the Halbach magnet array pat-

tern.

9 Experimentally demonstrated that our new motor outperforms the conventional

3-4 combination iron-core motor in terms of high force and low noise.

* Designed and constructed an experimental linear stage testbed to investigate

the motor noise issue of both the conventional motor and our new motor in

both the single- and double-sided configurations.

* Developed a modeling method, called a hybrid layer model, for the new linear

iron-core permanent magnet motor. This modeling method is adapted from a

rotary motor model invented by Dr. Angle at MIT [3].

1.2 Prior Art

Acoustic noise and the associated vibration are the potentially troubling character-

istics of electrical machines. There have been a number of research works to con-

sider this issue in rotary motors, including variable-reluctance motors (VRMs) [4,5],

switched reluctance motors (SRMs) [6-8], permanent-magnet synchronous motors [9,

10], and induction machines [11, 12]. However, not as much work has been done

for linear machines, where the major causes of noise generation might be different

from rotary motors due to structural differences. In this thesis, we explore the vibro-

acoustic noise issue of linear motion iron-core permanent-magnet motors to design,

build, and test a high force linear motor with low vibro-acoustic noise.

The severity of the vibro-acoustic noise problem depends on the types of motors

and their applications. One exemplary case where the vibro-acoustic noise becomes

detrimental is iron-core permanent-magnet linear motors operating at high acceler-

ation and targeting for high accuracy and high throughput. Iron-core permanent-

magnet linear motors have the potential for high force density. However, such motors
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have the problem of managing the large normal and tangential forces acting between

the permanent magnets and the iron. These forces can introduce vibrations and

acoustic noise. In this thesis, we find root causes of the vibro-acoustic noise of lin-

ear iron-core permanent-magnet motors, and create magnetic designs to achieve high

force with low noise.

Within these thesis objectives, we review in this section relevant prior art for

the acoustic noise issue of rotary machines (Section 1.2.1) and for high torque/force

motors (Section 1.2.2).

1.2.1 Acoustic Noise Issue of Rotary Motors

Acoustic noise and vibration of electric motors can be generated by many causes

including magnetic, mechanical, electrical, and fluid dynamical sources [13,14]. A list

of possible causes is organized into these four categories in Figure 1-1.

Cameron et al. [4] provide an experimental study of the acoustic noise of a doubly

salient four-phase variable-reluctance motor (VRM). They show that the major noise

source of such a machine is the radial deformation of the stator caused by the radial

magnetic force. The emitted noise is observed particularly strongly when the radial

force harmonics excite the stator natural resonances. They suggest to introduce a

dither into the fire angle of the motor drive current waveforms to spread the spec-

Magnetic Mechanical Electronic Fluid dynamic

- Force harmonics - Bearings - Switching harmonics - Air/water cooling

- Cogging - Unbalanced parts - Encoder quantization - Any windage

- Magnetostriction - Vibration modes - Interpolation error
(stator or rotor)

- Moments
- Cables

- Lorentz force
(on windings in slots)

Figure 1-1: Possible sources of the motor noise problems.
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trum of noise excitation so as not to excite the stator harmonics, thereby reducing

the acoustic noise. The same type of four-phase 8/6 (8 stator poles and 6 rotor poles)

switched reluctance motor (SRM) is studied for the emitted acoustic noise in [6, 7]

where the control of phase current pulses is discussed as a method to reduce the

acoustic noise and associated vibration. Since the stator's structural frequency is one

of the main sources of the vibro-acoustic noise in rotary machines, there have been

efforts to predict the natural modes of the motor stator. Colby et al. [8] present an ap-

proximate formula to predict the stator eigen-frequencies using the stator lamination

dimensions and material properties. Girgis and Verma [15] give the general frequency

equation of the motor stator using the energy method. The effect of varying stator

lengths on the stator natural frequencies are considered in [16-18].

There are also relevant prior art for the noise issue of other types of rotary ma-

chines. Islam and Husain [9] argue that the normal component of the electromagnetic

force field in the motor air gap causes the radial vibration of the stator structure in

permanent magnet synchronous motors. They provide an analytical model to cal-

culate the radial deformation of the stator so as to predict the noise and vibration.

Asano et al. [10] discuss that permanent magnet synchronous motors with lumped

windings produce higher vibration than those with distributed windings. They show

that vibration and noise can be reduced by having a partially enlarged air gap to

smooth the radial magnetic stress in the air gap. Cassoret et al. [11] discuss the noise

of induction machines and propose a noise reduction method of injecting controlled

current harmonics in the stator windings so as to generate opposing forces to cancel

the force components contributing the noise.

While the strong radial forces together with the stator vibrational modes are

considered the main culprit of the vibrational and acoustic noise of rotary electric

machines, there have been research works to explore other possible noise sources.

Zhu et al. [19] discuss a direct torque control approach to reduce the cogging and the

associated motor vibration of permanent magnet brushless motors. Hwang et al. [20]

provide a teeth paring method of stacking two armature teeth with different widths

to reduce the cogging torque and related acoustic noise. They report an acoustic
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noise drop of 3.1 dB by this method. Note that the cogging reduction methods for

permanent magnet machines have been researched over many decades regardless of

direct relation to the motor noise issue. Various classical techniques for cogging torque

minimization are discussed in [21-23] including skewing armature lamination stacks or

magnets, choice of magnet pole arc width, dummy teeth/slots, and control techniques.

In [21] especially, Jahns and Soong provide clear definitions of the pulsating torque,

which consists of the cogging torque and ripple torque. There is an interesting cogging

reduction method, called the pole-shifting, where the magnets in permanent magnet

machines are shifted non-symmetrically [24-26]. This technique can be considered as

a mechanical dither (counterpart of electric dither method presented in [4]) to spread

the slot harmonics, thereby reducing the torque/force fluctuation.

Magnetostriction, a property of ferromagnetic materials to deform the material

itself when magnetized [27], can be also considered as a noise source. The transformer

noise, also known as electric hum, is caused by magnetostriction [28-31], and such

noise can also be present in electric motors. The effect of magnetostriction on the

vibration of induction machines is discussed in [32,33] where the results indicate that

the contribution of the magnetostriction effect to the induction motor noise is minor.

In the mechanical sources of the motor noise, there can be several auxiliary sources

other than the vibrational modes of the motor stator [13,14]. The use of rolling-

element bearings requires mechanical contact, thereby possibly causing vibrational

and acoustic noise. Rotor unbalance can also be a source of noise in rotary machines

by causing eccentricity and thus rotor vibration. In addition, electrical cable dynamics

might also be a cause of motor noise, especially at high acceleration and high speed

operations.

There are also various electronic noise sources. When PWM switching drives are

used, the harmonics of high bus voltage switching might generate vibrational and

acoustic noise. Techniques to reduce switching harmonics are introduced in [34,35]

for the random pulse width modulation method and in [36] for spreading switching

harmonics by pulse frequency modulation. In induction motors [37,38] and switched

reluctance motors [6], the converter and commutation algorithm become a significant
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electric noise source, especially when the rate of phase current change is high, the

current amplitude is high, and the exciting phase current contains frequency compo-

nents coinciding with the stator natural frequencies. Krishnan and Vijayraghaven [39]

present various noise reduction methods for switched reluctance actuators including

current waveform shaping, two-step commutation to lower the rate of current change,

and introduction of dither in the firing turn-on/off angles, which is also discussed

in [4,5]. The encoder quantization and interpolation error can be also an electronic

noise source. In fact, we found in this thesis work that relatively coarse encoder quan-

tization can be a major noise source for a conventional linear iron-core motor even

when the motor is stationary. The coarse quantization error together with a high-

loop-gain position controller exerts impulsive forces on the moving stage, thereby

causing vibrational and acoustic noise. We discuss this issue in detail in Chapter 6.

When a cooling system is used in a motor either by air or liquid, it can create fluid

dynamic noise. However, in the scope of this thesis, not much of consideration of this

noise source is taken, since our prototype stage system does not include a cooling

mechanism or any sorts of fluid dynamical noise sources.

As presented in this subsection, there have been a number of research works

conducted on the noise issue of rotary motors over many decades. However, not as

much work has been done for the noise issue of linear motors. In this thesis, we study

the vibro-acoustic noise of linear iron-core permanent magnet motors, and provide

a new promising motor design to resolve such issue. In Section 1.3, we discuss our

hypothesis on the noise causes of linear iron-core motors. In Chapters 3 and 7, we

present the magnetic design of our new linear iron-core motor and its experimental

results on the noise reduction, respectively.

1.2.2 High Acceleration Motors

While achieving motor noise reduction, we also require for high force performance.

We thus discuss in this subsection the prior art of high torque/force motors. Farve [40]

presents design process and experimental results of a low-mass high-torque low-loss

permanent magnet synchronous motor for the MIT Cheetah robot or for a quadruped
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robot in general targeting high speed motion. The motor design is based on a sim-

plified calculation of torque by fundamental electromagnetic principles. Since such

motors are used for the shoulder and knee actuators of the MIT Cheetah, the total

mass of both stator and rotor needs to be reduced while also increasing the torque.

She reports a torque increase of 60% while reducing the motor mass by 23%, compared

to a conventional permanent magnet motor of similar size, which the MIT Cheetah

used at the time. Angle [31 takes this work further to design and test a higher-torque

and lower-mass permanent magnet (PM) motor for the Cheetah. He develops a hy-

brid modeling method to optimize the rotary PM machine, which becomes the base

work of our hybrid layer model for the linear iron-core PM motor discussed in Chapter

3 of this thesis. He reports an order of magnitude increase in torque density (37%

mass reduction and 180% torque increase) compared to a commercial off-the-shelf

motor of similar size. Banerjee et al. [41] show a design for a high torque density

PM synchronous motor. They describe the theoretical limit of torque density in a

surface-mounted PM motor within the given limitations of peak magnetic flux due

to material saturation and exciting RMS (root mean square) currents due to losses.

They suggest a fine grain commutation method of individually controlling currents

to ideally utilize all harmonics of stator and rotor magneto-motive forces (MMFs) to

maximize the torque performance.

As for linear high-force motors, various tubular linear motors have been studied

over many decades. Iron-cored tubular permanent magnet (PM) linear motors are

introduced in [42, 431, a surface wound tubular PM linear motor is discussed in [44]

with the configuration of moving magnets and stationary coils, an iron-less tubular

PM linear motor is studied in [45] with long moving coils and short stationary Halbach

magnet array, and tubular linear induction motors are introduced in [46, 47]. Sato

et al. [48] present the design and test of high-acceleration moving permanent magnet

linear motor in a double-sided configuration. By reducing the mass of the moving

magnet track without back iron, this motor design shows a high force density and

acceleration. However, due to the magnetic configuration of 4 coils/poles and 2

magnets with 2-phase commutation, a significant force fluctuation is observed. This
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high force ripple issue is partially resolved in [49, 501 by modifying the magnetic

configuration to 4 coils/poles and 3 magnets with 4-phase current commutation, which

is a counterpart of the conventional 3-4 combination (3-phase-4-magnet) motor as

discussed in Chapter 2 of this thesis.

Although there have been a number works on high torque/force motors over many

years, it is difficult to find a research work that tries to generate high force while

achieving low motor noise. In this thesis, we present the magnetic design of a new

linear iron-core permanent magnet motor which can simultaneously provide high force

and low noise. The magnetic design approach and design parameter selection process

of our new motor is discussed in detail in Chapter 3. The noise and force performance

of our new motor is experimentally validated in Chapter 7.

1.3 Hypothesis on Noise Mechanism of Linear Motor

In this section, we discuss our hypothesis on the noise mechanism of linear iron-

core permanent magnet motors. Figure 1-2 shows the schematic configuration of a

conventional motor with moving magnets and stationary armature. When such a

motor is operated, it experiences two major forces: one is the coil-driven force and

the other is a force disturbance such as the cogging. Note that the cogging force is

a force fluctuation caused by the magnetic interaction between the iron-core teeth

(geometric saliency) and the magnets. Depending on the magnetic design of a motor,

these forces can have high harmonics. The high force harmonics can vibrate the

moving stage, which is especially severe when the stage dynamics are excited. This

stage vibration can be transmitted through the system structure, and also can radiate

as acoustic noise as illustrated in Figure 1-2.

Based on this speculation, we focus on the noise sources of strong magnetic force

harmonics, cogging force, mechanical dynamics of rotor (or moving stage), and en-

coder quantization error among many possible causes listed in Figure 1-1. These

sources are considered to be major culprits of the linear motor noise since they can

cause significant vibrations on the moving stage. Our hypothesis is elaborated further
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Figure 1-2: Hypothesis on the mechanism of the vibro-acoustic noise in linear iron-
core permanent magnet motors.
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in Chapters 2 and 3 for the conventional motor design and for our new motor design,

respectively. Various experiments are conducted to investigate the noise causes using

both the conventional linear iron-core motor and our newly-designed motor. Chap-

ters 6 and 7 provide relevant experimental results and measured data to validate our

hypothesis discussed in this section.

1.4 Thesis Overview

In this thesis, we mainly focus on the design, construction, and test of a new linear

iron-core permanent magnet motor that simultaneously produces high force and low

noise. We speculate that the major source of the linear motor noise is the high force

harmonics vibrating the stage and thus radiating the acoustic noise. We first study

the magnetic design of a conventional 3-4 combination linear iron-core permanent

magnet motor to understand the force harmonic content of such a motor design. We

then take a different design approach of having multiple fine teeth closely packed

together with deep slots to reduce the force harmonics in both the generated force

and the cogging force while enhancing the thrust performance. This new linear iron-

core motor, which we call a fine-tooth motor, is built and tested to experimentally

demonstrate the potential for the higher shear stress density and lower vibro-acoustic

noise.

We briefly outline the overview of the thesis in this section with a few exemplary

outcomes and results. More details are discussed in each corresponding chapter of

the thesis.

1.4.1 Conventional Linear Iron-core Motor

We present studies of a conventional linear iron-core motor in Chapter 2 in order to

understand its force harmonic content and expected motor noise. The magnetic design

of a conventional motor has 3 coils/poles interacting periodically with 4 magnets to

generate a force. This is why such a motor is often called a 3-4 combination motor.

Figure 1-3 shows a picture of the stator armature of such a conventional three-phase
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Figure 1-3: The stator armature of the conventional linear iron-core motor, TL18 by
Tecnotion. Photo courtesy of Tecnotion.
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iron-core motor we use, TL18 by Tecnotion. As can be seen in the figure, the iron-core

teeth are widely separated from each other, creating a large slot space for the lumped

phase windings. In Chapter 2, we discuss 1) the effect of these thick teeth on the

stator magneto-motive force (MMF) waveform, 2) how the stator MMF contains high

harmonics, and 3) how such a motor design generates high force harmonics together

with the rotor (moving magnet track) MMF wave generated by the conventional

magnet array. We also provide an analysis of the expected motor performance of the

conventional linear iron-core motor. The motor force is predicted by the finite element

method (FEM) in terms of cogging force, force ripple, and their spectral components

so as to discuss the expected motor noise.

1.4.2 New Motor Design and Construction

In Chapter 3, we describe a new linear motor design approach of having fine teeth,

narrow deep slots, multiple phases greater than the conventional three phases, and a

moving Halbach magnet array. Such a magnetic design can produce smoother stator

and rotor MMF waveforms with less harmonic content, thereby generating less force

harmonics while enhancing the shear stress density. We call our new motor a fine-

tooth motor. For the new motor design, we adapt and develop the hybrid layer model

(HLM) for our new fine-tooth linear iron-core permanent magnet motor. We use this

hybrid layer model together with the finite element method (FEM) to optimize the

design parameters of our new motor. We provide the details on the hybrid layer

model in Chapter 3, where the design process is also described in detail.

The finalized magnetic design of our new fine-tooth motor is provided together

with the expected force performance in terms of shear stress density and acceleration.

Our new fine-tooth motor shows significant potential to outperform the conventional

3-4 combination motor. We also discuss the construction of our new fine-tooth motor

in Chapter 3 including the stator laminations, windings, wirings, cablings, and the

Halbach magnet array assembly. Figure 1-4 shows photos of the stator armature of

our new fine-tooth motor in both top and side views. More pictures of the constructed

fine-tooth motor are presented in Chapter 3 along with its performance predictions.
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Figure 1-4: Pictures of the stator armature of our new fine-tooth motor. The right
photo shows the top view and the left one the side view. A U.S. quarter coin is for

the size reference.
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Note that all the relevant part drawings of our new fine-tooth motor are given in

Appendix A.

1.4.3 Testbed Design and Construction

In order to investigate the motor noise issue, an experimental linear stage testbed is

designed and constructed. In Chapter 4, we discuss various testbed designs to fulfill

necessary functionalities such as 1) hardware flexibility to accommodate both the con-

ventional motor and our new fine-tooth motor in either a single- or double-sided stage

configuration, 2) direct force measurement by a customized dynamometer, and 3) the

usage of air bearings to eliminate the noise source caused by mechanical contact in the

bearings and thus to isolate the magnetic noise sources. The testrig design variants

are categorized into four groups depending on the motor's magnetic configuration of

which part is moving or stationary and which is long or short. We choose to work

with a moving short magnets with stationary long armature configuration mainly to

achieve high acceleration and reduced cabling feeds to the stage. The details of the

testbed design selection are provided in Chapter 4.

Based on the finalized design, the experimental linear stage testbed is built. We

present the construction details in Chapter 5 to describe the essential functions of

the testbed. We also discuss in that chapter the necessary hardware and assembly

modifications to accommodate our new fine-tooth motor, whose dimensions are dif-

ferent from the conventional motor. Figure 1-5 shows photos of our experimental

single-sided linear stage testbed with the conventional motor (right picture) and with

our new fine-tooth motor (left picture). More relevant photos of the hardware com-

ponents and the whole testbed setup are provided in Chapter 5. The drawings of

the components used in the experimental testbed are given in Appendix A, and the

vendors and manufactures we worked with are listed in Appendix B.
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Figure 1-5: Pictures of the experimental linear stage testbed with the conventional
3-4 combination motor (right) and our new fine-tooth motor (left).

48



1.4.4 Experimental Results

We conduct various experiments on both the conventional motor and our new fine-

tooth motor to 1) investigate the motor noise issue and 2) validate the performance

of our new motor, as compared to the conventional motor. In Chapter 6, we describe

the commutation algorithm and the position control of the conventional three-phase

linear iron-core motor. We then present the experimental results on the motor noise of

the conventional linear iron-core permanent magnet motor, TL18 by Tecnotion. The

acoustic noise observed even when the stage is stationary is first investigated. This

stationary noise is caused by relatively coarse encoder quantization error (1 pm),

and is solved by upgrading the encoder to have a finer resolution (0.1 pm). We

experimentally demonstrate significant reduction of this motor stationary noise and

present relevant test data in Chapter 6. As described in Chapter 2, the conventional

motor shows significant vibrational and acoustic noise during cyclic operation for

both the acceleration and constant velocity regions due to high force harmonics. The

measured data of both the vibrational and acoustic noise are shown in Chapter 6.

In Chapter 7, we present experimental results on the vibro-acoustic noise of our

new fine-tooth motor. We first discuss in this chapter the five-phase commutation

algorithm and the position controller design for our new fine-tooth motor. The same

experiments as presented in Chapter 6 are conducted to compare the noise exper-

imental data to the conventional motor. Figure 1-6 shows the comparison of the

cumulative amplitude spectrum (CAS) of the measured acoustic noise between our

new fine-tooth motor (green curve) and the conventional motor (black curve). Note

that the cumulative amplitude spectrum (CAS) is the standard deviation integrated

over frequencies [51, 521. The value at the end of the CAS curve, therefore, shows

the total standard deviation in the chosen bandwidth, which is up to 5 kHz for the

measured acoustic noise in Figure 1-6. The CAS data shows that our new fine-tooth

motor has an acoustic noise reduction of 93 % in Pascals as compared with the con-

ventional motor in the acceleration region with both using non-skewed magnets. In

terms of the sound pressure level (SPL), this significant noise reduction from 83 dB
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Figure 1-7: Spectrogram comparison of the measured acoustic noise of our new motor
with the non-skewed (upper) and skewed (lower) magnets. The cogging-oriented noise
during constant velocity regions (brighter portions) is significantly reduced by using
the skewed magnets due to the fine-tooth motor design. The commanded velocity
profiles are shown in white.
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to 60 dB is qualitatively equivalent to the noise difference we feel between a big truck

passing by and a quiet office.

We also discuss the cogging-oriented and velocity-dependent noise of our new fine-

tooth motor in Chapter 7. Figure 1-7 compares the spectrograms of the measured

acoustic noise by our new fine-tooth motor with the non-skewed magnets (upper)

and the skewed magnets (lower). As can be seen in the figure, the noise behavior

can be distinguished between the acceleration/deceleration regions (darker portions)

and the constant velocity regions (brighter portions). In the acceleration periods,

the noise by the stage dynamics excitations is dominant while it is the cogging noise

that dominates during the constant velocity periods. With the non-skewed magnets,

we observe the clear cogging noise with the velocity-dependency. With the skewed

magnets, however, the cogging noise is significantly reduced due to our fine-tooth

motor design. More relevant data is presented in Chapter 7 to demonstrate a low

noise performance of our new motor. We also provide in Chapter 7 the experimental

validation on the motor force performance of our new fine-tooth motor, compared to

the conventional 3-4 combination motor.
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Chapter 2

Conventional Linear Iron-core

Permanent Magnet Motor

This chapter discusses studies of the conventional linear iron-core motor. We first

present the magnetic design of the conventional 3-4 combination linear motor, and

discuss how such a motor generates relatively high force harmonics which result in

vibrations and acoustic noise as hypothesized in Chapter 1. We also introduce in the

first section the commercial linear iron-core motor (TL18 by Tecnotion) we use.

In the next section, we present the motor performance prediction of the conven-

tional motor using the finite element method (FEM). We use a 2D finite element (FE)

tool, called FEMM [53]. We discuss the finite element model of the conventional lin-

ear iron-core motor, and present a method to capture the skewed magnet effects even

with a 2D FE tool. The motor's cogging force and force ripple are calculated using

the FEM model so as to predict the force harmonic contents of the conventional 3-4

combination motor. Note that the cogging is a force fluctuation caused by the mag-

netic interaction between the iron-core teeth and the magnets with no phase coils

energized and is thus largely independent of excitation current. The force ripple,

on the other hand, is a force variation observed when the phase coils are energized,

and is thus approximately proportional to excitation current. Using the predicted

motor performance, we discuss the expected vibro-acousic noise characteristics of the

conventional linear iron-core motor at the end of this chapter, followed by a summary.
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2.1 Linear 3-4 Combination Motor

The conventional linear iron-core motor consists of two parts: 1) an armature with

iron-core teeth and 2) a permanent magnet array with back iron. The magnetic

configuration of such a motor can vary depending on which part is long or short and

which is moving or stationary. We use the configuration of moving short magnet with

stationary long armature. The details on these various magnetic configurations and

how we choose one are discussed in Chapter 4.

Figure 2-1 shows pictures of the conventional 3-phase linear iron-core motor, TL18

by Tecnotion, with the magnetic configuration of moving short magnet and stationary

long armature. As can be seen in the figure, the armature stator of TL18 contains

a total of 18 lumped phase windings. Note that the stator armature is customized

Moving Direction

Figure 2-1: Pictures of a conventional 3-4 combination linear iron-core motor, TL18
model by Tecnotion. Moving magnet track (upper) and stator armature (lower).
Stator photo courtesy of Tecnotion.

54



Figure 2-2: Pictures of magnet track of the conventional 3-4 combination linear
iron-core motor. Non-skewed magnet track (left) and skewed magnet track (right).

for us by Tecnotion by bringing out leads for each motor coil. This allows the indi-

vidual winding coils to be independently driven by multiple power amplifiers so as to

distribute the driving power. We discuss the details of the power electronics and its

connections in Chapter 5. The moving magnet track has a conventional array pattern

of N-S-N-S. We use both non-skewed and skewed magnet tracks for the motor per-

formance prediction in this chapter, and also for the hardware experiments discussed

in Chapter 6. The pictures of both non-skewed and skewed magnet tracks (TL18 by

Tecnotion) we use are shown in Figure 2-2. Note that the skewed magnet track is

a commercial off-the-shelf product by Tecnotion so that it has the cover while the

non-skewed one is customized and does not have the cover. The magnet type and

size are, however, the same for both the non-skewed and skewed magnet tracks.

In this section, we discuss the magnetic design of the conventional linear iron-core

motor. Specifically, the magneto-motive force (MMF) waveforms for both the stator

armature and the magnet track are presented so as to discuss the harmonic contents

of the MMFs and the resultant generated force.

2.1.1 Conventional Design of 3-4 Combination Motor

Figure 2-3 depicts the schematic magnetic design of the conventional linear iron-core

motor shown in Figure 2-1. The stator armature has three phase windings A, B, and
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C wound on three iron core teeth. Note that the prime variables of A', B', and C'

indicate the returning coils. These three coils magnetically interact with four magnets

in the magnet track. This is why this type of motor is often called a 3-4 combination

motor. That is, 3 iron-core teeth and 4 magnets are a fundamental magnetic unit to

generate thrust in such conventional iron-core motors. We define the length of this

basic motor unit as A,. This parameter is related to other key geometric parameters

of the motor with the relations of

- -- 16 mm ( 3 coils/teeth per unit)
3 (2.1)

- A_ A 12mm (-.- 4 magnets per unit),2 4

Armature Yoke
- -w/ Iron-core Teeth

Phase Windings

A A B B' C C

Permanent Magnets

Magnet Back Iron

C >l

Figure 2-3: Schematic magnetic design of the conventional 3-4 combination linear
iron-core motor.
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where At, AP, and AP are the tooth pitch, the magnet pole pitch (e.g. from N to S),

and the magnet pole-pair pitch (e.g. from N to N), respectively. Magnetic flux is

interacted between the stator armature and the magnets to generate a force. In order

to have the magnetic flux path closed, both the armature yoke and the magnet track

have the back iron.

2.1.2 Simplified Analysis

In order to understand the magnetic force generation and its force harmonic content,

we discuss the magneto-motive force (MMF) waveforms of the stator armature and

the magnet track. The magnetic force of a motor is generated by two interacting

magnetic fields, and it is proportional to the cross product of the MMFs of those

interacting fields [54] as

Fthrust Oc .Fsbrf( 6
6 r) (2.2)

where the vector components are the direct and quadrature axes, and where F, F,

and 6,, are the stator MMF amplitude, the rotor MMF amplitude, and the phase

w/2 Ts: stator MMF

Ssr O8e: electric ingle

PJr: rotor MMF

I-37T/2

Figure 2-4: Magneto-motive force (MMF) vectors of the stator (F,) and magnet
track (or rotor) (F,) in polar coordinates of the electrical angle, 0e.
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difference in the electrical angle between the stator and rotor MMFs, respectively.

The relationship of these MMFs is illustrated in Figure 2-4. In our analysis, the

electrical angle of 0, = 27r corresponds to a linear position displacement by a distance

equal to the magnet pole-pair pitch, App. As can be seen in the figure, the magnetic

force is produced by the tendency of the rotor (magnet track) MMF, T, to align

with the stator MMF, F,, which is a traveling wave created by the commutation

of the armature phase currents. To have the maximum thrust for a given magnetic

design of a motor, F, has to lead or lag F, by an electrical angle of ir/2, which means

sin(Js,) = 1 in (2.2). The electrical angle definition and the commutation algorithm

for the conventional iron-core motor are discussed in detail in Chapter 6.

The thrust force relation in (2.2) can be rewritten as

00

Fthrust OC :FnFrnsin(6 srn) (2.3)
n=1

so as to consider the harmonics (n) of the MMFs generating the force harmonics.

Note that in the assumed periodic system, only like numbered harmonics generate

thrust. From (2.3), we see that the ideal MMF waves for both the stator and the

rotor are sinusoidal as shown in Figure 2-5 so that we have only the fundamentals

to generate the thrust without any high harmonics. The red and green curves in the

figure are the ideal sinusoidal MMF waves for the stator (red) and the rotor (green).

Note that the stator MMF, F, leads the rotor MMF, Fr by App/4, which corresponds

to the electrical angle of ir/2 as discussed earlier.

The realistic stator and rotor MMF waves of the conventional motor, however, are

different from the ideal waveforms, as shown with the blue (stator) and black (rotor)

curves in Figure 2-5. The stator MMF, which can be considered as the magnetic

potential V) at the air gap, is estimated with the relation of

YS = = = ( )(AB) = B, = JHdl = Ni (2.4)

where R, #, 1, A, /u, B, H, and Ni are the magnetic reluctance of an iron-core
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Figure 2-5: Magneto-motive force (MMF) waveforms of the stator and magnet track

(or rotor) of the conventional linear iron-core motor.
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tooth, the magnetic flux through the tooth, the characteristic length of the flux path,

the cross-section area of the flux path, the magnetic permeability of the iron-core

material, the magnetic flux density in the flux path, the magnetic field strength in

the flux path, and the ampere-turns enclosed by the flux path, respectively.

At the instant depicted in Figure 2-5, the first tooth (Tooth#1) and the first

magnet (PM#1) are instantaneously aligned so that the phase A coil needs to be

turned off (WO(t) = 0). This means that there is no potential drop or increase from

the armature back iron to the tooth tip at the air gap. We thus also have zero

potential, T, = 0 across Tooth#1, assuming a zero potential at the armature back

iron. This zero potential continues through the slot area (with zero current density)

until the start of the phase B coil. In order to generate a thrust in the rightward

direction on the magnet track, the phase B and the phase C coils have to be turned

on such that 1) the magnetic flux direction in Tooth#2 is the same as PM#2 to

pull the magnet to the rightward direction, and is opposite to PM#3 to push it to

the rightward direction, and 2) the magnetic flux direction in Tooth#3 is the same

as PM#3 to pull it to the rightward direction, and is opposite to PM#4 to push it

to the rightward direction. Thus, the magnetic potential at Tooth#2 is a positive

constant while it is a negative constant value at Tooth#3. Note that we use the sign

convention where the ampere-turns (Ni) is positive when it creates a magnetic flux

downward as can be seen in Tooth#2 in the figure. The MMF, magnetic potential,

changes linearly across a slot when there are energized coils because the potential

change is proportional to the ampere-turns (Ni) in the slot as in (2.4).

We obtain the stator MMF, F, as described above, which is plotted with the blue

curve in Figure 2-5. This realistic F, curve can be considered as a sampled version

of the ideal sinusoidal waveform (red curve) with the iron-core tooth locations as the

sampling points. As can be seen in the figure, the realistic T, waveform is coarsely

sampled one so that it contains significant higher harmonics. The realistic MMF

waveform of the magnet track (rotor), 7, is plotted with the black curve in the figure

with the same sign convention. This pulsating waveform of F, also contains significant

higher harmonics. Since both the stator and rotor MMFs have such higher harmonic
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content, we expect that the generated force by the conventional motor also contains

high force harmonics as can be seen from (2.3). We present the force harmonic content

of the conventional iron-core motor in Section 2.2.

2.2 Motor Performance in Simulation

In this section, we discuss the predicted motor performance of the conventional motor

with a finite element model. The 2D finite element tool, called FEMM, is used since

1) it is computationally simpler than 3D tools and 2) it can capture the key motor

performance including the thrust, cogging, and force ripple. We describe in this

section a method to capture the effects of skewed magnets on the cogging and force

ripple using the 2D tool. The force harmonics of the predicted force ripple are also

discussed with the expected noise of the conventional 3-4 combination linear iron-core

motor.

2.2.1 Finite Element Analysis Model

We create a 2D finite element model of the conventional linear iron-core motor, TL18

by Tecnotion, so as to predict its motor performance. Figure 2-6 shows a snapshot

of the finite element (FE) model created in the 2D finite element program, called

FEMM. The FE model has the magnetic configuration of the moving short magnet

and the stationary long armature same as the commercial motor shown in Figure 2-

1. This model has two basic motor units where a total of 8 magnets in the moving

magnet track periodically interact with 6 coils/poles to produce a force. Note that the

captured moment in the figure is when the moving magnet is located at the reference

zero position. In the FE model, 1) the material magnetic nonlinearity is included, 2)

the three phase currents are commutated, and 3) the impedance boundary conditions

are used to mimic the behavior of an unbounded region [53,55].

The motor depth in the direction of into-the-page (X-direction) is defined in the

program, and we can utilize it to capture 2.5D performance such as the magnet

skewing effect. The FE model can be divided into multiple segments in the X direction
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Figure 2-6: Finite element model of the conventional linear iron-core motor, with 4
pitches of magnets and coil currents of zero.
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Figure 2-7: Schematic explanation of the magnet skewing effect in reducing the
cogging force. Non-skewed magnet and related cogging harmonics (left) and skewed
magnet and related cogging harmonics (right).
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with shifted magnets in order to simulate the skewed magnet effect. Figure 2-7

schematically shows the magnet segmented into two pieces in the X direction. The

left side in the figure shows two pieces of magnets with no shift to simulate the non-

skewed magnet and its effect on the cogging force while the right side shows two pieces

of magnets with the total shift of Aw to simulate the skewed magnet and its effect.

Depending on the magnetic design of a motor, the cogging force can contain various

harmonics. In the figure, we observe the fundamental (blue curve) and the fourth

(green curve) harmonics of the cogging caused by Magnet#1 (F) and Magnet#2

(F2). Note that the fundamental cogging period, Acogging is set to 16 mm, which is

the same cogging period of the conventional motor we use (TL18 by Tecnotion). The

resultant cogging force by two magnet pieces is defined as Fotai = F + F2 . These

forces are illustrated in the figure for both the non-skewed (left) and skewed (right)

magnets.

For the case with the non-skewed magnet, the two magnet pieces, Magnet#1 and

Magnet#2, are aligned with no shift. Thus, the cogging forces, F and F2 are identical

and thus double both the fundamental and fourth harmonics as can be seen in the

resultant force plot of Fotai in the left side of the figure. For the skewed magnet

case, we shift both magnet pieces to have a total shift of Aw = A)cogging/4 = 4 mm.

The corresponding cogging forces of F and F2 show the shifted fundamental and

fourth harmonics according to the magnet shift. The resultant cogging force of the

skewed magnet shows an elimination of the fourth harmonic (green curve) and a small

reduction in the fundamental (blue curve). This is because the magnet shift of Aw

= 4 mm is the same as the period of the fourth cogging harmonic, which makes the

fourth harmonic components of F and F2 180 0-out-of-phase and thus canceling.

We list below some of the interesting takeaways from the schematic explanation

of the magnet skewing effect illustrated in Figure 2-7.

* We can well approximate the effect of skewed magnets on the cogging force

using multiple segmented 2D finite element models. The skewed magnets help

to eliminate or reduce the cogging force.
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Figure 2-8: Segmented magnets in the 2D finite element model to approximately
capture the magnet skewing effect of the conventional iron-core motor.
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* The magnet skewing angle can be adjusted depending on which cogging har-

monic we want to eliminate. The cogging harmonic, whose period is the same

as the magnet shift Aw by the skewing angle, can be eliminated.

The conventional motor, TL18 by Tecnotion, has the motor depth of D = 52 mm

and skewed magnets with a skewing angle of 4'. To simulate the skewed magnets,

we divide the magnets into 8 segments in the motor depth direction as shown in

Figure 2-8. The total magnet shift by the skewing angle of 9 skew = 40 is

Aw = Dtan(skew) 0 4mm = At/4 = Aeggig/4. (2.5)

Note that the magnet shift is close to a fourth of the fundamental cogging period

of the conventional motor. From this, we see that the skewed magnets with the

skewing angle of 4' in the conventional motor are designed to reduce the fourth

cogging harmonic. We present the relevant results on the predicted cogging and force

ripple of the conventional motor in Section 2.2.2.

2.2.2 Cogging and Force Ripple

We calculate the cogging and force ripple of the conventional motor for both non-

skewed and skewed magnets using the finite element model shown in Figure 2-6.

For the skewed magnets, we use the method of magnet segments as illustrated in

Figure 2-8. The calculated cogging force in both the normal and tangential directions

are plotted in Figure 2-9 with non-skewed (blue curves) and skewed (red) magnets.

Note that the cogging force shown in the figure is per motor basic unit of 3 iron-core

teeth and 4 magnets. The FE model shown in Figure 2-6 has two units as discussed

earlier, so we simply divide the calculated force by two.

The cogging force with the non-skewed magnets shows relatively sharper fluctu-

ation, indicating more high harmonic contents, in both the normal and tangential

directions. The fundamental cogging period is 16 mm, which is the same as the tooth

pitch, At as in (2.1). In the figure, we observe 4 notable fluctuating peaks within
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Figure 2-9: Simulated cogging force of the conventional iron-core motor with
non-skewed and skewed magnets. The cogging force is per basic motor unit. By
we mean the basic combination of 3 iron-core teeth and 4 magnets.
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this fundamental cogging period, thereby expecting a strong fourth harmonic in both

directions. The cogging force with the skewed magnets, on the other hand, behaves

close to sinusoidal waves with the period of 16 mm, showing mainly the fundamental

component.

The harmonic components of the calculated cogging forces in both directions can

be clearly observed in the spatial amplitude spectra shown in Figure 2-10. Note that

in the amplitude spectra, we multiply the cogging period of 16 mm to the spatial

frequencies to obtain the harmonics in the abscissa. Consistent with the results

shown in Figure 2-9, the spectrum of the non-skewed magnet case also shows strong

components at the multiples of the fourth harmonic as well as the fundamental.

We observe that the cogging spectrum of skewed magnet case contains mainly the

fundamental with the multiples of the fourth harmonic eliminated. This is because

the skewing angle of 4' makes the magnet shift of Aw = 4 mm, which is exactly

the same as a fourth of the cogging period as in (2.5). Note that the fundamental

component of skewed magnet case is slightly smaller than that of non-skewed magnet

case. This is also consistent with the result discussed earlier in Figure 2-7.

We list below a few remarks from the observation on the predicted cogging force

of the conventional motor.

" The skewed magnets in the conventional 3-4 combination iron-core motor design

are to reduce the high harmonics of the cogging force.

* The peak-to-peak cogging amplitude is reduced by 39.4 % (from 16.99 N to

10.29 N) and 46.7 % (from 12.58 N to 6.71 N) in the normal and tangential

directions, respectively, by skewing the magnets with the angle of 4'. This is a

significant reduction in cogging.

* However, the cogging fundamental is almost intact even with the skewed mag-

nets. The majority of the cogging (specifically, 60.6 % and 53.3 % in the normal

and tangential directions, respectively) remains.

" In order to eliminate the fundamental cogging too, the magnet shift would have

to be equal to the full tooth pitch of 16 mm, which corresponds to a skewing
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angle of about 170. The large tooth pitch in the conventional motor design

thus requires a large skewing angle in order to reduce the fundamental cogging.

However, such a large skewing angle will compromise the thrust performance

significantly, and is thus not generally used in practice.

* The cogging force harmonics can vibrate the moving stage, and can thus also

radiate the acoustic noise as hypothesized in Chapter 1. The expected cogging-

oriented noise will be at the frequency of

vc
fcogging = Acogging/n (2.6)

where vc, Acogging, and n are the constant velocity, fundamental cogging period,

and cogging harmonic index, respectively. We discuss in detail this cogging-

related noise in Chapters 6 and 7.

We also present the force ripple of the conventional motor predicted by the finite

element model shown in Figure 2-6 so as to observe the force harmonic content in

the magnetically generated force. Figure 2-11 shows the calculated force ripple of the

conventional motor with both the non-skewed (blue curve) and skewed (red curve)

magnets. Note that in these plots, we have subtracted the average thrust. The upper

plot shows the force ripple in the normal direction, and the lower plot shows it in

the tangential direction. Note that the force ripples in both directions are calculated

for one motor unit of 3 iron-core teeth and 4 magnets. As can be seen in the figure,

the force ripple with the non-skewed magnets shows higher fluctuations than that

with the skewed magnets in both tangential and normal directions. Particularly, we

observe four strong fluctuating peaks within the cogging fundamental period of 16

mm, indicating a strong fourth harmonic component.

The cogging harmonic content can be clearly observed with the amplitude spectra

in Figure 2-12. As before, the blue curves show the spatial spectrum of the non-

skewed magnet case while the red curves are for the skewed magnet case. The upper

plot shows the force ripple spectrum in the normal direction, and the lower plot shows

69



30

--z 20
20

S-10
E
0 -20
z

-30

- 4Non-skewed 
PM

- --_Skewed PM-

0 4 8 12 16 20 24 28 3

20

U-
10

0
LL 0

-10

-20

0 4 8 12 16 20 24 28
Relative Position [mm]

2

32
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Figure 2-12: Simulated force ripple spectrum of the conventional iron-core motor
with both non-skewed and skewed magnets.
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it in the tangential direction. Note that in the amplitude spectra, we multiply the

spatial frequencies by the cogging period of 16 mm so as to directly show the harmonic

number in the abscissa. As expected from Figure 2-11, the spectra of the non-skewed

magnet case shows strong fourth harmonics in both force directions, even stronger

than the fundamental component. In addition, second and third harmonics, not

observed from the cogging force in Figure 2-10, are generated by energizing the phase

coils. With the skewed magnets, the cogging only shows the fundamental component

as shown in Figure 2-10. However, when the motor is powered to generate thrust, the

second, third, and fourth harmonics of the force ripple are observed with significant

amplitudes. As discussed in Chapter 1, these high force harmonics of the conventional

motor can vibrate the moving stage and so vibrate the machine frame and also emit

acoustic noise during the motor's cyclic operations. Particularly, this stage vibration

and the associated acoustic noise can be even more serious if the force harmonics

excite the lumped and flexible stage dynamics. We present the relevant experimental

data and discuss the motor noise caused by this high force harmonic content of the

conventional motor in Chapter 6.

We list below our observations on the predicted force ripple of the conventional

linear iron-core motor.

" The skewed magnets help reduce the force ripple in both the normal and tangen-

tial directions. The peak-to-peak force ripple amplitude is reduced with skewing

by 41.8 % (from 61.53 N to 35.83 N) and 48.0 % (from 39.31 N to 20.46 N) in

the normal and tangential directions, respectively. The force ripple reduction

by the skewed magnet mainly comes from the fourth harmonic reduction as can

be seen in Figure 2-12. Specifically, the fourth harmonic reduction ratios are

62.6 % (from 18.57 N to 6.95 N) and 69.4 % (from 13.52 N to 4.14 N) in the

normal and tangential directions, respectively.

" Even with the skewed magnets, however, the conventional iron-core motor shows

significant fundamental, second, third, and fourth harmonics in the force ripples

in both force directions.
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* The high force harmonics in the magnetically generated force by the conven-

tional motor (either with sisewed or non-skewed magnets) can cause the stage

vibration and the associated acoustic noise, especially severe when the force

harmonics excite the stage dynamics, as hypothesized in Chapter 1. We discuss

this issue with experimental results in Chapter 6.

2.3 Summary

We discuss studies of the conventional 3-4 combination linear iron-core motor in this

chapter. The conventional motor we use, TL18 by Tecnotion, is first introduced to

discuss 1) the magnetic motor configuration of the moving short magnets with the

stationary long armature, and 2) the magnetic design of 3 coils/poles periodically

interacting with 4 magnets to generate a force. Using the magnetic design of the

conventional motor, we present the ideal ahd realistic magneto-motive force (MMF)

waves of the stator and the rotor (moving magnet track). Due to the magnetic design

with a large tooth pitch and a conventional N-S magnet array, both the stator and

rotor MMFs contain high harmonic contents. This results in high force harmonics in

the magnetically generated force. These high force harmonics are responsible for the

vibro-acoustic noise of the conventional motor. We present experimental results on

this motor noise in Chapter 6.

In this chapter, we also discuss the predicted performance of the conventional 3-4

combination iron-core motor in terms of the cogging force and force ripple, which

are drives for the motor noise. We use a 2D finite element model with the FEMM

program in order to calculate the key motor performance. The cogging force and force

ripples are compared between the cases of non-skewed magnets and skewed magnets.

We also present the spectra of the calculated forces to discuss the spatial harmonic

components. We summarize our understanding from the predicted performance of

the conventional iron-core motor as follow:

1) The conventional motor with the non-skewed magnets shows a strong fourth

harmonic component in the cogging and the force ripple.
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. The multiples of the fourth harmonic in the cogging are the major compo-

nents along with the fundamental.

. The fourth harmonic is even stronger than the fundamental component in

the force ripple with the non-skewed magnets, as shown in Figure 2-12.

2) Skewing the magnets helps reduce both the cogging and the force ripple.

. The conventional commercial motor has skewed magnets with a skewing

angle of 40 which is associated with a magnet shift of 4 mm, which is the

same as a fourth of the fundamental cogging period.

. This results in reducing the fourth cogging and ripple harmonics as shown

in Figures 2-10 and 2-12.

3) A significant amount of force components are still remaining even with skewing

the magnets.

. The skewed magnets of the conventional motor are designed to reduce

the high cogging harmonics, but do not address the fundamental cogging

component. In order to reduce the fundamental cogging, the skewing angle

has to be large enough to have the magnet shift to be the same as the full

tooth pitch. This will result in significantly compromising the thrust. Such

a large skew angle is not used in practice.

. Even with the skewed magnets, the force ripple of the conventional motor

contains strong fundamental, second, third, and fourth harmonic compo-

nents as shown in Figure 2-12.

The magnetic design of the conventional 3-4 combination motor contains high

harmonics in the stator and rotor MMFs which thus generate high force harmonics.

Moreover, due to the magnetic design with a large tooth pitch, using the skewed

magnets cannot significantly reduce the fundamental and some higher force harmonics

of the conventional motor. This results in vibrating the stage and also radiating the

acoustic noise as discussed in Chapter 1. We discuss the noise issue of the conventional
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motor in detail in Chapter 6. Our new fine-tooth motor is designed to resolve this

issue by having smoother stator and rotor MMFs. The new motor design details and

the relevant experimental data on the motor performance improvements are discussed

in Chapters 3 and 7, respectively.
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Chapter 3

Fine-tooth Motor Modeling, Design,

and Construction

In this chapter, we discuss the modeling, design, and construction of our new linear

iron-core motor designed for higher thrust and lower force harmonics. As discussed

in Chapter 2, the conventional 3-4 combination iron-core motor exhibits high force

harmonics, which can cause stage vibrations and acoustic noise. In order to reduce

the force harmonics and also increase the thrust at the same time, we take the design

direction of having fine iron-core teeth closely packed together. This design approach

and how it is different from the conventional iron-core motor design are discussed in

the first section of this chapter.

We use a hybrid layer model as well as a finite element model to design our new

motor. The hybrid layer modeling method is adapted from the work of Dr. Matthew

Angle at MIT [3] where he uses the model to optimize the magnetic design of a

rotary permanent magnet motor for the MIT Cheetah robot [56-58]. We introduce

this modeling method and discuss some of the modification we made for our linear

iron-core motor design in the second section. The design process of the new motor

is discussed in detail in the following section where we select design parameters to

optimize performance. This results in a design which outperforms the conventional

motor. We present the expected performance of our new motor with the finalized

design parameters, and show the construction details of the new motor at the end of
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this chapter, followed by a summary.

3.1 Fine-tooth Motor

The magnetic force of a motor can contain high force harmonics depending on the

magnetic design. As discussed in Chapter 2, the conventional 3-4 combination iron-

core motor generates high force harmonics since its magnetic design produces high

harmonics in the magneto-motive forces (MMFs) of both the stator and rotor (magnet

track). In particular, the stator MMF waveform of such a motor is significantly coarse

due to the smaller number (only 3 per unit) of iron-core teeth with the large tooth

pitch (A,/3) as shown in Figure 2-5. Note that we define the motor unit length A,

as the minimal length of a motor required to generate thrust: 3 iron-core teeth and

4 magnets for the conventional motor and one pole pair for our new motor as shown

in Figure 3-1.

In order to generate smaller force harmonics, our new motor is designed to have

multiple fine teeth with a small tooth pitch so as to create a stator MMF with reduced

A' B B' C C'.1 IBCIC
A B C Di B' ICEl hs

h4- z~z~
OR

Figure 3-1: Schematic magnetic designs of a unit length of the conventional 3-4
combination motor (left) and our new fine-tooth motor (right).
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harmonics. The schematic magnetic design is illustrated in Figure 3-1. Compared

to the conventional iron-core motor design, our new motor has fine teeth, deep slots,

and multiple phases. The schematic in the figure shows a 5-phase stator, but it can

be any number of phases. Since we have fine teeth in our new motor design, we call

our motor as a fine-tooth motor. As shown in the figure, the magnet array can be

either a conventional N-S pattern or a Halbach array. Note that the Halbach array

pattern, named after its inventor Klaus Halbach, produces magnetic fields with less

harmonics, and enhances the field strength on one side while reducing it on the other

side [59-63].

In this section, we study the magnetic design of our new fine-tooth motor to

compare the MMFs of both the stator and magnet track to those of the conventional

motor. We also obtain a simplified thrust equation using the MMFs, and discuss the

pros and cons of our fine-tooth motor at the end of this section.

3.1.1 Simplified Analysis

The thrust force of a linear motor is generated by the tendency of two interacting

magnetic fields to align their magnetic axes, and it is proportional to the cross product

of two MMFs [54] as

Fthrust C s x Fr = Fs.Frsin(Jsr) (3.1)

where Fs, Fr, F, Fr, and sr are the stator MMF vector, rotor (magnet track) MMF

vector, stator MMF amplitude, rotor MMF amplitude, and phase angle difference

between the stator and rotor MMF vectors, respectively. The proportional factor is

determined by the geometry of motor magnetic designs. The thrust force of our new

motor can thus be written as

tzONpD7r 27r
Fthrust ~ ) FsFrsin(,Aj Asr), (3.2)
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Figure 3-2: Magneto-motive force (MMF) waveforms of the stator and magnet track

(or rotor) of our new fine-tooth motor.
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where /to, N,, D, g, Ap, and As, are the magnetic permeability of air, number of

pole-pair, motor depth, air-gap distance, magnet pole-pair pitch, and phase position

difference between the stator and rotor MMFs, respectively. Note that the phase angle

difference, 6 s, in (3.1) is used in a vector diagram in 154] with polar coordinates. We

replace 6 s, by 27rAs,/App to express the phase difference in terms of linear position.

The phase position difference, A,, is illustrated in Figure 3-2, and it is in the Y

direction of the Cartesian coordinates. The thrust force equation in (3.2) is derived

using the energy method described in [54]. This is a simplified force calculation with

the assumptions of no material saturation and no leakage flux.

The thrust will contain high harmonics if the stator and rotor MMFs have high

harmonics as can be seen in (3.1) and (3.2). This is why the conventional 3-4 com-

bination motor has significant high force harmonic content as discussed in Chapter

2. We choose to have multiple fine teeth in our new motor design to reduce the

force harmonics content by designing for relatively smooth stator and rotor MMFs as

shown in Figure 3-2. The ideal desired MMF waveforms for both stator and rotor are

sinusoidal as shown in the red and green curves in the figure so that we can have only

the fundamental to generate the thrust without high harmonics. However, the MMFs

cannot be harmonically pure in reality and behave like the blue and black curves in the

figure. The realistic stator MMF can be considered as a sampled version of the ideal

sinusoidal waveform with the iron-core tooth locations as the sampling points. Note

that the MMF, which is the same as the magnetic potential, stays constant across a

tooth and changes linearly across a slot because the potential change is proportional

to the ampere-turns in the slot. We make the reasonable simplifying assumption that

the potential varies linearly across the slot. The magnet track (rotor) MMF is also

smoother with the Halbach array pattern than that of a conventional motor magnet

track as shown in Figure 2-5. Since we have less harmonics in both the stator and

rotor MMFs, when these interact, we expect less force harmonics in the magnetically

generated force, and thereby less vibro-acoustic noise with our new motor. The force

harmonic components of our new fine-tooth motor are discussed in Section 3.4, and

the vibro-acoustic noise measurements are presented and compared in Chapter 7.
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3.1.2 Pros and Cons

Here, we list the pros (+) and cons (-) of our new fine-tooth motor design compared

to the conventional 3-4 combination motor.

(+) Our new fine-tooth motor will generate reduced force harmonics, and so is

expected to emit less noise and vibration.

. Fine teeth densely placed together produce a smoother stator MMF with

less high frequency harmonics.

. The Halbach magnet array not only produces a smoother rotor MMF with

less high harmonics, but also generates higher force due to the enhanced

magnetic field on the side of the working air-gap.

(+) Our new fine-tooth motor can generate higher thrust.

. Magnetic force is generated from the areas where the iron-core teeth ends

are engaged with magnets, and our fine-tooth motor structurally contains

more of such areas than the conventional motor.

. High force performance of our new fine-tooth motor is discussed in Sections

3.3 and 3.4.

(+) Cogging force can be reduced relatively easily so that we can expect less vibra-

tions and acoustic noises caused by cogging.

. Cogging is a force fluctuation caused by the magnetic interaction between

iron-core teeth and magnets. Cogging force can be eliminated, in theory,

by skewing either the magnets or iron-core teeth to cover one full tooth

pitch.

. The fine-tooth motor design allows reduced cogging with only slightly

skewed magnets, and thus without compromising the thrust, due to the

small tooth pitch.

(-) Our new fine-tooth motor is relatively difficult to manufacture.
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. Unlike the lump-winding in the conventional 3-4 combination motor, the

fine-tooth motor requires a multi-phase full-pitch winding. The overlap-

ping of winding end-turns can make the motor construction difficult and

increase the manufacturing time. The winding details and new motor con-

struction are discussed in Section 3.5.

. The multi-phase full-pitch winding typically requires longer end-turns,

thereby increasing the overall coil resistance and thus the conductor power

loss. This issue is taken into account so as to fairly compare our new motor

design to the conventional one in Sections 3.3 and 3.4.

3.2 Hybrid Layer Model

The thrust force equation in (3.2) can be useful to estimate the overall force level

generated by different magnetic designs of a motor. However, it is limited for use in

the motor design process in that 1) it does not capture the material nonlinearity and

2) it cannot estimate the cogging force. In the need of a more complete model, we

adapted the hybrid layer modeling method invented by Dr. Angle at MIT [3] for our

linear iron-core motor design. When it comes to a general design of a linear iron-

core motor, we can mainly consider two sections: an armature core and a magnet

track, as can be seen in Figure 3-3. The magnet track section consists of uniform

layers of an air gap, a magnet array, and a back iron so that we can explicitly solve

Maxwell's equations, which are linear in this region [64-66]. However, it is difficult to

solve Maxwell's equations directly in the armature-core section due to its geometric

complexity and nonlinear material properties. In this region, therefore, we use a

lumped flux-tube model to solve the network of nonlinear reluctances. These two

models can be combined at the motor working air-gap by matching the boundary

conditions. Since the layer model is combined with the flux-tube model, it is called

the hybrid layer model (HLM). [31

In this section, we first present the solutions of the Maxwell model in the magnet

track region. Maxwell's equations are solved at each boundary of the uniform layers
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Figure 3-3: Hybrid layer model of a linear iron-core motor. Flux-tube model for the

stator armature and Maxwell model for the magnet track (or rotor).

in Cartesian coordinates. For the magnet region, the Halbach magnet array pattern

is taken into account. We also discuss the flux-tube model in the stator armature

region and present the solutions of its equivalent magnetic circuit. The iteration

process of these two models is then described. We compare the performance results

of this hybrid layer modeling method to those of the finite element method (FEM)

to confirm our model's fidelity at the end of this section.

3.2.1 Maxwell Model for Magnet Track

In the magnet track, we can explicitly solve Maxwell's equations since we have the

uniform layers of the motor working air gap, magnet array, and magnet back iron.

Figure 3-4 shows the coordinates to use in solving the Maxwell's equations within

three regions of uniform layers for the magnet track section. Note that the figure

shows an example schematic for a 3-phase motor, but it can have any number of

phases. We solve for the magnetic scalar potential 4(y, z) in these uniform layers (3

regions) and for the magnetic fields at the boundaries. The boundaries are indicated

with various z parameters, and their relationships are given by
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z4 = 0 : Bottom of magnet back iron = reference

z3 = z4 + hmb Bottom of magnet array

Z2 = Z3 + hm Upper surface of magnet array

Z1 = z2 +g : Tooth tip

zo = z1 + h, Bottom of slot

z =zo + ha : Upper surface of stator yoke,

(3.3)

where hmb, hm, g, h., and ha are the thickness of the magnet back iron, the thickness

of the magnets, the air gap distance, the slot depth, and the thickness of stator back

iron, respectively. We assume arbitrary Fourier transformable periodic fields with

the period of the motor unit length A, which is the same as the magnet pole pair

pitch AP,.

Since we have the magnets, we solve Poisson's equation of

v2?(y, z) = v-M (3.4)

-- ------zu

zo

---- z 1
z2

z _

Z3

1Y2 Y3 Y4:

y=o

Regionl-2 (air gap)

Region2-3 (magnet)

Region2-3 (back iron)

Y=Au

Figure 3-4: Example schematic of a 3-phase linear iron-core motor with Halbach
magnet array in Cartesian coordinates.
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where M is the magnetization vector of the magnet array, which can be written as

M = Mh(Y)i; + MV(y)iZ (3.5)

where Mh(y), Mv(y), i, and i~Z are the horizontal-direction magnetization, vertical-

direction magnetization, horizontal-direction (y) unit vector, and vertical-direction (z)

unit vector, respectively. Note that the magnetizations are a function of y only since

we assume the uniform magnetization in the normal (z) direction, i.e. the array is

composed of blocks of uniform material. Figure 3-5 shows the magnetization functions

Mh(y) and Mv(y) within one period of the motor unit A,. The magnet boundaries

are y = Yi, Y2, Y3, and y4, consistent with the schematic shown in Figure 3-4. With

this periodic magnetization, we can express both Mh(y) and Mv(y) in the form of

Fourier Series (FS) as

May) = + avkcos (7kky + bsin (75ky)

(.)k

where k, ark, bok, ahk, and bhk are the harmonic and FS coefficients of the vertical

and horizontal magnetizations, respectively. The FS coefficients can be calculated to

be

Fo / 2ir 2 7 7
avk sin ky2 ) sin kyi - sin (rkY 4 + sin ky3

= 27rk 2kr 2u 2(r

bvk= -Cos 2 kY 2 + cos -- ky1 + cos -ky4 - cos 27rkY3f
-r - -

u(A u(A (3.7)

ahk ( in skyl sin (~-kY3 + sin (7rkY 2 -sin ky4
ah k = Au s u u A

bhk =M o s 27r I + Cos 27r - Cos 27r +Cos 27ry 4 )b k = I-cO ( y Au CO Au -c Au (y + AuS-k
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Yi Y4 Y
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Figure 3-5: Vertical and horizontal magnetization waveform of the Halbach magnet
array with the magnetization amplitude Mo. Both magnetizations are a function of
y and periodic with the period of Au = App. The locations of y = Y1, y2, Y3, and y4
are the magnet boundaries as shown in Figure 3-4.
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The general solution of the Poisson's equation in (3.4) can be divided into a

homogeneous solution 4h(y, z) and a particular solution /p(y), which can be solved by

V4'Oh(y, Z) = 0 
(3.8)

V 0()= V .M.

Note that the particular solution is assumed be a function of only y due to thin

magnets. The general solution to the Poisson's equation is then obtained as in

V = Oh + p = (AcosA ky + Bsin ljky) Ce kz + Dexkz) + J Mh(y) dy.

(3.9)

where A, B, C, and D are the Poisson solution constants which are determined for

each harmonic. We can obtain the magnetic field strength in both the normal (H,)

and tangential (Hy) directions using the scalar potential solution of the Poisson's

equation in (3.9) by the relations of

Hz = - (-Leu+ Me-k) cos A,,ky + (-Ne~kz + Qe-)iku )sin Aky

HY= - = -Nexu - n cos ky+ Le + -k sin-ky - Mh(y)

(3.10)

where L, M, N, and 0 are the resultant constants from the combinations of A, B,

C, and D. Using (3.10), we can solve the magnetic fields at each boundary of the

magnet track.

At the boundary of the tooth tip location (z = zi), we obtain the normal direction

magnetic flux density Bzjz~zi and the tangential direction magnetic field Hlz=zl as

in
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Bz l=zl = poRz z=zl = PO 1

= o (-L1 2 exk' + M12e ) cos ky + Mo (-N1 2ekz +01 2 e k') sin2ky
Au Au

27r 27r
= aicos-ky + bisin-ky

(3.11)

HyI2=, 1 = Hil

= -N1 2ekz -0 12 e -k) cos ky + (L1 2ek + M12e -xk sin5ky (3.12)

2wr 2wr
= allcos27 ky + bl sin rky

where H1 , HII, L 12 , M12 , N12, and 012 are the perpendicular magnetic field strength

in the working air gap, the horizontal magnetic field strength in the air gap, and the

field constants in Regionl-2. Note that both Bzlz=zi and H , are also expressed

in the form of Fourier Series since they are assumed to be periodic. We will discuss

shortly how we can determine the FS coefficients a1 , b 1 , all, and bil.

We can obtain the magnetic fields at all boundaries (z = z2, z3 , and z4) in the

magnet track section in the same way described above. We can then organize the

magnetic field equations in a matrix form of

AAaxwellC = Blaxweil, (3.13)

where AMaxwle, C, and Bhaxwell are given in (3.14), (3.15), and (3.16), respectively.

The matrix AMaxwell is determined by the motor geometry and is known for a given

motor design. The column vector Bhaxwell is the Fourier Series (FS) coefficients of

magnetic fields in both the tangential and normal directions at each boundary in the

magnet track. These FS coefficients can be solved directly at all boundaries, except

for the air-gap region (all and bil) whose magnetic fields should be calculated from the

flux-tube model as discussed in the next subsection. The other column vector, C in

(3.13) is the field coefficients in all three uniform layer regions.
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L 12

M12

N12

012

L23

C = M23 (3.15)
N23

023

L34

M34

N34

034

blj

all

avk

bvk

bhk

BAlarwell ahk (3.16)
-poavk

-/itobvk

-bhk

-ahk

0

0

The FS coefficients in the air-gap region (all and bil) are the input to the Maxwell

model given from the flux-tube model in the stator armature. The field coefficient

vector C is then obtained by

C AJ eilBiaxwell- (3.17)
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Once we have all the field coefficient values, we can obtain the magnetic fields at all

regions in the magnet track. In the following subsections, we present the flux-tube

model for the stator armature, and discuss the iteration scheme between two models

for the completed hybrid layer model.

3.2.2 Flux-tube Model for Stator Armature

Due to the geometric complexity and material nonlinearity, it is difficult to directly

solve Maxwell's equations in the stator armature. Thus, we use a lumped flux-tube

model in this region to solve the equivalent magnetic circuit [3, 67-72] of the non-

linear reluctance network as shown in Figure 3-6. Note that the slot width is a bit

exaggerated in the figure in order to clearly draw the reluctance links for the fringing

fields in the slots. The magnetic flux O's are inputted from the Maxwell model using

its output of B 1 in the air gap by

# = B1 At (3.18)

Wt s W

)RjI ___ ___

RT'1I

06 C6

06s O 6

AU

Figure 3-6: Network of nonlinear reluctances in the flux-tube model for the example
3-phase stator shown in Figure 3-3. The equivalent magnetic circuit is solved for the
magnetic potential O's when the magnetic flux O's are given as the input from the
Maxwell model.
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ws

Wt s

Figure 3-7: Schematic of assumed flux tube for the fringing fields in the slots. The
magnified view of teeth and a slot is in the green box showing the characteristic length
of w,7r/8 and the area of (w,/2)Dmotor, where Dmotr is the depth of the motor into

the page.
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where At is the cross-section area of a tooth that the flux goes through. The ampere-

turns NI's are the magnetic potential to drive the magnetic flux to flow in the mag-

netic circuit. They are determined by the number of winding turns and the commu-

tated phase currents in the slots. The reluctances are determined by the stator yoke

geometry with the relations of

RB = + . Stator back iron reluctance
Pc( ZU - zo)Dmotor

- (zo - zj) - w,/2 + (zu - zo)/2 Upper tooth reluctance

S/ icWt Dmotm. (3.19)

ZT,/ Lower tooth reluctance
i-tcwtDmotor

Rs = i-t /8 : Slot fringing reluctance
po (ws /2) Dmotor

where wt, w., pc, -to, and Dmot, are the tooth width, the slot width, the magnetic

permeability of the stator material, the magnetic permeability of the air (free space),

and the motor depth into-the-page direction, respectively. Note that the magnetic

permeability of the stator material is a nonlinear function of the magnetic flux density

as in ic- =-tt(B), thereby making the reluctances nonlinear. The tooth reluctance

is divided into the upper and lower ones to take the fringing field in the slots into

account. The dividing point is the assumed upper limit of the slot fringing field,

which is a half of the slot width, w,/2. A circular shape is assumed for the fringing

field [67].

We can solve the equivalent magnetic circuit using the standard electrical cir-

cuit techniques of Kirchoff's Voltage Law (KVL) and Kirchoff's Current Law (KCL).

The relationship among the magnetic potential O's, the ampere-turns NI's, and the

magnetic flux #'s can be organized in a matrix form of

A! uxo + Asource NI = Ammf'o (3.20)

where A lux, Asource, Ammf, 0, NI, and 0 are given in (3.21)-(3.24).
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#1 NI *I

OS1 0 V)S1

#2 NI 2  2

#s2 0 bs2

03 NI 3  03

= sN 0 3 (3.24)
04 NI4 04

O4 0 pb4

05 150NI5

Os5 0 s5

06 NI 6  06

Os6 0

The magnetic flux vector q is inputted from the output of the Maxwell model as

in (3.18). We can then solve for the magnetic potential vector 4 using the relation of

r= A f(Aflux + AsourceNI). (3.25)

Note that we solve for the case of a 3-phase stator as shown in Figure 3-6, however,

a similar analysis can be applied to other multi-phase cases. The magnetic potential

obtained by (3.25) is at the motor working air gap. Using this, we can calculate the

magnetic field strength in the air gap as

Hi = d. (3.26)
dy

This air gap magnetic field strength HiI is the output of the flux-tube model, which

is used as the input to the Maxwell model to provide the FS coefficients all and b 1

in (3.12) and (3.16). We discuss in the following subsection the iteration process of

these two models to have the completed hybrid layer model.
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3.2.3 Iteration of Hybrid Layer Model

Figure 3-8 shows the overall iteration schematic of the hybrid layer model. We first

assume the air-gap magnetic flux density in the normal direction, B1 to calculate

the air-gap magnetic flux, # as in (3.18). This magnetic flux is the input to the

flux-tube model where we solve the network of nonlinear reluctances to obtain the

magnetic scalar potential, V/ in the motor working air-gap. As shown in the figure,

the magnetic equivalent circuit is written in a matrix form of (3.20). We solve for

40 by (3.25) with the input of q and the given ampere-turns of NI. The calculated

air-gap potential 0 is the output of the flux-tube model, and this is used to obtain

the tangential direction air-gap field, H11 as in (3.26). We input this magnetic field to

the Maxwell model, and solve for the air-gap flux density, B1 . In the magnet track

section, we analytically solve the magnetic fields in both the tangential and normal

directions at each boundary, and write the equations in a matrix form of (3.13), as

z Flux-tube Model

0 02 4)

AfluxO + AsourceNi = Ammf

A-'. Apn(Afiurtb + AsourceNi)

Z Maxwell Model

- Solve Maxwell's equations using boundary
conditions at each boundary.

- Using the input H11 from Flux-tube model,
solve for B1 in air-gap.

4 AMaxwellC = BMaxwell

C = A-axwellBMaxwell

4p OUT Calculate
H11 = d4p/dy

in air-gap

H11 IN

Figure 3-8: Iteration schematic of the hybrid layer model (HLM) between the flux-
tube model in the armature core and the Maxwell model in the magnet track.
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shown in the figure. Once the vector C is calculated by (3.17), the Poisson solution

coefficients (L12 , M12 , N12 , and 012) can be used to obtain the normal direction air-

gap magnetic flux density, B1 as in (3.11). This flux density is again inputted to the

flux-tube model, thereby closing the iteration loop. This iteration continues until the

change in the air-gap flux # falls into a predefined tolerance [3]. When the iteration

loop converges, we calculate the thrust force or cogging force using the calculated

magnetic fields in the working air-gap using the Maxwell stress tensor, Tm as in

F = J r dA = poHiHII dA (3.27)

where A is the force generating area in the working air-gap of a motor, and pu0H1

and H11 are obtained by (3.11) and (3.12), respectively. We present the performance

tests of our hybrid layer model in Section 3.2.4.

3.2.4 Performance Compared to Finite Element Method

In order to test the hybrid layer modeling method in the linear iron-core motor appli-

cation, we compare the model performance of the hybrid layer model (HLM) to the

finite element method (FEM) in predicting relevant magnetic functions. Note that

we use the 2D finite element software, called FEMM.

Figure 3-9 shows the calculated air-gap magnetic flux density of a linear iron-core

motor with 6 teeth/slots per pole over the length of 4 pole pairs. Both the normal-

and tangential-direction flux densities are simulated by the FEM (blue solid line) and

the hybrid layer model (red dotted line). As shown in the figure, the two simulation

results overlap closely, showing that the hybrid layer model has a reasonable fidelity

to the FEM. Note that we observe a bit of discrepancy at the ends. This is due to

the fact that the hybrid layer model is inherently periodic, but the FEM is not. The

finite element model has a finite length so that it captures the magnetic end effects

while the hybrid layer model does not, which explains these discrepancies.

We also compare the computed cogging force as shown in Figure 3-10. The cogging

is calculated for motion over two tooth pitches (4 mm). As can be seen in the figure,
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Figure 3-9: Simulated air-gap magnetic flux density by both the finite element
method (blue solid line) and our hybrid layer model (red dotted line). Magnetic
flux density in Tesla in both the normal (upper) and tangential (lower) directions.
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Figure 3-10: Computed cogging force by both the finite element method (blue solid
line) and our hybrid layer model (red dotted line). Cogging force in Newtons in both

the normal (upper) and tangential (lower) directions.
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the cogging period is same as the tooth pitch in both the normal and tangential

directions. From this cogging comparison also, we observe the hybrid layer model

agrees with results from FEM. In addition, the hybrid layer model has the advantage

of much shorter calculation time. For the estimation of the air-gap flux density in

Figure 3-9, the hybrid layer model takes only 0.15 second while the FEM takes 317

seconds, showing about 99.95 % calculation time reduction. For the cogging force

estimation, the calculation time is also significantly reduced from 5624 seconds (more

than one and a half hours) by the FEM to 4 seconds by the hybrid layer model. This

faster calculation property together with the high fidelity of the hybrid layer model

helps reduce the design time when we have a number of magnetic design variants to

compare for optimizing the motor performance. Note that the hybrid layer model

works well for lower excitation currents, but ran into problems with convergence at

higher currents where iron core saturation is significant. Thus we were unable to use

the hybrid layer model for prediction of the motor performance at high currents. It will

be a future effort to make it work well at high currents. We discuss a possible approach

in Chapter 8. We therefore use this hybrid layer modeling method in conjunction with

the FEM in the design process of our new fine-tooth motor, as discussed in Section 3.3.

3.3 New Motor Design Process by Motor Perfor-

mance Comparison

In this section, we discuss the design process of our new fine-tooth motor. Given that

our new fine-tooth motor design in general produces less force harmonics and facil-

itates the cogging reduction by skewing magnets, the major design objective in this

section is to optimize motor design parameters to have higher force performance than

the conventional 3-4 combination motor. We introduce the specific design parame-

ters of our new motor, and discuss in detail the selection process of each parameter

throughout this section. We use both the hybrid layer model (HLM) and the finite

element method (FEM) to determine the parameters. In Section 3.4, we present
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the final design parameters with a few practical design modifications and discuss

the expected motor performances of our new fine-tooth motor with the final design

parameters compared to the conventional motor.

3.3.1 Design Parameters

The schematic design of our new fine-tooth motor is shown in the right-side of Fig-

ure 3-1, and the relevant parameters are listed in Figure 3-11. The design parameters

are categorized into two groups of the stator armature section and the magnet track

section. For the stator armature, the number of phase, N,810 which is the same as the

number of teeth/slots per pole needs to be determined along with the size of teeth and

slots. Note that we keep one-to-one ratio between the widths of tooth (wt) and slot

(w.). The slot depth is represented by the slot aspect ratio, R,8 1,. We also determine

how many winding turns, N are used for the armature with which wire gauge, AWG.

For the magnet track design, the Halbach array ratio needs to be decided and it is

represented by the fraction of vertical magnets, fmagnet out of a pole pitch. We need

to also determine the magnet thickness as a parameter of the magnet aspect ratio,

PMthink. These design parameters are determined to have high force performance in

terms of shear stress and acceleration. We discuss in detail the selection process of

each parameter in Sections 3.3.2 and 3.3.3.

Stator Armature

Nslot Number of slots per pole (# of phase)

Wt, wS Tooth and slot width (assumed one-to-one)

RsIot Slot aspect ratio (h, = Rs1ot x ws)

N Number of winding turns

AWG Wire gauge for winding

Magnet Track

i/nagnet Fraction of vertical magnet (Imagnet Wi/1p)

PMthick Magnet aspect ratio (h1, = PMthick X wm)

Figure 3-11: Design parameters of our new fine-tooth motor.
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3.3.2 Design Parameter Selection by HLM

We first discuss the design parameters to determine by the hybrid layer model. The

number of phases in the stator armature and the Halbach array ratio in the magnet

track are determined by using the hybrid layer model to simulate the force perfor-

mance.

Number of Phases

In order to determine how many number of phases to use in our new fine-tooth motor,

we calculate motor shear stress per power versus the number of phase as shown in

Figure 3-12. We use the hybrid layer model for the force calculation for each case

while keeping the other geometric parameters the same. The shear stress means a

magnetic pressure in the working air-gap of a motor, which tells how forceful the

motor is. The power dissipation level is also taken into account by dividing the shear

stress for a fair comparison.

X 10-4

2.5 -

2.4 -

2 .3 - - ------- ------ .--...-.

2.2 - - - - -

L 2 .1 --- - --

1.92 -------
1.7

Ca

Figure 3-12: Shear stress per power versus the number of motor phases. Shear stress

per power is simulated by our hybrid layer model. Power is calculated over a motor

unit, which is one pole-pair.
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As can be seen in the figure, 5 to 7 phases show relatively higher shear per power

performance than the other cases. Among these three cases, we select the 5-phase

motor design due to a few practical reasons: 1) For the constant tooth and slot size,

the motor design with the higher number of phases would have a higher attractive

force. We plan to use air bearings to eliminate any mechanical contacts and the

associated vibration, and there is a limitation in the preloading force the air bearings

can resist. The relation between the motor attractive force and the air bearing preload

are discussed in Chapter 5. 2) For a full-pitch winding, the higher number of phases

would require larger overlapping areas for the winding end-turns, thereby making

the winding process more difficult and time consuming. The winding scheme and

constructed stator armature are presented in Section 3.5.

Halbach Magnet Array Fraction

We choose to use the Halbach magnet array pattern 1) to increase the thrust by the

enhanced magnetic field strength in the working air-gap side and 2) to smoothen the

rotor (magnet track) MMF waveform to reduce the high harmonic contents as shown

in Figure 3-2. The Halbach array pattern contains permanent magnets magnetized

both vertically (Z-direction) and horizontally (Y-direction), and it is important to

determine the ratio between them since the generated force depends on it. The

Halbach magnet array ratio is represented by the fraction of the vertical magnets,

fmagnet out of a pole pitch as written in

fmagnet = (3.28)
AP

where wm and A, are the width of the vertical magnets and the magnet pole pitch,

respectively.

In order to determine this ratio, we calculate the thrust using the hybrid layer

model to plot the normalized thrust versus the vertical magnet fraction, fmagnet as

shown in Figure 3-13. For this calculation, the stator armature geometry and the

magnet thickness are kept the same while only changing the fraction value. We select
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Figure 3-13: Normalized thrust versus Halbach array ratio, fmagnet. Thrust force is

simulated by our hybrid layer model.

fmagnet = 0.7, which shows the maximum thrust in the plot. This means that our

fine-tooth motor will have 70 % vertical magnets and 30 % horizontal magnets in

the moving magnet tracks. This result is similar to that of Ofori [63]. Pictures of

the constructed magnet tracks of our new motor are shown in Section 3.5 and their

drawings are documented in Appendix A.

3.3.3 Design Parameter Selection by FEM

Despite of the advantages of high fidelity and reduced calculation time, the hybrid

layer model is limited in that the model at present does not converge when the material

is highly saturated, as shown in Figure 3-14. We speculate that this is due to the

fact that the flux-tube model in the stator armature does not contain any leakage

paths as shown in Figure 3-6 and in [3]. This makes it difficult to use the hybrid

layer modeling method to predict the motor performance at high flux density levels.

For this reason, we use the finite element method (FEM) for the selection process
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Figure 3-14: Simulated shear stress versus power dissipation per unit 1) to compare
our hybrid layer model (HLM) to the finite element model (FEM) and 2) to observe
the non-convergence issue of HLM at high currents. The shear stress and power are
calculated with the motor design parameters of Case 1 in Figure 3-15 for both HLM
(orange curve) and FEM (blue asterisk). The hybrid layer model begins to fail at
around 900 W per unit in this case. The meaning of the ordinate and abscissa will
be explained shortly in the text.
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Fine- Input Variables Output Parameters
Tooth
Motor wt = w. R,10% PMthi Currant, I [Al Common Pdiss [WI Comparing Parameters

Case.1 1.5 MM 10 1 42 23 [0,5,10,20,30, 2.12012 3.878 I
Ca1 1. m 1 240,50,100] jt=5

Case.2 1.8 mm 10 1 42 21 [0,5,10,20,30, 1.41612 2.4401
40,50,100] -Ingnet = 0.7

Case.3 1.8 mm 15 1 42x1.5= 63 21 [0,5,10,20,30, 2.12412 2.440 -Final stake acoi, imfsl
________ 40,50,100]/1.5_ - Amp-turns 2141 240I Fnle# cM,[ $

[0,5,10,20,30,
Case.4 1.8 mm 20 1 42x2= 84 21 40,50,100]/2 - N40 magnets 2.832 12 2.440 I

C [0,5,10,20,30, - Halbach array 1.16712 1.930 ICase.5 2.0 mm 10 1 42 20 40,50,100]

-0,5,10,20,30, Skewed PMCase.6 2.5 mm 10 1 42 18 0.803 12 1.214 I Lmiting Factors
0,50,100 - Gap: um

Case.7 2.5 mm 10 1 42x2= 84 21 [0,5,102 3.220 12 2.440 1 - RMS current density,
- - - - - rma due to heat

Case.8 2.0 mm 15 1 42x1.5= 63 20 [0,5,10,20,30, -Nst = 5 1.75112 1.9301 - ueto amtd
40,50,200]/1.5 -Current amplitude
[0,,1,2030 fmagnet = 0.7 due to power amplifier

Case.9 2.0 mm 15 0.7 42x1.5= 63 20 [0,5,100]305- Amp-turns 1.75112 1.9301 TotaI power
I[0,5,10,20,30, - N40 magnets due towall power limit

[0,5,10,20,30, SkwdPVCas.10 2.0mm 5 05 4x1.=63 20 40,50,100]/1.5 - Halbach array 1.751 12 1.930 I
_______- Skewed PM

Case.11 2.0 mm 15 0.3 42x1.5= 63 20 0,5',1000 Gap: 250um 1.75112 1.9301

-Skewed PM
Tecnotion Motor 141 SWG 22 [0,5,10,203 - Gap: 500um 2.580 I 2.520 1

I0I0I10] or 250um

Figure 3-15: Table of various cases to determine design parameters. Four different
groups are color-coded for the selection process of five design parameters, wt (=
wS), Rsiot, PMtick, N, and AWG.

of the design parameters that affect the motor force performances. We predict and

compare the shear stress and stage acceleration at a wide power range in various

cases to optimize each parameter value. Figure 3-15 shows the various cases of design

parameters with four different color-coded groups: tooth/slot width wt (= w,), slot

aspect ratio RIt, magnet aspect ratio PMthick, winding turns N, and wire gauge

AWG. The selection process of the design parameters is described as follows.

1) For each parameter (color-coded) group, we change only that parameter value

while keeping the other the same and select the value that shows the maximum

force performance. The force performance is compared in terms of shear stress

in [N/mm2 ] and stage acceleration in [m/s 2

. The shear stress, r is obtained by

Fthrst [N/MM2]
A [Nm] (3.29)
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where Fthrust is the calculated thrust force of a fine-tooth motor by the

finite element method, and A is the force-generating area (= magnet array

length x motor depth) in the working air-gap of a motor.

The stage acceleration, Astage is estimated for a double-sided motor con-

figuration with a stage mass of Mstage = 10 kg, using the formula of

Astage = FLniust [m/s 2] (3.30)
Mstage + Mmagnet

where Mmagnet is the mass of the moving magnet tracks used for the double-

sided motor configuration.

. Note that we use a 2D finite element model as it is computationally much

simpler than a 3D model, and captures the key motor design issues includ-

ing the thrust, cogging, and force ripple. For a real motor design, a 3D

FEM model could be used to optimize final details.

2) In order to compare the force performance among various design variants of the

fine-tooth motor and also to that of the conventional motor, we plot the shear

stress and the stage acceleration against the power dissipation per unit and the

RMS current density.

. The power dissipation per unit, Pdis,,nit is the instantaneous peak conduc-

tor power loss of

Pdiss,urit = j,2 R [W] (3.31)

where I, and R are the instantaneous peak current and coil resistance over

a basic motor unit. The basic unit means the minimal motor magnetic

configuration to generate thrust, which consists of 3 iron-core teeth and

4 magnets for the conventional motor and one pole pair for our new fine-

tooth motor. The shear stress in (3.29) and the acceleration in (3.30) are

compared at the same power levels of one basic motor unit for a fair com-

parison between two different (conventional and our fine-tooth) motors.
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The RMS current density is the root mean square of instantaneous current

density in wire (current divided by a wire cross-section area in [A/mm2])

over a certain velocity trajectory. We calculate the RMS current density

in wire by assuming a simple trapezoidal velocity profile with the stage

acceleration estimated as mentioned above (3.30), the maximum velocity

of Vmax = 2.4 m/s, and the travel length of Ymax = 350 nim, using the

relations of

t1 = VMax [s]
Astage

t2 = "a [s] (3.32)

Jrm = 2tiJ,eak2

m =_ k [A/mm2 ],

where t1 , t2 , and Jeak are the acceleration/deceleration time, the time

from zero to the end of the constant velocity period, and the peak current

density in wire to achieve the require acceleration, respectively. Note that

the time duration of t1 +t 2 is the half period of a stage cycle. It is important

to compare the force performance against the RMS current density in wire

because Jrms is directly related to the thermal limit of a motor.

3) In the following subsections, we present (T - Pdiss ,unit), (T - Jrms), (Astage -

Pdiss,unit), (Astage - Jrms) plots to compare the force performance between our

fine-tooth motor and the conventional motor for optimizing each of our new

motor design parameters.

Tooth/Slot Width

In order to determine the tooth/slot width wt (= w,) in the blue group in Figure 3-

15, we calculate the shear stress and the stage acceleration for all four cases and

compare their performances to those of the conventional 3-4 combination motor as

shown in Figures 3-16 to 3-19. For all plots in Figures 3-16 to 3-19, the light blue

curve is the simulated result of the conventional 3-4 combination motor as a reference,

and all the other lines are the design variants of our new fine-tooth motor.
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Figure 3-16: Simulated shear stress in (3.29) versus power dissipation per unit in
(3.31). By unit, we mean the minimal motor magnetic configuration required to gen-
erate a thrust, which consists of 3 iron-core teeth and 4 magnets for the conventional
motor and one pole pair for our new fine-tooth motor.
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Figure 3-17: Simulated shear stress in (3.29) versus RMS current density in wire in
(3.32). Shear stress performance of the conventional motor in light blue line serves
as a design reference.
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Figure 3-18: Simulated stage acceleration in (3.30) versus power dissipation per unit

in (3.31). As before, by unit, we mean the minimal motor magnetic configuration

required to generate a thrust. The stage acceleration is estimated for a double-sided

motor configuration with a stage mass of 10 kg.
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Figure 3-19: Simulated stage acceleration in (3.30) versus RMS current density in

wire in (3.32). The stage acceleration is estimated for a double-sided motor configu-
ration with a stage mass of 10 kg.
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The first thing to notice in Figure 3-16 is that regardless of the tooth width values,

our new fine-tooth motor always shows higher shear stress at all power levels than

the conventional motor. For instance, at the practical power level of 500 W per

motor unit, the fine-tooth motor with wt = w. = 2 mm shows the shear stress of

0.148 N/mm 2 , which is about 63 % higher than the conventional motor shear stress

of 0.091 N/mm 2 at the same power level. The steeper slopes at higher power levels

indicate even more potential to a significant shear stress increase with our new fine-

tooth motor design.

The reason why we have almost identical (T - Pdissunit) curves for all fine-tooth

motor design variants in Figure 3-16 is because both the shear stress and the power

dissipation decrease as the tooth width increases. We keep the ampere-turns the

same for all cases, and so expect the same thrust. However, as wt increases, the

force-generating area increases and the coil resistance decreases (-.- thicker wires are

used for wider slots), thereby decreasing both -r and Pdiss,,uit.

In Figure 3-17, the shear stress is plotted against the RMS current density in the

wire windings up to 50 A/mm 2, which is almost the thermally-limited value for a

heavily-liquid-cooled motor in high power machines such as a lithography scanner.

As can be seen in the figure, the fine-tooth motor designs with wt ;; 2 mm show

higher shear stress than the conventional motor at all current density levels. Among

these three cases, we select the parameter value of wt = 2 mm since it is expected to

produce the maximum stage acceleration at our testbed's practical power level of 500

W per motor unit, as shown in Figure 3-18. In addition, we can see that the selected

parameter value of wt = 2 mm also guarantees higher stage acceleration than the

conventional motor at all RMS current density levels as shown in Figure 3-19.

Slot Aspect Ratio

We obtain the same force performance plots for the red group in Figure 3-15 to

determine the optimal slot aspect ratio. Figures 3-20 to 3-23 show the plots and

compare the force performance of fine-tooth motor design variants to the conventional

motor. The light blue line is again the conventional motor as a reference, and all the
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Figure 3-20: Simulated shear stress in (3.29) versus power dissipation per unit
(3.31). By unit, we mean the minimal motor magnetic configuration required
generate a thrust.
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Figure 3-21: Simulated shear stress in (3.29) versus RMS current density in wire in
(3.32). Shear stress performance of the conventional motor in light blue line serves
as a design reference.
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Figure 3-22: Simulated stage acceleration in (3.30) versus power dissipation per

unit in (3.31). By unit, we mean the minimal motor magnetic configuration required

to generate a thrust. The stage acceleration is estimated for a double-sided motor

configuration with a stage mass of 10 kg.
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Figure 3-23: Simulated stage acceleration in (3.30) versus RMS current density in

wire in (3.32). The stage acceleration is estimated for a double-sided motor configu-
ration with a stage mass of 10 kg.
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other lines are for the fine-tooth motor with different R,1 t values. As observed before,

our fine-tooth motor designs show higher shear stress performance at all power levels

than the conventional motor, regardless of the slot aspect ratio.

Figure 3-20 shows that the fine-tooth motor designs with higher slot aspect ratio

start with higher shear stress at a low power range, but the slopes decrease faster

at a high power level. This is because the designs with deeper slots are more prone

to flux leakage when the material is saturated. The leakage effect results that the

parameter value of Ri0 t = 15 generates the highest shear stress of 0.156 N/mm2 at

500 W per motor unit, which is about 71 % increase from the conventional motor

shear of 0.091 N/mm 2 at the same power level. We observe the similar behavior in the

stage acceleration versus power plot in Figure 3-22, leading us to select the slot aspect

ratio value of R 1,t = 15 for our new fine-tooth motor. Figures 3-21 and 3-23 show

that we can expect both the shear stress and stage acceleration to be higher than the

conventional motor at all times with the selected parameter value of R 10, = 15.

Number of Winding Turns and Wire Gauge

For the purple group in Figure 3-15, we compare the cases of less turns with thicker

wire and more turns with thinner wire while keeping the ampere-turns the same.

For these two cases, we calculate the shear stress performance versus both the power

dissipation per unit and the RMS current density in wire, and compare them to each

other and to the conventional motor, as shown in Figures 3-24 and 3-25. As can be

seen in both figures, we observe the same performance for the two different cases of

less turns with thicker wire (green solid line) and more turns with thinner wire (gray

dashed line). This is because 1) we keep the ampere-turns and the stator armature

geometry the same so that the shear stress is the same for both cases, and 2) we

use twice more turns with a half cross-section wire for the case of more turns with

thinner wire, thereby making the winding coil resistance 4 times higher while having

half current for the same ampere-turns. This keeps the power dissipation in (3.31)

the same for both cases. These are the reasons why we have the identical results for

both cases in Figures 3-24 and 3-25.
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Figure 3-25: Simulated shear stress in (3.29) versus RMS current density in wire in
(3.32). Shear stress performance of the conventional motor in light blue line serves
as a design reference.
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Given that both cases of less turns with thicker wire and more turns of thinner

wire are expected to produce the same force performance, the selection between them

can depend on a few practical issues including a winding fill factor, power electronics

ratings, and winding difficulty. We present the finally chosen values for the number

of winding turns and the wire gauge for our new fine-tooth motor, and discuss the

practical reasons for the selection in Section 3.4.

Magnet Thickness

We take the same procedure to compare the force performances with different param-

eter values in the green group in Figure 3-15 so as to determine the magnet thickness

of our new fine-tooth motor. Figures 3-26 to 3-29 compare the shear stress and stage

acceleration of the new motor design variants of the magnet thickness. First thing

to notice is that regardless of the magnet thickness, our new fine-tooth motor shows

the higher shear stress and acceleration than the conventional motor at all power

and current density levels. Note that our fine-tooth motor is expected to generate

higher shear stress and acceleration even with the same magnet array pattern and

same thickness as the conventional motor, as shown in Figures 3-26 and 3-28 with

the black line. The force performances are then enhanced further when the Halbach

array pattern is used with thicker magnets. Note that we use the Halbach magnet

ratio with the vertical magnet fraction of fmagnet = 0.7 as selected in the previous

subsection.

We observe in Figures 3-26 and 3-27 that the fine-tooth motor designs with

PMthink ; 0.5 (green, red, and blue curves) show significant shear stress increases

compared to the conventional motor design (light blue curve). Among these three

candidates, we select the parameter value of PMtick = 0.5 since it is expected to

result in the maximum possible stage acceleration at our testbed's practical power

level of 500 W per motor unit as shown in Figure 3-28. For thicker magnets, we know

we will have higher shear stress. However, the moving mass will also increase with

thicker magnets, thereby decreasing the overall stage acceleration. In other words, us-

ing thickest magnets does not mean the highest acceleration. All in all, PMthick = 0.5
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as a design reference.
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Figure 3-28: Simulated stage acceleration in (3.30) versus power dissipation per

unit in (3.31). By unit, we mean the minimal motor magnetic configuration required
to generate a thrust. The stage acceleration is estimated for a double-sided motor

configuration with a stage mass of 10 kg.
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ration with a stage mass of 10 kg.
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shows to produce the maximum stage acceleration of 251.0 rn/s2 at the power level

of 500 W per motor unit, which is about 47 % higher than the acceleration of 170.8

m/s2 by the conventional motor at the same power level. The selected parameter

value of PMthink = 0.5 means that our new fine-tooth motor has the magnet thick-

ness of 7 mm. The final magnet array drawings are documented in Appendix A, and

the constructed magnet tracks are shown in Section 3.5.

3.4 Final Design of New Fine-tooth Motor

In this section, we present the final design parameters determined through the selec-

tion process discussed in the previous section. The final values of the design parame-

ters are organized in Figure 3-30 along with several relevant information. We design

our fine-tooth motor to have five phases with the tooth/slot width of 2 mm. This

results in the tooth pitch At, the magnet pole pitch Ap, and the fundamental unit

Stator Reason
Cobalt Iron Silicon Iron

Material (Hyperco50) (M-19) - Cost
Lam. Cost $9.5k/stator 80%1 $2.0k/stator - Lead time
Lead time 6-7 weeks 3 weeks

Nslot 5

wt, ws[mm] 2

Rsjot 15

N 63 3 126 - Easier handling

AWG 20 - End-turn reduction

Magnet Track

fmagnet 0.7

PMthick 0.5

Cobalt Iron C1018 steel - Cost, Lead time
Back iron w/ 3mm thick w/ 4.76mm thick - Structa integrity

Figure 3-30: Final design parameters of a new fine-tooth motor using silicon-iron
stator material to reduce prototype cost.
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length A, as

At = wt +w. = 4mm

= NIzt (wt + w.) = 20 mm (3.33)

AU = APP = 2AP = 40 mm

where APP is the magnet pole-pair pitch. The slot aspect ratio is selected as R10 t = 15,

and this makes the slot depth h, as

h8 = w. x R10, = 30 mm. (3.34)

For the magnet track, the sizes of vertical and horizontal magnets are

Wm,vertical = fmagnetAp = 14 mm

Wm,horizontal = (1 - fmagnet)Ap = 6 mm (3.35)

hm = Wm X PMthink = 7 mm

where Wm,vertical, Wm,horizontal, and hm are the width of vertical magnets, width of

horizontal magnets, and magnet thickness, respectively. The completed drawings of

our new fine-tooth motor with the final design parameters can be found in Appendix

A.

We discuss in this section some of the practical modifications we made for the

final motor design, and present the expected motor performances of the fine-tooth

motor with the final design.

3.4.1 Practical Design Modification

As shown in Figure 3-30, we make several design modifications for practical reasons,

each of which is discussed as below.

1) Stator material is changed from the cobalt iron (Hyperco50) to the silicon iron

(M-19).
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- The cobalt iron was first selected for the stator material due to its high

saturation limit of about 2.4 T. This material was used to obtain the force

performance estimations in Figures 3-16 to 3-29 for both the conventional

motor and our new motor designs.

- The cobalt iron, however, is much more expensive and its lead time was too

long for our experimental testbed. To reduce the cost and the turnaround

time, we changed the stator material to the silicon iron (M-19). Since this

material has a lower saturation limit of about 1.8 T as compared with

the cobalt iron, we expect our new motor to be relatively more prone to

flux leakage. However, we confirm in Section 3.4.2 that our new fine-tooth

motor can provide higher shear stress than the conventional motor even

with this material change. cobalt iron should be considered for future

designs.

2) We decided to use thinner wires to wind more turns.

- We first selected 20 AWG with 63 turns per slot since we can have a higher

fill factor with thicker wires in general.

- However, we realized that using thick wires makes the winding more dif-

ficult and time-consuming. For the multi-phase full-pitch winding, the

end-turns have to be reformed to deal with the overlapping issue. For

thick wires, the end-turn reformation is more difficult due to their high

stiffness, thereby requiring more time and even longer end-turn length.

- For the purpose of easier winding and end-turn reduction, we chose to use

23 AWG with 126 turns per slot. Since the ampere-turns are kept the

same, we expect no force performance reduction as shown in Figures 3-24

and 3-25. The completed stator armature with the windings is shown in

Figure 3-41.

3) We decided to use a general purpose C1018 steel for the magnet back iron rather

than the cobalt iron.
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- The cobalt iron was first selected for the magnet back iron material in the

attempt of decreasing the moving mass by reducing the back iron thickness

(to about 3 mm) due to the advantage of higher saturation limit.

- We changed to a pre-ground C1018 steel to reduce the cost and the lead

time, and made it thicker (to 4.76 mm) so as to have higher structural

integrity.

- The expected acceleration is confirmed to be higher than the conventional

motor even with this change of the magnet back iron. We present the

relevant results in Section 3.4.2.

3.4.2 Performance Expectation of Final New Motor Design

In this subsection, we describe the expected motor performance of our final motor

design in terms of thrust and force ripple, and compare these results to the conven-

tional motor. The thrust performance is shown with the shear stress and the stage

acceleration versus the power and RMS current density. The force fluctuation perfor-

mance is presented to observe and compare the force harmonic components between

our new motor and the conventional 3-4 combination motor.

Thrust Performance Comparison

Figures 3-31 to 3-34 show the shear stress and stage acceleration performances pre-

dicted for this revised practical design. In all figures, the light blue lines are for the

conventional 3-4 combination motor and the black lines are for our new fine-tooth

motor with the final design parameters shown in Figure 3-30. Even with the prac-

tical design modifications discussed in the previous subsection, our new fine-tooth

motor shows higher shear stress and higher acceleration than the conventional motor

at every power and current density level. Note that in Figures 3-31 and 3-33, we

use the power dissipation per length in the unit of [W/mm], rather than the power

dissipation per unit as in Section 3.3. This is to take the motor unit length difference

into account to have a fair comparison on the motor force performance between two

123



0 .31 I II I I I I TI

-Conventional Motor
-Finetooth (Final Design)

0.25-

E 0.2-

.
0.15 -

a)

S0. 1

0.05-

0
101 102

Power Dissiation per Length [W/mm]

Figure 3-31: Simulated shear stress in (3.29) versus power dissipation per unit in
(3.31). By unit, we mean the minimal motor magnetic configuration required to
generate a thrust. Comparison between the conventional motor (light blue line) and
our new fine-tooth motor with final design parameters (black line).
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Figure 3-32: Simulated shear stress in (3.29) versus RMS current density in wire in

(3.32). Comparison between the conventional motor (light blue line) and our new
fine-tooth motor with final design parameters (black line).
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Figure 3-34: Simulated stage acceleration in (3.30) versus RMS current density in
wire in (3.32). Comparison between the conventional motor (light blue line) and our
new fine-tooth motor with final design parameters (black line).
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different motors. Specifically, the motor unit length A, is 48 mm for the conventional

motor and 40 mm for our new fine-tooth motor.

The fine-tooth motor is expected to generate a shear stress of 0.115 N/mm 2 at a

lower power level of 10 W/mm, showing approximately 28 % increase over the conven-

tional motor's shear stress of 0.090 N/mm2 at the same power level. At the maximum

RMS current density of 50 A/mm 2, we observe even higher shear stress increase of

about 84 % from 0.167 N/mm 2 (a 24 psi) by the conventional motor to 0.308 N/mm 2

(a 45 psi) by our new fine-tooth motor. The acceleration predictions in Figures 3-33

and 3-34 also show the similar results of our new fine-tooth motor showing significant

force enhancement. The simulated result of enhanced force performance of our new

fine-tooth motor is experimentally validated in Chapter 7.

Force Fluctuation Comparison

We discuss how our new fine-tooth motor design contains less force harmonics in

Section 3.1. Here we confirm that argument by observing the predicted force ripple

and its harmonics generated by our fine-tooth motor. Figure 3-35 compares the force

ripples of the fine-tooth motor with the final design parameters (black line) to the

conventional motor (light blue line). The upper plot is for the force ripple in the

normal direction, and the lower one is for the tangential direction. Note that skewed

magnets are used for both motors.

As shown in Figure 3-35, our fine-tooth motor generates smaller force ripple.

Specifically, we have a significant peak-to-peak force ripple reduction with the ratio

of 9-to-i and 5-to-i in the normal and tangential directions, respectively. We can also

observe that our new motor contains less force harmonics from the spatial spectrum

of the force ripples in Figure 3-36. The conventional motor has a strong fundamen-

tal harmonic along with the second, third, and also fourth harmonics of significant

amplitudes. On the other hand, our new fine-tooth motor exhibits almost solely

the fundamental harmonic without any notable high harmonics due to the smoother

stator and rotor MMFs as shown in Figure 3-2.

We expect that the advantage of having less force harmonics will lead to less motor
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Figure 3-35: Simulated force ripple comparison between the conventional motor (light
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motor (light blue line) and our new fine-tooth motor with final design parameters
(black line).
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noise as discussed in Chapter 1. In Chapters 6 and 7, we present experimental results

to validate this expectation and show how much less noise we can have with our new

fine-tooth motor compared to the conventional 3-4 combination motor.

3.5 Construction of New Fine-tooth Motor

In this section, we present the construction of our new fine-tooth motor' based on the

final design discussed in the previous section. We first discuss the stator armature

construction in terms of stator laminations, coil windings, wirings, and cablings. The

fabrication process of Halbach magnet array is then presented along with the pictures

of the completed magnet tracks. For the detailed drawings of stator laminations and

moving magnet tracks, please refer to Appendix A.

3.5.1 Stator Armature

Figure 3-37 shows the pictures of the stator laminations, fabricated by Polaris Laser

Laminations, with the total length of 728 mm and the total number of 180 slots. The

U.S. quarter coin in the pictures serves as a size reference. The silicon iron M-19

laminations are laser-cut and stacked to have the motor depth of 52 mm, which is

the same depth as the conventional iron-core motor, TL 18 by Tecnotion. Note that

the mounting slots in the back yoke of the stator laminations are for dove-tail inserts

used to mount the stator in the experimental testbed. The drawing of the dove-tail

inserts is documented in Appendix A, and how they are used to mount the stator

armature is discussed in Chapter 5.

Our new fine-tooth motor has five phases, so we have a total of 36 (=180/5) basic

winding regions as shown in Figure 3-38. These winding regions are divided into

four sections to distribute the motor driving power. The 5-phase coils are wound in

each section as shown with the winding scheme of section #1 in the figure. We use

the double-layer and full-pitch winding method for each phase as color-coded in the

winding schematic: red, orange, yellow, green, and blue for the phase A, B, C, D, and

'We thank Fred Sommerhalter for his fabrication of these challenging motor components.
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Region: 1 2 3 4 5 6 7 8

Figure 3-39: Wiring scheme of the phase-A coils in the first section. The total of 8
phase-A coils are connected in series to have alternating polarities.

E, respectively. The double-layer winding method is to wind a coil from the bottom

half of a slot to the top half of the full-pitch-distanced slot as shown in the figure.

This helps reduce the overlapping area of the winding end-turns. Note that in this

winding pattern, the first 5 and last 5 slots are only half-filled. That is, regions 1 and

36 have have half-filled slots.

The coils for each phase in each section have to be wired in series to have alternat-

ing polarities as shown with the wiring schematic of the phase-A coils in Figure 3-39.

This results in a total of 5 phase winding coils per section, and so a total of 20 re-

sultant winding coils for the whole stator armature. Each of these winding coils is

individually driven by a power amplifier. We discuss the amplifier details in Chap-

ter 5.

Each phase winding has two lead wires, so a total of 40 lead wires (10 lead wires per

section) have to be brought out to be connected to the power amplifiers. Figure 3-40

shows the cabling schematic of 40 lead cables. It was challenging to package the cables

because 1) the space under the winding end-turns is limited as shown in Figure 3-41,

2) the limited room has to be shared for both the series-connection wires and cables,

and 3) the mounting area for our new motor stator is also limited as can be seen in
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~i~r
Figure 3-40: Cabling scheme of our newly-designed fine-tooth motor. Total of 40
cables for 20 resultant phase winding coils (5-phase coils per section) with 10 cables
brought out to each corner.
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Figure 3-41: Completed stator armature with all the winding, wiring, and cabling.
Quarter is for a size reference.
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Figure 5-24. To tackle this challenging issue of cable packaging, we bring out a total

of 10 cables at each corner to effectively utilize the limited space under the winding

end-turns, as schematically shown in Figure 3-40.

Figure 3-41 shows the pictures of the completed stator armature with all the

windings, wirings, and cablings. The U.S. quarter coin is again used as a size reference.

The total of 175 coils are inserted one by one in the total number of 180 narrow and

deep slots, and all these coils are wired in series for each phase per section. Then,

all the resultant winding coils are brought out by the lead cables, as shown in the

pictures, to be connected to the multiple power amplifiers.

3.5.2 Magnet Tracks

The moving magnet tracks are also fabricated to be operated with the stator armature

previously presented. We use the Halbach magnet array for our new fine-tooth motor

as discussed in Sections 3.3 and 3.4, and Figure 3-42 shows its assembly process.

First, the assembly template made by a non-magnetic material is positioned on top

Figure 3-42: Assembly process of Halbach magnet array. Photos courtesy of Fred
Sommerhalter.
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Figure 3-43: Completed Halbach array magnet tracks with both non-skewed and
skewed magnets. The short tracks are for the single-sided motor configuration and
the long ones for the double-sided configuration. We thank Fred Sommerhalter for
the fabrication of the magnet tracks.
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of the magnet back iron. The adhesive is applied on those portions of the back iron

for the vertical magnets. The vertical magnets are then inserted in the template.

It is very difficult to directly insert the horizontal magnets between the vertical

magnets since they tend to flip themselves to be aligned with the vertical magnets.

To facilitate the horizontal magnets assembly, Fred Sommerhalter used a vice to

create a flat top on the vertical magnets and insert the horizontal ones from the

side. These pictures of Halbach magnet assembly process are for the non-skewed

magnet tracks, but the same procedure can be taken for the skewed magnet tracks

too. Figure 3-43 shows the completed moving magnet tracks in both non-skewed and

skewed versions. The shorter tracks are for the single-sided motor configuration in

the scope of this Ph.D research work, and the longer tracks are for the double-sided

motor configuration in the future work. Note that the longer magnet tracks cannot be

used in our experimental testbed for the single-sided configuration because the motor

attractive force would be too large for air-bearings to work against. The details on the

motor attractive force and air-bearings used in our testbed are discussed in Chapter

5. We use both non-skewed and skewed magnet tracks for our noise experiments to

investigate the cogging-oriented noise. The relevant results are discussed in Chapter 7.

3.6 Summary

In this chapter, we discuss the modeling, design, and construction of our new fine-

tooth motor. In contrast to the conventional 3-4 combination motor design, we take

the design direction of having multiple fine teeth closely placed together with the

Halbach magnet array for the advantages listed as below.

" The multi-phase (5-phase in our final design) fine-tooth stator design helps

reduce the high harmonic contents in the stator MMF.

" The Halbach magnet array helps reduce the high harmonics in the rotor (magnet

track) MMF.
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" The generated force by our fine-tooth motor, therefore, contains less force har-

monics, thereby expected to emit less noise.

" The fine-tooth design facilitates cogging reduction by using skewed magnets

without compromising the thrust. The cogging force reduction is expected to

lead to the cogging-related noise reduction of our new fine-tooth motor.

" The multi-phase fine-tooth stator with the Halbach magnet array also helps

increase the shear stress to have higher force performance than the conventional

motor.

We determine the specific design parameters of our new fine-tooth motor using

the hybrid layer model and the finite element method. In the parameter selection

process, we calculate and compare the shear stress and stage acceleration versus the

power dissipation and RMS current density. We consider many different design vari-

ants and select the parameter values to yield the maximum force performance in

terms of shear stress and acceleration. Our fine-tooth motor with the final design

parameters shows great potential to increase the force performance compared to the

conventional 3-4 combination motor. Furthermore, the force harmonics are also com-

pared to confirm that our new fine-tooth motor contains much less force harmonics

than the conventional motor. The expected motor performances discussed in this

chapter are experimentally validated in Chapters 6 and 7.

We also present in this chapter the new motor fabrication details for both the

stator armature and moving magnet tracks. The experimental linear stage testbed

to test our new fine-tooth motor as well as the conventional motor is discussed in

detail in Chapter 5. The comprehensive experimental results on the motor noise

issue are presented in Chapters 6 and 7, where we show the improved force and noise

performances of our new fine-tooth motor compared to the conventional motor.
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Chapter 4

Experimental Testbed Design

In this chapter, we discuss experimental testbed designs to have various functionalities

required for the motor vibro-acoustic noise experiments. The experimental linear

stage testbed needs to be able to accommodate both the conventional 3-4 combination

iron-core motor and our newly-designed fine-tooth motor in the single- and double-

sided configurations. The testbed design should also include measuring systems for

the real-time stage position and direct motor force measurements. We discuss these

design targets with other important system requirements in the first section. Various

conceptual designs to fulfill the requirements are presented in the following section.

The structural designs of the stage testrig can be substantially different depending

on the motor magnetic configurations, for example, which part is long or short and

which is moving or stationary. We present hand sketches of possible stage concept

designs for each case, and discuss the pros and cons of each design to converge into

one promising conceptual design. In the last section, we present design details of

the converged stage configuration, including base structures and bearings. The final

design of the experimental testbed is illustrated in detail with CAD models at the

end of this chapter, followed by a summary.
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4.1 Functional Requirements

The basic purpose of the experimental testbed is 1) to facilitate vibro-acoustic noise

experiments so that we can understand and resolve the noise issue of linear iron-core

motors and 2) to test our newly-designed fine-tooth motor to experimentally validate

its performance. In order to meet these objectives, the linear stage testrig is required

to have certain functionalities, and we list these requirements in this section.

#1. The experimental testbed is required to have hardware flexibility to accommo-

date two different linear motors in four different configurations.

- We investigate the vibro-acoustic noise issues of both the conventional

iron-core motor, TL18 model by Tecnotion, and our new fine-tooth motor.

These motors are different in design and size, so a large enough volumetric

margin is required.

- The testbed needs to be structured in four different configurations of single-

sided and double-sided stage with either the conventional or new motor.

Independence of one side from another is, therefore, required. Note that

we study the noise issues of the single-sided configuration with both motors

in the scope of this thesis, and pursue the topic of the double-sided motor

configuration as a future work.

- The stage setup needs to be disassembled and reassembled relatively easily,

and the assembly process needs to be repeatable.

#2. The experimental testbed is required to have air bearings to isolate only the

magnetic source of the motor vibro-acoustic noise.

- Bearings are needed to provide a linear motion in one direction while con-

straining the other degrees of freedom. The most widely-used rolling-

element bearings, however, require mechanical contacts and so generate

vibrational and acoustic noises unrelated to motor operation.

- In order to avoid extraneous mechanical noise sources and isolate the mag-

netic noise sources of the motors, the usage of air bearings is required.
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#3. The experimental testbed is required to provide a long enough travel length to

be able to study the motor noise issue during constant velocity regions with

various speed levels.

- The maximum stage velocity we target for our testrig is 2.4 m/s, which is

on the same order of magnitude with the scanning speed of a lithography

machine. In order to maintain this level of velocity constant over a sub-

stantial period of time for meaningful noise data, it is necessary to have a

total travel length larger than 300 mm.

- The travel range of the conventional iron-core motor (192 mm) is limited by

the length of the commercially available model (Tecnotion TL18), not by

the testbed structure. However, the stage structure needs to be designed 1)

to accommodate our new fine-tooth motor with 728 mm length as discussed

in Chapter 3 and 2) to provide the travel range larger than 300 mm.

#4. The experimental testbed is required to deal with high reaction forces during

high-acceleration operations.

- We run the single-sided testbed at the maximum acceleration of 45 m/s2

(~ 4.5 G) and plan in a future study to drive the double-sided motor up

to about 20 G. At these high acceleration cycles, the motor reaction force

becomes very significant and needs to be handled not to cause any serious

excitation to the rest of the system and even to other equipment nearby.

- The high reaction force can be handled 1) by a balance mass which moves

in the opposite direction to dissipate the reaction energy and to keep the

force from being transmitted to the rest of the system and 2) by a very

high mass ratio between stationary and moving masses to minimize the

reaction dynamics.

- For a balance mass, a ratio of about 10-to-1 or higher is required while a

much larger ratio of about 100-to-1 is necessary for a stationary reaction

mass.
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#5. The experimental testbed is required to measure the moving stage position in

real-time.

- Position sensors are required for the testbed to provide real-time position

to the commutation algorithm and to the position feedback controller so

that we can control the motors to perform the noise experiments.

- The real-time position information needs to be available throughout the

entire travel range with the desired resolution less than or equal to 1 pm

and the RMS position tracking error less than 10 pm during a constant

velocity region, required for the long-stroke reticle stage of a lithography

scanner.

#6. The experimental testbed is required to directly measure the motor force such

as cogging to understand the force harmonics exerted on the stage during cycle

operations.

- We speculate that the motor force harmonics act on and vibrate the moving

stage, thereby radiating acoustic noise. In this sense, it is important to

be able to directly measure the forces, especially the cogging, to study the

harmonics.

- A force sensor or a dynamometer is required to do this task for the exper-

imental testbed.

#7. Vibrational and acoustic noise measurement systems are required to investigate

the motor vibro-acoustic noise issues.

- Accelerometers are needed to measure the vibrational noise of both the

conventional iron-core motor and new fine-tooth motor.

- Microphones are needed to measure the acoustic noise emitted by both the

conventional and new motors. Microphones with the audible frequency

range of 20 Hz to 10 kHz are required.
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- Selected accelerometers, microphones, and necessary electric accessories

are presented in Chapter 5.

We present in the following section various conceptual designs of the experimental

testbed considering the requirements discussed above.

4.2 Conceptual Designs

The structural designs of the experimental stage setup are mainly subject to the

magnetic configuration of the motor armature and magnet track. Namely, depend-

ing on which part is moving or stationary and which is long or short, we can have

four different major configurations of 1) moving short magnet with stationary long

armature, 2) stationary long magnet with moving short armature, 3) moving long

magnet with stationary short armature, and 4) stationary short magnet with moving

long armature. In the design process, we generated concepts for each of these four

configurations to understand and compare one design to another. Hand sketches of

the testbed system for each case are presented in the following subsections along with

the pros and cons of each design. Note that the design sketches are based on the

double-sided motor configuration, but the single-sided design configuration simply

requires the removal of the upper half.

4.2.1 Moving Short Magnet and Stationary Long Coil

There can be many different designs to achieve the magnetic configuration of moving

short magnet and stationary long armature (or coil to be simpler), and one possible

design is sketched in Figure 4-1 with corresponding coordinates. The front view shows

the upper and lower armatures, and the moving magnet track in between. The whole

system is installed on a large (1.2 m x 0.9 m) and heavy granite table to provide

a high mass ratio and handle the expected high reaction force. Note that only a

half of system is depicted for simplicity in the front view sketch about the symmetry

line. The dynamometers are installed on the bottoms of the stationary armatures to
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Figure 4-1: Hand sketch of a possible stage design with moving short magnet and
stationary long coil. Front view (upper), isometric view (lower left), and top view
(lower right).
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directly measure the motor force. We configure the dynamometer using four triaxial

load cells; its details are discussed in Chapter 5. The motor air gap can be established

by using shims, especially of non-magnetic material when directly used in the motor

air gap. There are also position sensors, which consist of an encoder read-head and

linear scale to obtain the real-time position of the moving stage. Note that in this

configuration, we must have the read-head on the moving short magnet track and the

encoder scale on the longer stationary structure, so as to have a long measurement

range. The moving stage is guided in the Y scan direction by the bearing system with

the bearing trucks on the stage and linear guide rails on a fixed structure as shown

in the isometric view of the sketch. Note that the bearing system is schematically

drawn with trucks and linear rails, but we ultimately plan to utilize air bearings as

discussed in the previous section. Detailed air bearing designs and the design process

are presented in Section 4.3.1.

In this design variant, the moving portion is the short magnet track as shown in the

top view, so we can achieve a higher acceleration for the same magnetic force exerted

on both the armature and the magnets. It is also beneficial to have moving magnets

in that we can minimize the number of umbilical cables. In addition, these sketches in

Figure 4-1 show modular designs where 1) the single- and double-sided configurations

can be independent by attaching or detaching the upper armature module and 2)

the motor can be changed to a different kind without fully disassembling the stage

structure.

Another possible design with the magnetic configuration of moving short magnet

and stationary long coil is shown in Figure 4-2. This design is basically a 90'-rotated

version of the previous design. Here, we use commercially available cast-iron angle

plates as a base structure to hold the stationary long armatures. The angle plates can

be translated on the table top to set or adjust the motor air gap with the help of shims

and as allowed by oval openings of the top plate as depicted in the magnified view.

In this design, it might be easier to disassemble and reassemble the armatures 1) for

single- and double-sided configurations and 2) when changing the motor, since we

always have easy access to the mounting area from the backs of the angle plates. One
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Figure 4-2: Hand sketch of a possible stage design with moving short magnet and
stationary long coil. Essentially a 90'-rotated version of the previous concept.
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Figure 4-3: Hand sketch of a possible stage design with moving short magnet and
stationary long coil. Moving magnets are configured outside. Front view (upper), top
view (lower left), and side view (lower right).
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drawback of this design is however that the armature is simply hanging as a cantilever,

thereby causing a constant moment in the Oy-direction on the dynamometer by its

own weight. This moment might make it difficult to set the preload uniformly to the

load cells forming the dynamometer.

If we place the moving short magnets outside, we can have another possible design

configuration as shown in Figure 4-3. Unlike the previous designs where the short

magnets are sandwiched by two armatures, the magnet arrays are split into the upper

and lower parts of the moving stage structure. The long iron-core armature in the

middle can be made out of two regular armatures mounted back to back. Note that

if only for the double-sided configuration, the iron-core armature can be customized

as one piece without a back yoke since the magnetic flux can return through the

magnet track. In this design, it is easy to switch between single- and double-sided

configurations by simply adding or taking apart one of the magnet tracks. There

are however a few disadvantages in this design that 1) the stage structure required to

split the magnet tracks increases the moving mass, thereby decreasing the acceleration

and 2) the long stationary armature required to have a long travel range might sag

in the middle because it can be only held at the ends as shown with the side view in

Figure 4-3.

Among the three different conceptual designs for the case of moving short magnet

and stationary long coil, the first one in Figure 4-1 meets the requirements better,

and we briefly list the pros (+) and cons (-) of this design.

(+) The moving mass of magnet tracks is smaller than the iron-core armatures so

that we can increase the stage acceleration for the same magnet force.

(+) The long and heavy armatures add significant mass to the stationary portion

of the system. With these heavy armatures together with the base structures

and the granite table against the light moving magnets, we can achieve a high

mass ratio to handle the expected high reaction force.

(+) We can minimize the number of moving cables, so the assembly can be simpler

and the undesired cable dynamics can be minimized.
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(-) Longer armatures than magnets mean that there are parts of coils which are

not engaged with magnets. These un-engaged coils increase the electric power

dissipation. To avoid this, we can divide the armature into several sections

and selectively turn off the un-engaged windings. This however requires the

increased number of power amplifiers and also might cause the traveling of

heat along the long armature. Such moving heat sources are troublesome in

precision machines, as thermal deformation then never reaches steady-state. In

the lithography use case, it will likely be best to operate all coils, and accept

the large power dissipation.

4.2.2 Stationary Long Magnet and Moving Short Coil

In this subsection, we discuss the second magnetic motor configuration of stationary

long magnet and moving short coil, which is the opposite of the previous magnetic

structure. Hand sketches of one possible design with such a magnetic configuration

are shown in Figure 4-4. The overall testbed structure stays the same, but in this

design, the magnet tracks are long, stationary, and located outside, while the moving

iron-core armature is sandwiched between the upper and lower magnet tracks. The

side-view sketch schematically shows a conventional 3-phase armature with the coils

lump-wound on iron cores. This moving short armature is placed between two magnet

tracks without a back yoke. As before, the motor air gap can be set or adjusted by

using shims, and the modular design helps the disassembly and reassembly process

for changing motors or switching between single- and double-sided configurations. A

similar design, but a 90'-rotated version is depicted in Figure 4-5. In this design,

compared to one in Figure 4-2, the moment exerted on the dynamometer in the Oy-

direction is smaller due to the lower weight and the shorter moment arm, so the

cantilever effect might not be as problematic as before.

The moving short armature designs in Figures 4-4 and 4-5 are advantageous in

that: 1) all the coils are always engaged with magnets and so there is no unnecessary

power consumption, and 2) not many power amplifiers are required, so the electric

assembly can be simpler. In fact, only one commercial 3-phase power amplifier is
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Figure 4-4: Hand sketch of a possible stage design with stationary long magnet and
moving short coil. Front view of overall structure (upper) and side view of motor
magnetic configuration (lower).
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Figure 4-5: Hand sketch of another possible stage design with stationary long magnet
and moving short coil. Essentially a 90'-rotated version of the previous concept.

enough to drive a conventional 3-phase motor when the armature is short and moving.

These are some of the reasons why the magnetic motor configuration of stationary

long magnet and moving short coil is the most common type in industry. However,

one of the biggest drawbacks of this configuration for our purpose is that the moving

mass of the iron-core armature will be larger than the moving mass in the case of

moving short magnets. This can be a significant loss in the aspects of 1) achievable

stage acceleration and 2) mass ratio between stationary and moving parts for the

reaction force handling. This becomes more problematic if we add a liquid cooling

mechanism to the moving armature, as will be required for thermal management at

high acceleration. Note that we choose not to implement the cooling structure in our

experimental testbed since we can run experiments for a short duty cycle so as not to
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approach thermal limits. For commercial-level motor designs, however, the cooling is

one of the most important design aspects to ultimately consider, especially for high-

power applications such as a lithography scanner. In addition to the disadvantage

of increasing the moving mass, the armature contains numerous coils and possibly

water supply lines so that we have to deal with a large number of moving umbilical

cables in this magnetic configuration. This might complicate the assembly process

and require more effort to deal with the associated cable dynamics.

We briefly summarize below the pros (+) and cons (-) of designs with the mag-

netic motor configuration of stationary long magnet and moving short coil.

(+) All coils in the armature are engaged with magnets at all times and so no

unnecessary power dissipation is needed.

(+) The motors can be driven with the minimal number of power amplifiers: namely,

as small as one amplifier for a conventional 3-phase armature and 5 amplifiers

at most for our 5-phase fine-tooth motor armature.

(-) The moving mass of the iron-core armature is larger than the case of moving

short magnets.

- The achievable stage acceleration decreases.

- The mass ratio between stationary and moving parts decreases and so the

system might be more affected by the high reaction force.

(-) There are more umbilical cables attached to the moving part than for the case

of moving short magnets.

4.2.3 Moving Long Magnet and Stationary Short Coil

The third magnetic motor configuration is with a moving long magnet and stationary

short coil. A simple hand sketch of such a configuration is shown in Figure 4-6. In

fact, this design can be seen as either moving long magnet with stationary short

coil or stationary long magnet with moving short coil depending on our choice of
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Figure 4-6: Hand sketch of a possible stage design with moving (or stationary) long

magnet and stationary (or moving) short coil.

which is the moving part. If we choose to move the armature and guide its motion

accordingly with bearing systems, then we would have a design similar to Figure 4-4.

If we choose, however, to move the long magnet tracks, then we have a design of the

magnetic motor structure of moving long magnet and stationary short coil. Similarly,

this configuration of moving long magnet can also be achieved in the same design

shown in Figure 4-1 if we make the moving magnet tracks longer and the stationary

armatures shorter.

In both possible designs (moving magnets outside or inside) of the long-moving-

magnet case, we keep the advantages of having short armatures. However, the moving
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mass is still larger than the case of moving short magnet and this is a critical disad-

vantage when considering our testbed's purpose of high acceleration.

A brief list of the pros (+) and cons (-) of this long-moving-magnet case is

summarized as below.

(+) All coils are engaged with magnets at all times, so there is no unnecessary power

consumption and the number of power amplifiers can be minimized.

(+) The number of umbilical cables is minimized.

(-) The moving mass is larger than the case of moving short magnets, so we lose

in the aspect of achievable stage acceleration.

(-) The linear guide rails or guide surfaces for bearings are required to be ineffi-

ciently long.

4.2.4 Stationary Short Magnet and Moving Long Coil

The final motor configuration variant is with stationary short magnet and moving

long coil. One possible design of this configuration is illustrated in Figure 4-7. As

can be seen in the figure, this design is a switched (between moving and stationary

parts) version of Figure 4-1 with the long moving armatures outside. Similarly, we

can have the moving long armature inside by switching the moving and stationary

parts of the design shown in Figure 4-3.

As discussed in the previous subsection, one of our design targets is to have high

stage acceleration. In this sense, the configuration with long and heavy moving ar-

matures needs to be avoided. Moreover, this motor structure keeps the disadvantages

of having longer armatures than magnets, which gives another reason to avoid this

design approach. We provide a brief list of the pros (+) and cons (-) of this long-

moving-armature case as below.

(+) None.

(-) The moving mass is the biggest among the four different motor configurations.
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(-) The mass ratio between stationary and moving masses is the lowest among the

four basic configurations.

(-) The number of moving umbilical cables is the largest among the four configu-

rations.

(-) Not all coils are engaged with magnets, so there is unnecessary power loss

by energizing those un-engaged windings. The windings can be divided into

multiple sections to avoid this power dissipation issue, but it requires more

power amplifiers.

(-) The linear guide rails or guide surfaces for bearings are needed to be inefficiently

long.

4.3 Design Selection

In the previous section, possible testbed designs for four different motor configurations

are presented, and the pros and cons of each design are discussed. We choose to

converge on the magnetic configuration of moving short magnet and long stationary

coil for the reasons listed below.

" Low moving mass

- High achievable stage acceleration.

- High mass ratio between stationary and moving parts to handle the ex-

pected high motor reaction forces.

" Minimized number of moving cables

-+ All winding cables are stationary, and only required umbilical cables are

for the encoders and the air supply for the air bearings.

- This makes it easier to assemble the testbed and handle undesired cable

dynamics.
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0 Multiple number of power amplifiers to drive individual coils

-+ The coils not engaged with magnets can be selectively turned off to save

unnecessary power consumption.

-+ If the heat travel is a more critical factor than the power, then we can

choose to energize all coils at all times.

In this section, we present more detailed and practical designs of the magnetic

motor configuration with the moving short magnets and the long stationary coils.

We first introduce base structures, which provide 1) mounting areas to upper and

lower armatures and 2) long and well-ground bearing guide surfaces. As discussed in

Section 4.1, we desire to use air bearings to avoid possible mechanical noise sources

and isolate the magnetic noise source of the motors. Depending on the types of air

bearings and their preloading methods, the stage structure design will be different.

We discuss various feasible designs in the following subsection and converge to finalize

the design. We show three-dimensional CAD models of the finalized testbed design

in both single- and double-sided configurations at the end of this section.

4.3.1 Base Structure and Bearing Selection

We had extensive discussion about air bearing types and possible bearing structure

designs with Drew Devitt, the chief technology officer (CTO) of New Way Air Bear-

ings. He proposed using two long guide bars that New Way had in possession from a

previous project. A picture of these guide bars is shown in Figure 4-81. We choose

to use these bars as our base structures for the reasons listed below.

" The guide bars already have well-ground top and side guide surfaces for air

bearings to run against.

" They are long enough (1040 mm and 1295 mm) to provide a long travel range.

For the conventional Tecnotion motor, the travel length is limited by the length

'We appreciate New Way Air Bearings' kind offer for the guide bars, and thank Drew Devitt for
sharing ideas on air bearing configurations.
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Figure 4-8: Picture of base guide bars with the same cross-section area, but with the
different length of 1040 mm and 1295 mm.

of commercially available armatures. However, we can easily obtain the re-

quired travel of 300 mm by using these long guide bars together with our

newly-designed fine-tooth motor.

" They have a pocketed area suitable to mount both the conventional and new

motors. Specifically, the 1040-mm long bar has a pocket of 140 mm x 1040 mm,

which are able to accommodate both 77 mm x 336 mm conventional Tecnotion

armature and 110 mm x 728 mm fine-tooth motor armature.

" The guide bars are made of steel, and weigh about 226 kg (1295-mm long bar)

and 184 kg (1040-mm long bar). These heavy base structures together with the
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granite table can provide a high mass ratio to handle the expected high reaction

force of the motors.

* Two guide bars with the same cross section area as shown in Figure 4-8 can

provide a symmetric structure for the double-sided motor configuration.

" New Way kindly offered to provide the guide bars to us at very low cost. We

are grateful for this important contribution to our project.

We consider various types of air bearings and corresponding stage structure designs

using these base guide bars. The moving stage designs can be different depending

on what types of air bearings to use and how they are preloaded. We discuss several

different designs in the following subsections with the pros and cons of each design.

Air Bearings Preloaded by Air Bearings

In order for air bearings to work, the bearings have to be floated by compressed air

and also at the same time pressed down by a preloading force against a guide surface.

There can be many different ways of preloading, and one of the simplest ways is to

use the same bearings in the opposite direction. Figure 4-9 shows one possible design

in the front and isometric views with corresponding coordinates. As discussed earlier,

we take the magnetic motor configuration of moving short magnet and stationary

long coil. Air bearings are used both on the top and bottom of the moving stage

to constrain its motion in the Z direction, and also symmetrically both sides for the

lateral constraint in the X direction. Note that the air bearings in the sketches are

schematically represented by bonded air bearings, but we can readily use other types

of bearings with different mounting details. We discuss the selected bearing types

and mounting methods in Section 4.3.2.

This preloading method by opposing bearings is conceptually simple. However,

in order to realize it in practice, we need to have two parallel flat guide surfaces

in each constraining direction. Therefore, a total of four flat guide surfaces have

to be parallel in our case of constraining motions in both the X and Z directions,

and all these guide surfaces with the tolerance less than a few micro-meters are
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Figure 4-9: Hand sketch of a possible design with air bearings symmetrically
preloaded by other air bearings. Front view (upper) and isometric view (lower).
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needed even for the single-sided motor configuration. This complicates the overall

structure assembly. Moreover, there have to be at least two different air supply lines

so that we can adjust the air pressure to cope with different preloading levels required

by changing motors (conventional or new motor) or switching motor configurations

(single- or double-sided configuration).

Note that this design includes a possibility to use the base structure as a balance

mass to dissipate the reaction energy. The flat surface of the granite table can be

the guide surface, and with a proper selection of air bearing size, the bearings can be

well preloaded by the weight of the base structure. The lateral motion of the balance

mass can be constrained by opposing side bearings against additional guide surfaces

as shown in the sketch. We choose not to use the balance mass method for the single-

sided motor configuration since 1) we have a high mass ratio between stationary and

moving masses and 2) our target acceleration for the single-sided configuration is

not too high, namely about 45 m/s 2 . However, we might need to apply the balance

mass approach for the double-sided motor configuration in the future work because

we target to drive the double-sided motor at an acceleration as high as 200 m/s2 (20

G).

Air Bearings Preloaded by Vacuum

In order to avoid using counter guide surfaces, we can preload air bearings by vac-

uum. One possible design with the vacuum preloaded (VPL) air bearings is shown in

Figure 4-10. The top bearings are vacuum-preloaded, so the entire bearing systems

can be operational with one base guide bar. This allows the single-sided motor con-

figuration to be a stand-alone system without the need for the entire upper structure.

For the side bearings, we can either use regular air bearings preloaded by opposing

bearings from the other side or apply VPL bearings on only one side. There is a

trade-off in this choice. Using opposing bearings on both sides might provide higher

stiffness, but it can cause a bending moment on the stage as depicted in Figure 4-10

with the blue dashed line. With VPL bearings on one side, we can avoid the bending

moment, but the stiffness might be lower. We discuss this issue further when we
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Figure 4-10: Hand sketch of a possible design with vacuum preloaded (VPL) air
bearings.

present the final testbed design in Section 4.3.2.

The VPL bearings are advantageous in that we can float and hold them down

simultaneously against one flat guide surface. However, since such a bearing shares

the bearing surface for both pressured air and vacuum, it is not space-efficient and

also provides less stiffness. For example, a circular VPL bearing with 50 mm diameter

(S205001 by New Way) has the stiffness of 13 N/pm at the air pressure of 60 psi while

a regular bearing with the same size (S105001 by New Way) has the stiffness of 58

N/urm, which is about 4.5 times higher. This means that we need to use 4.5 times

larger area to achieve the same level of bearing stiffness. Considering the pre-defined

top guide surface area of the base bar, this requires the moving stage to have larger

length in the Y direction, thereby 1) significantly losing the total travel range and 2)

lowering the achievable acceleration due to the mass increase of the stage structure.
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Air Bearings Preloaded by Magnets

Another way to preload the air bearings without the need of counter flat surfaces is

to use magnetic forces. In fact, in many cases, an array of magnets are used with

steel straps to provide proper preloading forces to air bearings. For our case, however,

the base guide bar itself is made of steel and we can directly take advantage of this

material property. Figure 4-11 shows hand sketches of one possible design with air

bearings preloaded by magnets. The hand sketch of the top view schematically shows

the arrangements of top air bearings and preloading magnets. The magnetic pressure

is in general higher than the vacuum used in VPL bearings, so it is more space-efficient

to use the magnetic preloading. Specifically, the magnetic pressure by a neodymium

magnet with the residual flux density, Br of 1.4 T is about 780 kPa, which is obtained

by

B2 (1.4 T)2

r 2-7 780 kPa (4.1)2po 2 x 47r x 10-- Tm/A

where go is the magnetic permeability of the air. This is higher than the vacuum

range, commonly used for VPL bearings, of 5 to 25 inHg (~ 17 to 85 kPa). Ac-

cordingly, by magnets, we can preload the same air bearings at the same level with

only about 10 % of the guide surface area compared to the vacuum, thereby not

compromising the total travel length and the achievable stage acceleration.

In order to accommodate both the single- and double-sided configurations with

either conventional or new motor, we need to be able to control the preloading force.

One possible way as indicated in Figure 4-11 is to change magnets, using the magnet

pockets in the stage, with different sizes for different preloading levels. Another, more

practical and simpler, way is to use threaded studs to adjust the magnetic gap between

magnets and the guide surface, as shown in Figure 4-12. We discuss these preloading

magnets further with other design details to finalize the experimental testbed design

in the following subsection.
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Figure 4-11: Hand sketch of another possible design with air bearings preloaded by
magnets. Front view (upper) and top view (lower).
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4.3.2 Selected Testbed Design and CAD models

Based on the requirements discussed in Section 4.1, we select the experimental testbed

design to have the magnetic motor configuration of moving short magnet and station-

ary long coil. Also, the bearing systems with the magnetic preload and corresponding

stage design are chosen for the reasons mentioned in the previous subsection. Here,

we discuss and summarize the finalized design details of the experimental testbed to

see how the selected design meets the requirements presented in Section 4.1. We also

show the CAD models of the finalized testbed design for both single- and double-sided

configurations with either the conventional Tecnotion motor or our newly-designed

fine-tooth motor. Note that the drawings of all the components in the final design of

the stage testbed are documented in Appendix A.

#1. The selected testbed design has the hardware flexibility to accommodate single-

and double-sided motor configurations with both conventional Tecnotion and

newly-designed fine-tooth motors.

- The pocketed area of the 1295-mm long base guide bar has large enough

volumetric margin to accommodate motor armatures of both motors as

shown in Figures 4-13 and 4-15.

- The use of air bearings preloaded by the magnetic force allows the indepen-

dent system of the single-sided motor configuration for both conventional

and new motors as shown in Figures 4-13 to 4-16. The 1295-mm long guide

bar is used as the lower base structure and the shorter 1040-mm guide bar

is utilized as the base of upper motor structure for the double-sided con-

figuration.

#2. The selected testbed design uses air bearings to avoid the noise caused by me-

chanical contacts.

- Four rectangular (not circular) air bearings are used against the top guide

surfaces to take full advantage of the available guide surface area. Two
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Figure 4-12: CAD model of selected testbed design showing mounting details of air
bearings and holding magnets. Side view (upper) and Top view (lower).
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circular air bearings are used on only one side to avoid a bending moment

on the stage structure while providing the necessary lateral motion con-

straint. Both top and side air bearings are preloaded by magnets as shown

in Figure 4-12.

- We choose to use holding magnets (magnets with steel housings) to apply

the air bearing preload because 1) we have limited area and 2) holding

magnets are stronger than simple magnets with the same size. The holding

magnets are pre-assembled with threaded studs so that we can simply

adjust the magnetic gap to control the preloading force.

- We select to use the round end ball mounting screws (S8013B16 and

S8013B17 by New Way) to mount the air bearings as shown in Figure 4-12.

The round end balls allow the air bearings to stay parallel against the flat

guide surfaces even in cases of stage bending modes.

#3. The selected testbed design provides a long enough travel length by using the

long base guide bars.

- The long guide bar together with the long armature of the newly-designed

fine-tooth motor provides the total stage travel length up to 450 mm.

Specifically, it is the length between shock absorbers at the ends, 700 mm,

subtracted by the stage length in the Y scan direction, 250 mm as shown

in Figure 4-16.

- The stage travel length with the conventional motor is limited by the length

of the commercially available armature, TL18 by Tecnotion. The total

travel range is up to 192 mm, which is the length between armature's end

teeth, 288 mm subtracted by the length of the moving magnet track, 96

mm as shown in Figure 4-14.

#4. The selected testbed design provides a high mass ratio to handle the expected

high reaction force of the motors.

- The mass ratio between stationary and moving masses of the single-sided
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motor configuration is about 100-to-1. The stationary mass mainly com-

posed of the granite table and 1295-mm long base bar is about 1140 kg

and the moving stage mass is designed to be about 11.5 kg. When we drive

the stage at the acceleration of 45 m/s2 with a 350 mm travel, the base

experiences about 0.45 m/s 2 acceleration and moves only 3.5 mm.

- The mass ratio of the double-sided motor configuration is about 115-to-1,

where the stationary mass (granite table + two guide bars) is about 1325

kg and the same moving mass of 11.5 kg.

#5. The selected testbed design has encoder systems to measure the moving stage

position.

- To be able to measure the stage position over a long travel range, the

encoder read-heads are mounted on the side plates of the moving plate,

and the encoder scales are attached to the side surfaces of the long base

guide bar as shown in Figure 4-12.

- The encoder systems are used on both sides in order to cancel out any

possible wobbling motion in the Oz direction. The position resolution is

determined by the interpolation rate we choose and it can affect the motor

vibro-acoustic noise issue. We discuss in detail this topic in Chapters 5

and 6.

#6. The selected testbed design has the dynamometer to directly measure the motor

force such as cogging.

- We choose to use four triaxial load cells to configure the dynamomter under

the stationary armature by using the stator mounting plate as shown in

Figures 4-13 and 4-15.

- Selected load cells and installation details of the dynamometer in the

testbed with both conventional and new motors are discussed in Chap-

ter 5.
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Figure 4-13: Front views of selected testbed design with the conventional Tecnotion
Motors both for single-sided (upper) and double-sided (lower) configurations.
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Figure 4-14: Isometric views of selected testbed design with the conventional Tecn
tion Motors both for single-sided (upper) and double-sided (lower) configurations.
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<Double-Side>

Figure 4-15:
tooth Motors

Front views of selected testbed design with our newly-designed fine-
both for single-sided (upper) and double-sided (lower) configurations.
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Figure 4-16: Isometric views of selected testbed design with our newly-designed fine-
tooth Motors both for single-sided (upper) and double-sided (lower) configurations.
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#7. We discuss vibro-acoustic noise measurement systems in Chapter 5.

- Accelerometers and microphones are used to measure the motor vibro-

acoustic noises. The measured noise data of both conventional and new

motors is presented in Chapters 6 and 7.

4.4 Summary

In this chapter, we present and compare various designs of the experimental lin-

ear stage testbed. The design targets and testbed requirements are discussed, and

conceptual designs are converged to meet these requirements. Among four possible

magnetic configurations depending on which part is moving or stationary and which

is long or short, we select the motor configuration with the moving short magnets

and stationary long coils due to the major advantages of 1) low moving mass, 2) high

achievable stage acceleration, and 3) minimal number of moving umbilical cables.

Within the selected magnetic configuration, a variety of stage design details with

different types of air bearings are discussed and compared. We choose the air bearings

preloaded by the holding magnets against the steel guide bar to 1) avoid the need of

multiple counter flat surfaces and 2) save the guide surface area to secure the long

travel range. The holding magnets are attached to the threaded studs so that we can

simply adjust the magnetic gap between the magnets and the guide surface to control

the preloading force for different testbed configurations. We design the air bearings

to be mounted by the round ball end mounting screws so that the bearing surfaces

can maintain the parallelism to the flat guide surfaces even when the stage structure

experiences the bending modes.

The experimental testbed design also has the required measurement systems. Two

sets of optical encoder systems are used on both sides to measure the stage position in

real-time. The encoder read-heads are designed to be mounted on the moving stage

while the long linear scales are fixed on the side surfaces of the base bar so that we can

measure the stage position throughout the whole travel length. The testbed design

also provides the direct force measurement by the dynamometer configured with four
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triaxial load cells sandwiched by the stator mounting plate and the base structure.

We present various views of the CAD models of the finalized testbed design, showing

that the design requirements are fulfilled.

We discuss in Chapter 5 the construction of the experimental testbed following the

finalized design presented in this Chapter. The constructed stage testbed is used to

conduct the extensive experiments to investigate and solve the motor vibro-acoustic

noise issues. The experimental results are discussed in Chapter 6 for the conventional

Tecnotion motor and in Chapter 7 for our newly-designed fine-tooth motor.
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Chapter 5

Experimental Testbed Construction

In this chapter, we show the hardware components and construction process of our

experimental setup based on the finalized design discussed in the previous chapter.

There are many mechanical and electrical components involved in this testbed con-

struction from air bearings and linear motors to power amplifiers. The assembly

process requires careful handling and craft for these numerous parts to properly work

in harmony, and we discuss the detailed process in this chapter.

As discussed in the previous chapter, our experimental setup is designed to ac-

commodate two different linear motors: the conventional 3-4 combination motor and

our newly-designed fine-tooth motor. In the first section, we start with the overall

stage construction and discuss how a conventional motor is installed in the testbed.

Then, we show the assembly process for the testbed with our new motor in the second

section. Switching out the linear motors requires some key hardware modifications

including redesign of a part, disassembly of the currently installed motor, installment

of a new motor, and adjustment of air bearings. We present all the necessary details

step-by-step in this chapter. In addition to the stage testbed itself, we need to also

prepare the measurement systems to conduct full-scale experiments. Motor noises are

measured in terms of vibration and sound, so in the last section, the measuring devices

and necessary components to compose the measurement systems are discussed.

The drawings of testbed components are provided in Appendix A, and the infor-

mation of vendors and manufacturers we worked with is given in Appendix B. The
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data sheets and necessary specifications can be found by visiting the relevant websites

listed in the appendix.

5.1 Linear Stage Testbed with Conventional Motor

We first assemble the linear stage testbed with a conventional motor. The completed

assembly with a conventional 3-4 combination motor is shown in Figure 5-1. The

construction involves many different hardware components and subsystems, which

are assembled to provide necessary functionalities for the noise investigation such as

zero-friction air bearings and direct force measurement with a dynamometer. In this

section, we present descriptions of each assembly step and preliminary test results of

the various functions in detail.

Figure 5-1: The completed assembly of the linear stage setup with a conventional
3-4 combination motor (TL18 by Tecnotion).

5.1.1 Steel Guide Bar

We utilize a steel guide bar, shown in Figure 5-3, as a base structure for our linear

stage testbed. This guide bar is 51-in long (in the scan direction), 10-in wide (in the

cross-scan direction), and 5-in tall, and weighs 200 pounds. This guide bar not only

serves as a base structure, but also provides well-ground guide surfaces for the air
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bearings. Some of key aspects of this steel bar are listed as below, and each aspect

will be elaborated in the following subsections.

" A dynamometer is formed by four triaxial load cells in the pocket.

" A motor armature is installed in the pocket as the stationary part of actuator.

" Air bearings run against the well-ground guide surfaces (top and side).

" The steel guide bar itself is used to provide magnetic preloading for the air

bearings.

" Linear encoder gratings are installed on the well-ground side surfaces to give

linear position measurement.
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(b) Breadboard as an intermediate mounting plate

Figure 5-2: Mounting plate on a granite table for the guide bar to be firmly installed.
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Before starting the stage assembly, the mounting plate for the base structure is

first prepared on a granite table, as shown in Figure 5-2. The granite table we have in

Precision Motion Control Lab was formerly the base of a diamond turning machine,

and so it has several inserted threaded holes. These holes are distributed in a non-

uniform way, so we use an aluminum intermediate breadboard that provides mounting

holes prepared for the base to be mounted. Figure 5-2b shows the intermediate

breadboard plate bolted down to the granite table.

(a) Guide bar lifted by an engine hoist

(b) Guide bar mounted on a granite table

Figure 5-3: 51-inch steel guide bar (donated by New Way Air Bearings) mounted on

the granite table by an intermediate breadboard and L-brackets.
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The granite table, which weighs about 900 kg, provides a high mass ratio (moving

mass to stationary mass) to deal with the expected high reaction force by linear

motors mostly in the Y scan direction, as indicated in Figure 5-2b. This high reaction

force in the Y-direction can cause a significant reaction moment in the Oz-direction,

if off-centered. Therefore, the intermediate breadboard is mounted in a way that

the base structure and the reaction force point are located at the center in the X-

direction. There does remain coupling into the Ox-direction, because this reaction

force is applied above the table's center of mass.

Once the mounting plate is prepared, the 51-in steel guide bar is lifted by an

engine hoist with proper adjustment of a leveler to be positioned over the mounting

area, as shown in Figure 5-3a. The guide bar is then gently placed on top of the

intermediate breadboard and firmly mounted using pre-prepared L-brackets as shown

in Figure 5-3b. The base structure is now ready for other components to be installed,

and we will continue the testbed construction process with forming and implementing

a dynamometer in the pocket of the guide bar.

5.1.2 Dynamometer

The testbed implements direct force measurements with a dynamometer using four

Kistler 9250A4 triaxial load cells sandwiched between two rigid and flat plates. The

stator mounting plate, shown in Figure 5-4, is used as the dynamometer top plate,

and the base guide bar is the bottom plate. A stator of conventional linear iron-core

motor (TL18 by Tecnotion) is mounted on the pocketed area of the mounting plate

as shown in Figure 5-4a. Four load cells are accommodated at the four corners of the

plate bottom as shown in Figure 5-4b.

The load cells we use for our customized dynamometer, shown in Figure 5-5a,

are quartz force sensors, 9250A4 by Kistler, to measure the three orthogonal force

components. With a preload of 25 kN, each load cell can measure up to 2.5 kN

in in-plane directions (namely, X and Y) and +5 kN in out-of-plane direction (Z).

The customized dynamometer formed with four of these load cells then has the force

measurement range of 10 kN in X and Y, and +20 kN in Z direction. The data
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sheet and user manual of these load cells can be found in the websites documented in

Appendix B, and the drawing of the mounting plate is documented in Appendix A.

(a) Top view of dynamometer top plate

(b) Bottom view of dynamometer top plate

Figure 5-4: Heat treated 1045 steel mounting plate for the stator serves also as

the dynamometer top plate, where the four corner pockets accommodate four Kistler

9250A4 triaxial load cells.

In order to form a dynamometer, the four load cells are first placed on the pocketed

area of the base guide bar with pretensioning bolts as shown in Figure 5-5a. Note that

it is important to match all the orthogonal measurement directions of each load cell

so that the force measurements of all four load cells in each direction can be correctly

summed, not canceling one from another. The top plate with a stator pre-assembled

is then installed on top of those load cells to complete the dynamometer as shown in

Figure 5-5b. The ring nuts are fastened over the pretensioning bolts to provide the

desired preload of 100 kN. It is important to preload each load cell uniformly by 25

kN, so some key steps are listed as following. More detailed steps can be found in the

user manual of Type 9250A4 by Kistler.
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(a) Four triaxial load cells pre-located on the base guide bar

(b) Formed dynamometer with stator mounted on top

Figure 5-5: Formed dynamometer installed on the base guide bar to provide direct
force measurements in all three directions.

1) Connect all four Fz cables in parallel to sum the Z-direction charge signal and

thus the force.

2) Connect the summed output to a charge amplifier input and connect the am-

plifier output to an oscilloscope to monitor the preloading force.

3) Fastening the ring nuts in the order of sensor#1-3-2-4-1-3... to preload the load

cells by the same amount each step.

4) Preload the load cells up to the total of 100 kN.
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Our customized dynamometer is completed, and we test it to validate the force

measuring performance in all three transitional directions. Figures 5-6 to 5-8 show

the force measurements over time while a hand-held force-meter is used to exert a

semi-constant force of 35 to 40 N in each direction.
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Figure 5-6: Dynamometer Z-direction force measurement test with a force-meter

exerting +Z force of 35 to 40 N.
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Figure 5-7: Dynamometer Y-direction force measurement test with a force-meter

exerting -Y force of -35 to -40 N.
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Figure 5-8: Dynamometer X-direction force measurement test with a force-meter
exerting -X force of -35 to -40 N.

The figures show correct readings for the exerted force in each direction, validating

the force measuring performance of our dynamometer. The sign convention for each

direction is also described in the figures. This dynamometer meets our need for the

direct force measurement, and are used to directly measure motor force fluctuations,

such as cogging, in later chapters.

5.1.3 Stage with Air Bearings

The armature of a conventional linear motor is installed on top of our customized

dynamometer, which forms the stationary part of the motor together with the base

guide bar. In this subsection, we describe the installation of the moving part, which

is the stage containing a magnet track. Before the direct installment on the base

structure, the moving stage is first pre-assembled with aluminum plates, air bearings,

air paths, fine-threaded studs, and preloading magnets, as shown in Figure 5-9. De-

tailed views of stage bottom are shown in Figure 5-10 with the full visibility of four

top and two side air bearings. This stage carries a permanent magnet track, which

is the moving part of a linear motor in our experimental setup. In both figures, a

magnet track is not yet assembled, but it is mounted on the bottom pocket surface
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Figure 5-9: Pre-assembled moving stage with four top air bearings, two side air
bearings, air paths, and preloading holding magnets.
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Figure 5-10: Detailed bottom views of the pre-assembled moving stage before being
installed on the base guide bar. Patterned material protects face of air bearings, and
is removed before operation.
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when we conduct full-scale experiments.

We use rectangular air bearings (40mmx80mm, S124002 by New Way Air Bear-

ings) to run on somewhat narrow (55mm width) top guide surfaces while constraining

the out-of-plane motion of the stage, and circular air bearings (50mm dia., S105001

by New Way Air Bearings) on a side surface to constrain the cross-scan motion. Both

top and side air bearings are preloaded by the attractive force using holding magnets

against the steel guide bar. It is important to note the advantages of holding magnets

over simple permanent magnets, which is listed as below.

" By concentrating magnetic flux with a steel housing, a holding magnet is much

stronger than a permanent magnet in the same size, which is significantly ben-

eficial when the volume is highly limited as in our case.

" By closing magnetic flux with a steel housing, there will be no magnetic inter-

ference with nearby components.

The holding magnets are implemented with fine-threaded studs, and the amount

of preloading force can be controlled by these studs to achieve desired flying height

and stiffness of the air bearings. Figure 5-11 shows finite element analysis models

for top and side holding magnets, and calculated preloading forces according to the

gap between bearings and steel guide surfaces. The permanent magnets used are

cylindrical neodymium N52 magnets and housed with 1018 steel. The thickness of

steel housing is determined to avoid material saturation, and the maximum magnetic

flux density calculated, in Figure 5-11, with the gap of 250 pm is about 1.4 T, which

is well below the material saturation limit of 1018 steel, 1.8 T. Dimensions and design

details of our holding magnets are provided in Appendix A.

The pre-assembled moving stage is then installed on the base guide bar as shown

in Figure 5-12. When no air flows, the holding magnets tightly clamp the air bearings

against the guide surfaces, not allowing the stage to move. When the compressed air

(e.g. at 80 psi) runs, the air pressure between bearings and guide surfaces makes

the bearings float, allowing a smooth motion to the stage. The flying height of air
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Figure 5-11: Simulated preloading force versus gap curves of holding magnets (right)
by finite element analysis with models of top holding magnet (upper left) and side
holding magnet (lower left).

Figure 5-12: Moving stage installed on the base guide bar with air bearings preloaded
by holding magnets against the well-ground guide surfaces. Pressure gauge shows our
operation air pressure of 80 psi (lower left), and a magnified view shows how air
bearings and a holding magnet are engaged against the guide surface (lower right).
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Figure 5-13: Stage flying height measured at five different points by a dial gauge
showing the average flying height of 6 pm at the air pressure of 80 psi.

bearings are determined by the net force of the air pressure we give and the preloading

force by holding magnets.

The resultant flying height of the top air bearings is measured at various points

using a dial gauge with the resolution of 1 pm. Measurements at five different stage

points are shown in Figure 5-13. The dial indicator is referenced to zero when the air

is off, and measures the incremental height change when the compressed air is turned

on at 80 psi. As shown in the figure, the average flying height is about 6 pm at an

air pressure of 80 psi, which is within the recommended operating range of 5 to 7 pm

provided by the air bearing manufacturer, New Way Air Bearings. Since the flying

height is determined and stabilized by using the correct preload, it is important to

adjust this properly depending on whether a magnet track is installed or not, and

also when motors are changed. With a conventional linear motor we use (TL18 by

Tecnotion), the holding magnet gap distance is set to 0.4 mm before installing the

magnet track, and is adjusted to 0.95 mm after mounting the magnet track so as to

take the motor attraction into account and maintain the flying height of about 6 pm.

Appropriate adjustments are made when changing the motor to our new fine-tooth
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motor as discussed in detail in Section 5.2. Note that the flying height of the side

air bearings is set to about 12 Mm, and is maintained at this height regardless of any

changes of magnet track presence or a motor replacement, since these do not change

the net force in the lateral direction.

5.1.4 Position Sensors

We implement linear position sensors to be able to measure the real-time position of

the moving stage. It is of great help to have a moving stage to assist in applying a

linear scale with correct alignment, especially for a long scale such as 1 meter in our

case. Renishaw RGSZ20 tape linear scales with the pitch of 20 Am are first attached

on both sides of the base guide bar, using a scale applicator that helps feed the scale

while slowly moving the stage. Renishaw T1001 encoder read-heads are then installed

on the side plates of the stage with proper clearances to correctly read the gratings.

An encoder system installed on the left side of the testbed is shown in Figure 5-14.

Linear encoder read-head near encoder scale
(T1001 by Renishaw) W (RGSZ2O by Renishaw)

9* -

Figure 5-14: Linear encoder system using a scale on the base and a read-head on
the moving stage. Green LED on the read-head indicates correct clearance associated
with a normal signal level of 70 % to 135 %.
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The sine-and-cosine output (with the pitch of 20 pm) of the encoder read-head

is connected to an interface where the readout is interpolated and converted to a

quadrature (A-quad-B) form. We have two types of interfaces with a final interpolated

resolution of 1 pm (interpolation of x20) and 0.1 pm (interpolation of x200), and

we discuss relevant issues of which interpolating rate to choose in Chapter 6. The

final A-quad-B outputs are decoded by an FPGA counter programed in a real-time

controller (NI PXI-8110 by National Instruments) equipped with an FPGA card (NI

PXI-7854R) running at 80 MHz1 . The counts are then utilized as a position feedback

in a real-time position control loop, which is discussed in Chapters 6 and 7.

Note that it is important to properly ground and shield the electric connections not

to loose any counts. We have observed wrong readings of real-time stage position due

to lost counts, and later found it was a grounding issue. This problem was resolved

by connecting the outer shield of read-head cable to the system earth ground.

5.1.5 Shock Absorbers and Cable Carrier

It is important to prepare for stage cycle failure modes so as to be safe at all times

and to avoid any serious damage to the system. Thus, we use shock absorbers at

both ends of travel to be able to safely and passively stop the stage in an emergency

runaway situation. The shock dampers are specified for a working mass of 20 kg and

a maximum speed of 10 m/s, which are well above our stage of about 10 kg running

below 3 m/s. We install these devices on spacers, which are also designed for the

double-sided motor configuration. They are shown in Figure 5-15 together with a

picture of shock absorber itself and a square flange. The shock absorbers are aligned

so that the stage hits both dampers simultaneously in an emergency stop, so that

1) the collision energy is distributed evenly to both dampers and 2) any reaction

moment exerted on the stage is minimized.

Another necessary component we discuss in this subsection is the cable carrier.

Since we choose to work with moving magnets, not moving coils, the number of moving

cables are minimized, but still there are total of three cables in motion: one air supply

1We appreciate NI's kind donation of these systems to our lab.
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Figure 5-15: Shock absorbers (SCS33-25 by ACE) installed on a spacer to provide

enough damping to stop the stage in case of motor or control failure.

hose and two encoder cables. At our targeted high acceleration, these cables might

have problematic dynamics, which can disturb the stage significantly. In this sense, a

cable carrier is an essential element to guide the cables in a deterministic way, thereby

suppressing cable dynamics as well as protecting against cable damage.

The most common structure of a cable carrier consists of parallel side links joined

by crossbars. This linked mechanism has several drawbacks including link wear and

short lifetime, but the most serious issue for our experiments is the acoustic noise

caused by such links and joints. When a linked cable carrier is operating, clicking
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Figure 5-16: Schematic of low-noise and low-vibration link-less cable carrier provided
by the manufacturer, Tsubaki KabelSchlepp. Link-free and hinge-free design with
side-bands made of continuously extruded polymers.
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Figure 5-17: Stage testbed
040-28 by Tsubaki) carrying
isolated by strain reliefs.

with a link-less and hinge-less cable carrier (Quantum
encoder cables and air inlet tubing. Cable stresses are

noises are emitted, exciting almost all frequencies and thereby corrupting our acoustic

noise measurements. To avoid this issue, we choose a link-less cable carrier for our

experimental setup, and its schematic is shown in Figure 5-162. Due to the link-free

2Thank you to Dr. Stephen Ludwick for suggesting this type of carrier.

191



and hinge-free design with small pitch, this type of cable carrier shows very low noise

and vibration, and is suitable for high acceleration and high speed as in our case.

The stage with the cable carrier (Quantum 040-28 by Tsubaki) installed is shown in

Figure 5-17. Note that it is important to use strain reliefs to keep stresses from being

transmitted to the stage.

5.1.6 Power Electronics

In this subsection, we discuss power electronics required to drive the motors we use.

The conventional linear iron-core motor we choose to work with is by Tecnotion, and

Figure 5-18: Power electronics drive target of multiple individual coils on a Tecnotion
motor armature: 18 coils exposed before potting (upper) and potted stator (lower).
Upper photo courtesy of Tecnotion.
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Commutation- c -
Algorithm

Position Control

Pow. Amp. #1 Cur. monitor (Al)

Pow.Sup.#1command (AO)

3- L (PWM)

3-0p 208 VAC
at wall

Pow. Sup. #5

Pow.Amp.#18Cur. monitor (Al)

Cur. command (AO)

Current output
I (PWM)

Figure 5-19: Schematic of power electronics configuration with 5 power supplies and
18 power amplifiers.

its stator armature is shown in Figure 5-18'. It is a 3-4 combination motor, and there

are 6 sets of 3 coils individually wound on iron cores, resulting in total of 18 coils to

drive. Each coil is driven by one power amplifier (B30A40 by AMC), which is a PWM

drive switching at 20 kHz with an internal current controller of 2 kHz bandwidth. A

total of 18 amplifiers are powered by 5 power supplies (PS30 by AMC), which rectify

3-phase 208 VAC to 300 VDC. Figure 5-19 schematically shows the power electronics

connections. To drive the coils of the Tecnotion stator, current reference signals are

commanded by the real-time controller to the amplifiers, and we can monitor the

current outputs using a data acquisition card (NI PXI-6259) in real-time. A total

of 18 analog output channels and 18 differential analog input channels are used to

support all 18 amplifiers. Current command signals are determined by a commutation

algorithm and the position controller, which are discussed in Chapter 6.

3We appreciate the help of Tecnotion on customizing the armature coil separation, expecially
thank you to Erwin Hofste.
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Figure 5-20: Customized rack for 5 power supplies and 18 power amplifiers: front
view (left) and rear view (right).

Figure 5-20 shows a customized rack for the power electronics. The front view

shows a total of 5 power supplies on the lower part of the rack and 18 power amplifiers

mounted on the upper part. The rear view shows power connections from the 3-

phase 208 VAC line to the power supplies, and signal connections from our real-time

controller to the amplifiers via terminal blocks.

The description of the assembly process of linear stage testbed with the con-

ventional motor is now completed both mechanically and electrically. We describe

commutation, position control, and experimental investigation on the motor noise

issues of this stage setup with the conventional motor in Chapter 6.

5.2 Testbed Modification for New Fine-tooth Motor

In this section, we describe hardware modifications on the testbed to exchange the

actuating system from a conventional 3-4 combination motor to our new fine-tooth

motor discussed in Chapter 3. The completed assembly of our experimental setup
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Figure 5-21: The completed assembly of the linear stage setup with our new fine-
tooth motor.

with the new motor is shown in Figure 5-21. Since our new motor has a different

size from the conventional motor (TL18 by Tecnotion), the mounting plate has to

be redesigned and reconstructed, and the dynamometer has to be reconfigured with

this new mounting plate. The air bearings do not have to be disassembled, but the

preloading force needs to be adjusted to take the higher motor attractive force into

account. In addition, there are a total of 20 coils to drive as discussed in Chapter 3,

so two more power amplifiers need to be added and the electric connections for power

electronics have to be rearranged. We discuss details of these modifications in the

following subsections.

5.2.1 Stator Mounting Plate Redesign and Reconstruction

The linear stage setup with the conventional Tecnotion motor has a relatively short

travel length of 192 mm since we use a commercially available iron-core motor (TL18

by Tecnotion). To use the full length available on the base guide bar, we designed our

new fine-tooth motor to have a total length of 728 mm, which provides a travel up

to 450 mm. Also, the stator and magnet track of new motor are thicker than those

of Tecnotion motor while the distance between the pocket surface of the base and

bottom surface of stage is constant. To accommodate these changed dimensions, we
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700 mm

Figure 5-22: Mounting plate for the new fine-tooth motor, also serving as a top plate

for the dynamometer formed by four load cells located as indicated.

designed and constructed a new mounting plate, which is shown in Figure 5-22 along

with our new fine-tooth motor. Note that the new mounting plate is long and thin,

and thus prone to warp if wrongly treated and machined. To avoid this issue and

maintain appropriate overall flatness, we choose a.ductile cast iron, which is relatively

more stable than drawn and rolled carbon steel, and has similar level of stiffness. This

mounting plate also serves as the dynamometer top plate sandwiching four load cells

against the base guide bar. We discuss its details in the following subsection.

5.2.2 Dynamometer Reconfiguration

The dynamometer has to be reconfigured with the new mounting plate. To this end,

the stage needs to be moved aside and the existing dynamometer top plate has to

be disassembled to expose the load cells in place as shown in Figure 5-5a. We then

place the new mounting plate on top of these four load cells as shown in Figure 5-23.

Note that this time we do not pre-assemble the stator and mounting plate unlike

the case with the conventional motor. This is due to the limited pocket area and

protruding end-turns of new motor armature blocking the access to ring nuts used for

preloading load cells. Given this situation, we first install the mounting plate to form

the dynamometer and apply correct amount of preload to load cells by fastening ring

nuts in the order described in the previous section. Then, the new motor stator is
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Figure 5-23: New mounting plate placed on top of four load cells forming the dy-
namometer.

Figure 5-24: New fine-tooth stator mounted on the dynamometer. Long dove-tail
inserts are used to clamp the stator down on the mounting plate.
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mounted afterward as shown in Figure 5-24. Long dove-tail bars are inserted at the

back yoke of stator and bolted down at both sides, thereby tightly clamping down

the stator against the mounting plate. Note that we use spherical leveling washers

to accommodate the bending of long dove-tails inserts, as shown with the magnified

views in Figure 5-24.

5.2.3 Airbearings Adjustment

The air bearings and the stage do not need to be disassembled when exchanging the

actuating system to the new fine-tooth motor. However, the top air-bearing preload

has to be adjusted since the attractive force of a fine-tooth motor (--1509 N) is much

higher than the conventional motor (~-685 N) due to larger engagement between iron-

core teeth and permanent magnets. The attractive force of the new motor is measured

at about 1500 N at the magnetic air-gap of 550 ptm. This provides the majority of

the required air-bearing preload. Accordingly, the holding magnet gap is increased

Figure 5-25: Top air bearing flying height measured at four corners on the stage by
a dial indicator with the resolution of 1 pm, showing the average flying height of 6
pm at the air pressure of 80 psi.
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to 2.75 mm (from 0.95 mm with the Tecnotion motor) to maintain the nominal air-

bearing flying height of 6 pm. We measure the top bearing flying height in the same

way discussed in the previous section by using a dial gauge, and the measurement

results are shown in Figure 5-25. The average flying height measured is 6 ,um at the

air pressure of 80 psi.

5.2.4 Power Electronics Reconnection

The last modification to complete the linear stage testbed with the new fine-tooth

motor is to reconnect the power electronics. As discussed in Chapter 3, the phase

windings of new motor armature are grouped in four sections so that we can dis-

tribute power loads to the existing multiple amplifiers. The armature has five-phase

windings in each section, so there are a total of 20 coils to drive. We add two more

amplifiers (B30A40 by AMC) to the rack shown in Figure 5-20, and connect them

to the coils. Additional analog outputs in the real-time controller are also used to

command current reference signals to those added amplifiers. We discuss a five-phase

commutation algorithm and position control to make the system operational for the

full-scale experiments in Chapter 7.

5.3 Noise Measurement Systems

In this section, we introduce noise measurement systems to investigate the vibro-

acoustic noise from both conventional and new motors. It is important to have

both vibration and sound noise data so that we can understand the noise emission

mechanisms. To this end, we have two independent measurement systems, each for

vibration noise and acoustic noise. The details on each measurement device are

discussed in the following subsections.
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5.3.1 Vibration Measurement System

Vibration can be measured by accelerometers. Figure 5-26 shows single-axis and

triaxial accelerometers we use for the measurements. The single-axis accelerometer,

353B15 by PCB Piezotronics, has a nominal frequency range of 1 to 10,000 Hz with

the nominal sensitivity of 10 mV/G while the triaxial one, 356A26, has 1 to 5000

Hz with 50 mV/G. Lists of detailed specifications for both devices are provided by

the manufacturer, PCB Piezotronics, whose information is documented in Appendix

B. Among many mounting methods, we use the adhesive Petro Wax, with mounting

bases to fix the accelerometers. This approach can facilitate location changes without

compromising the measuring frequency range too much. The sensor outputs are

processed through signal conditioners (482C by PCB Piezotronics), and the resultant

voltage outputs are read by a data acquisition card (NI PXIe-6363) in a real-time

controller (NI PXIe-8133) running a measurement loop with the sample rate of 50

kHz.

(a) Single-axis accelerometer (b) Tri-axial accelerometer

Figure 5-26: Single-axis (353B15) and triaxial (356A26) accelerometers, by PCB

Piezotronics, to measure vibration noise of our linear stage testbed.

The raw measurement data from these accelerometers is used to investigate the

motor noise mostly in metadata forms such as cumulative amplitude spectrum (CAS)

and spectrogram as detailed in Chapters 6 and 7.
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5.3.2 Acoustic Noise Measurement System

Acoustic noise can be measured by a set of microphone systems. Figure 5-27 shows a

microphone we use for the measurement. The frequency range of this device for 2 dB

is 20 to 10,000 Hz with the nominal sensitivity of 45 mV/Pa. Detailed specifications

can be found at the website of PCB Piezotronics which is documented in Appendix

B. The sensor outputs go through the same signal conditioners as accelerometers.

and are sampled at 50 kHz in a measurement loop run by the real-time controller (NI

PXIe-8133).

Figure 5-27: Microphone, 130E20 by PCB Piezotronics, to measure acoustic noise

emitted from the experimental motor setup.

Ala4j %-L

Figure 5-28: Microphone array to measure
(left) and above (right).

the motor acoustic noise both from side
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We measure the motor acoustic noise by an array of microphones, shown in Fig-

ure 5-28, installed 1 m away both from above and the side of the testbed. The raw

and metadata from these microphones are compared to those of accelerometers for

the motor noise investigation, and its details are discussed in Chapters 6 and 7.

5.4 Summary

In this chapter, we discuss the construction of experimental testbed to accommodate

both the conventional Tecnotion motor and our new fine-tooth motor. Assembly

process of various mechanical and electrical components is described in detail, and

functions of these parts are tested. We provide a list of important aspects of our

experimental testbed and its functionalities.

" The experiment testbed has various mechanical functions to help the motor

noise investigation.

- Air bearings are used in the stage setup to avoid the noise generation by

mechanical contacts.

- Top and side air bearings run at 80 psi with the flying heights of 6 pm and

12 pm, respectively.

- The granite table and the steel base guide bar provide a mass ratio of

about 100-to-i with respect to the moving stage mass of about 11.5 kg.

This high mass ratio is advantageous for handling the high reaction force

of the motor.

- The shock absorbers at both travel ends keep the stage operation safe and

prevent hardware damage in the case of motor or control failure.

- The link-free and hinge-free cable carrier suppresses undesired cable dy-

namics without vibrations and noises, thereby not compromising the motor

vibro-acoustic noise measurements.

" Many electric systems are used to power and control the linear stage testbed.
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- Multiple power supplies (PS30 by AMC) and power amplifiers (B30A40

by AMC) drive individual phase coils of motor armatures. The power

amplifier is a PWM drive switching at 20 kHz and has an internal current

controller with 2 kHz bandwidth.

- The real-time controller (NI PXI-8110) allows the position feedback control

loop to run deterministically at 10 kHz with a commutation algorithm. We

discuss in detail the commutation scheme and position controller design of

both the conventional and new fine-tooth motors in Chapters 6 and 7.

- The real-time processor (NI PXIe-8133) controls a measurement loop to

measure both vibrational and acoustic noises at the sample rate of 50 kHz.

The measured noise data is presented in Chapters 6 and 7.

9 Various measurement systems are installed to help run experiments on the motor

vibro-acoustic noise issues.

- Optical linear position sensors are used to provide a real-time position

feedback to the position controller. The interpolated resolutions can be

chosen to be either 1 pm or 0.1 pm.

- The dynamointer configured by four triaxial load cells directly measures

the motor forces (e.g. cogging).

- The single-axis and triaxial accelerometers measure the vibrational noise

of the experimental testbed driven by either the conventional Tecnotion

motor or our newly-designed fine-tooth motor..

- The array of microphone systems measure the acoustic noise emitted by

the testbed with either the conventional or our new motor.

We utilize these functions of the experimental testbed to investigate the motor

vibro-acoustic noise issues. Comprehensive experiments are performed and relevant

results are discussed in detail for both the conventional Tecnotion motor and our

fine-tooth motor in Chapters 6 and 7.
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Chapter 6

Experiments with Conventional 3-4

Combination Motor

In this chapter, we present the development of a controller for our experimental setup

with the conventional linear motor so as to conduct full-scale experiments on motor

noise issues. We begin with discussion on commutation algorithm and position control

of the conventional linear motor with the combination of 3 phases and 4 magnets.

Commutation requires information on the geometric configuration between magnets

and iron-core teeth so that we can define a electric reference position. We utilize

back EMF measurements to this end, and the details are discussed in the first section

together with a commutation algorithm and position control loop design.

In the following section, we present comprehensive experimental results on the

vibro-acoustic noise of the conventional motor (TL18 by Tecnotion) at various motor

operation status. The conventional iron-core motor emits significant noise even when

stationary. We first discuss the cause and the resolution of such stationary noise. We

then present extensive experimental data on the motor cycle noise measured while

cycling the stage at various profiles. Using the test results, we discuss the root causes

of the motor noise and its mechanism. The key results on the vibro-acoustic noise

emitted by the conventional linear motor are summarized at the end of this chapter.
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6.1 Control of Conventional Motor

In this section, we present the commutation algorithm and the position controller

design of the conventional linear iron-core motor (TL18 by Tecnotion). Commutation

is basically to switch (or regulate) currents at the right time to produce a traveling

MMF wave and generate controlled thrust in a desired direction. It requires knowing

the location of the moving magnet track. We discuss a simple method to do that

task using the measured back EMF. We also discuss in detail the design process of a

position controller, and present the tracking performance of the closed position loop

in this section.

6.1.1 Zero Electric Position

We need to know the position of a moving magnet track to correctly commutate phase

currents, and this can be achieved by defining a reference zero position. Figure 6-1

schematically shows the geometric configuration between magnets and iron-core teeth.

A conventional 3-4 combination is shown in the figure where three phases and four

magnets compose a basic unit to produce thrust. The period of this basic unit is the

same as two magnet pole-pair pitches, 2APP (= 2 x 24 mm) as shown in Figure 6-1. We

set the desired zero position when the first tooth is aligned with the eighth magnet

(PM8) as illustrated in the figure. Once we correctly set this position as our zero

position reference, we can always know the present location of the moving magnet

track using the real-time encoder outputs.

PM8 PM7 PM6 PM5 PM4 PM3 PMZ PM1
Stage moving direction

Ie #

Y 0 (ref) y= 2A, Vemf

Figure 6-1: Schematic of conventional 3-4 combination linear iron-core motor con-
figuration indicating the desired zero reference position, yref. By 3-4 we mean the
motor periodically includes 3 coils/poles for every 4 magnets.
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In order to set the zero electric position as a reference, we measure the back EMF

from one of the armature coils while moving the magnet track in one direction. Any

coil out of the total of 18 windings can be used for this purpose, but we choose to

measure the back EMF of the coil number 7, as indicated in Figure 6-1, for calculation

simplicity since it is the same phase (namely, phase A) as the first coil, and is distanced

as a multiple of the basic unit length. We list a few key steps to define the zero position

as below.

1) Place the moving magnet track at a random, but repeatable position such as one

of the stable equilibrium points given by cogging stiffness, and set that location

as an initial zero position. Note that we can also use one of the reference marks

in the encoder scale to set the initial zero position.

2) Prepare to read the back EMF of the seventh coil by connecting the coil leads

to an analog input channel of our data acquisition card (National Instruments

PXI-6259).

3) Move the stage in one direction at approximately uniform velocity while mea-

suring both the stage position and the back EMF, and plot the back EMF

voltage as a function of the position.

4) Zero crossings of the back EMF curve show locations where a permanent magnet

is exactly aligned with the coil (dA/dt = 0). We thus can calculate how much

our initial zero position is shifted from a desired reference point by looking at

the back EMF zero crossings.

5) Reset the initial position by the shifted amount, thereby allowing our desired

position to be set as the zero reference.

Following the above steps, we obtain a back EMF curve versus the stage position

as shown in Figure 6-2, where the curve is categorized in three regions. Physical

explanation for each region is illustrated in Figure 6-3. The first region is when

the magnet track is approaching the seventh coil, so the first magnet (PM1) starts
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Figure 6-2: Measured back EMF of coil 4#-7 in the Tecnotion TL18 conventional
iron-core stator showing the zero-crossings with the interval of pole pitch, A= 12

mul.

PMS PM7 PMS PM4 PM3 PM2 PM1

PMS PM7 PM6 PM4 PM PM2 PM1

PMS PM7 PM6 PM5 PM4 PM3 PM2 PM1

Figure 6-3: Schematic explanation of the measured back EMF of coil 47, region-by-
region.
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engaging with the coil. Similarly, the last region is when the magnet track is exiting

the coil so that PM8 is gradually less engaged with the coil.

The second region begins with the first zero crossing, which is when PM1 is aligned

with the seventh tooth/coil. In this region, there are a total of 8 zero crossings and

7 local peaks as expected by 8 magnets with alternating magnetization directions

(N-S-N-S-N-S-N-S). The amplitude of the back EMF is determined by the time rate

change of flux linkage according to Faraday's law, as shown in (6.1) where V, APM,

and vy are the back EMF, flux linkage of the coil due to the magnets, and velocity

in the scan direction, respectively. Note that the minus sign in the equation is by

Lenz's law indicating the direction of induced current (by back EMF) is such that it

generates magnetic flux to oppose the flux change. Given this relation, we can see

how the back EMF peaks in region#2 in Figure 6-2 are in similar, but not exactly

the same magnitude because the stage is moved manually, and thus the velocity is

not constant, via

dApAj dApAf dy dApA ,
dt dy dt dy "(

We also observe that the peak amplitudes in the first and last regions are much

smaller than those in the second region, even given the manual stage movement.

This is also due to the Faraday's law in (6.1) where flux change amount determines

the induced voltage amplitude. As shown in Figure 6-3, the flux linked by the coil

changes from none to N and from S to none in the first (#1) and last (#3) regions,

respectively, while it changes from N to S or vice versa in the middle (#2) region,

thereby boosting the value of the dApAI/dt term.

The important information we need to use from the measured back EMF is the

location of the zero crossing points. The measured back EMF curve in Figure 6-2

shows the average period of AP,, the magnetic pole-pair pitch, which gives us the zero

crossing distance of AP = App/2 = 12 mm as the pole pitch (namely, from a north

to south pole or vice versa). Note that the first and last zero crossing distance in

region#2 is a bit larger than the pole pitch, A,, and this is due to the magnetic end
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effect. In order to set the zero reference position, we need to see how much the zero

crossing points are shifted from the initial position we chose. To this end, the zero

crossing point where PM4 is aligned with the coil is considered. As can be seen from

Figure 6-1, this zero crossing point should be located at y = AP, = 48 mm if the initial

zero is the same as our desired reference position. However, from the measurement,

we have the zero crossing of PM4 at y = 57 mm, which indicates a shift of 9 mm. We

reset the initial position as -9 mm, rather than zero, so that we can have the desired

reference position defined as zero.

6.1.2 Commutation

In this subsection, we present the algorithm to commutate the phase currents using

the correctly defined zero position. Figure 6-4 schematically shows where and how

to commutate the three phase currents based on the position of the moving magnet

track. Since we use the conventional 3-4 combination motor, we have the geometric

relations of

4AP = 2AP, = 3At = 48 mm (6.2)

At - AP = 2App/3 - Ap/2 = App/6 = 4 mm

where AP,, A,, and At are the magnet pole-pair pitch, the pole pitch, and the iron-core

tooth pitch, respectively. The physical configuration of the motor in the figure can be

considered as a snapshot at the moving magnet position of y = 0. At this instant, the

phase A has to be turned off while the phase B and C are energized to be magnetized

in upward and downward directions, respectively, in order to drive the magnet track

to the indicated direction (rightward). The thrust generation can be considered as

a tendency of permanent magnets to align in the same direction of electromagnets

which are the iron-core teeth driven by the phase windings. Note that the winding

direction is indicated in Figure 6-4 such that a positive current generates an upward

magnetic flux in an iron-core tooth. Given this sign convention, at the instantaneous

zero position, the phase A current, iA has to be zero and the phase B and C currents,
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iB and ic, need to be positive and negative, respectively, as shown in the plots in the

figure.

When the magnet track is slightly moved in the positive direction, y = 0+, the

phase A turns on such that it directs the flux upward to repel PM8, so iA needs to be

positive at that instant. Phase A keeps this positive value until the next magnet with

an opposing magnetization aligns with the phase A coil, which is when the direction

of phase A current flips. This is what we see in the iA plot in Figure 6-4 starting

positive at y = 0+ and flipping sign at multiples of A = App/2, thereby having a

period of APP.

The commutation waveforms of phase B and C are simply a shifted version of

phase A. As for the phase B current, it starts out as positive at y = 0 as discussed

earlier, and instantaneously becomes zero and flips the sign when PM7 is aligned with

the first phase B coil, which is at y = At - AP = App/6 as shown in (6.2). The same

reasoning goes to the phase C, and the resultant commutation laws are depicted in

Figure 6-4 as a squarewave form. Three phase currents are shifted from each other

by one third of its period, and it can be written as

iA = Ipsquare 2w)

27r A, 7ry +27
iB = Ipsquare ( (y + PP) Ipsquare + (6.3)

AI), 3 (APP 3

c = Ipsquare 2(y - App) Ipsquare (r 2)
(APP 3 (APP 3

where the function square(.) = signun(sin(-)) indicates a periodic sqaurewave func-

tion and I is a peak current value. In a simple motor system without a position

sensor, this squarewave commutation can be achieved by correctly positioned Hall

sensors, switching current directions at right moments. However, since we have po-

sition sensors in our stage setup, we can generate commutation waveforms of any

desired shapes, and do not require Hall cells. For our experiments, we use squarewave

and sinewave commutations to compare the motor noise. The sinewave commutation

algorithm is written as
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Figure 6-4: Squarewave commutation algorithm for the conventional Tecnotion TL18

three-phase iron-core motor. Magnet track shown is located at the zero reference

position. Phase difference is one third of pole-pair pitch, App/3 from one phase to

another.

212

I



i1 = Ipsin (
27 P) A - 2y+ 2,)

1B = Ipsin (yP +3-" IPSin' +P (6.4)

ic = lpsz'n 2r(y - )p = Ipsin .7y 7

APP 3 APP 3

The commutation algorithm is implemented in a real-time controller (National

Instruments PXI-8110), and the three-phase currents are commanded to the power

amplifiers. As discussed in Chapter 5, we have a total of 18 amplifiers so as to

drive the 18 coils individually. Thus, in order to implement 3-phase commutation,

the coil currents have to be assigned as il,4,7,1O,13,l6 = iA, 125.8,11,14,17 iB, and

13.6,9,12,15.18 = IC.

6.1.3 Position Control

The commutation current amplitude I, shown in (6.3) and (6.4), is determined by

the position controller based on how much thrust (acceleration) is needed to follow a

commanded trajectory. Figure 6-5 schematically shows the position feedback control

loop we implement on our stage testbed. The conventional motor (TL18 by Tecnotion)

together with power amplifiers and commutation algorithms forms a plant with the

phase current amplitude, I, and real-time stage position, y as an input and output,

respectively. Note that sinewave commutation is shown in the figure, but as discussed

earlier, we can programmatically control the commutation waveform in any desired

shape.

We use a loop shaping technique to design the position controller. To that end,

it is important to measure and understand the frequency responses of the plant and

the loop return ratio. Figure 6-6 shows how we measure these frequency responses

using a digital signal analyzer (DSA) designed in Labview by our lab, Precision Mo-

tion Control Laboratory (PMCL) at MIT. It is not impossible to measure the plant

frequency response in an open loop configuration, but since our plant is basically

a double-integrator, the stage may drift away and possibly run out of travel range
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Figure 6-5: Schemaiti( of' position cUlitrol loop1 with a plaIlt of linear motor system.

power amplifiers, commutation law, and a PID (lead-lag) controller.

while measuring the frequency response. To eliminate this DC drift issue, we design

and implement a low bandwidth controller first, and use the schematic shown in the

left side of Figure 6-6 to measure the plant response in closed loop. The DSA pro-

vides swept sine excitation as a disturbance while the position reference is set to zero,

and it gathers the input (CHi) and output (CH2) to/from our plant to calculate its

magnitude ratio and phase difference as written in

0H2 = |P|, Z = ZP.
C HI C HI

(6.5)

The measured plant frequency response is shown in Figure 6-7 as a blue line with

data points. One might expect a pure double integrator behavior since the plant is

simply a mass floating on air bearings pushed by a thrust force. The response shows,

however, a plateau at DC and a resonance at about 4.5 Hz, which indicates that

there is some kind of stiffness involved. This low-frequency resonance stems from

the cogging force, which is an AC-coupled force fluctuation caused by the geometric

saliency of the iron-core teeth engaged with the magnets. When we measure the

frequency responses, we place the stage at an equilibrium position created by the

cogging force, and the swept sines excited by our DSA perturb the stage about that

point. This makes the stage experience the cogging stiffness, thereby showing the

low-frequency resonant peak in our measured plant frequency response. To validate
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Figure 6-6: Schematic for measuring the relevant frequency responses of control loop:
plant (left) and loop transmission (right).

this, we obtain a time response of stage position to a perturbation about the same

equilibrium point as shown in Figure 6-8. The time response shows an oscillation

with the average period of about 0.22 sec, which is equivalent to about 4.5 Hz we

observe in our measured frequency responses.

The measured plant frequency response is fitted with a second order model as

A
Pmodel (8) = A 2 e "d, (6.6)

s2 + 2(w.ns + w,,

where A (= 3136), ' (= 0.05), w. (= 28.9 rad/s), and rd (= 300 As) are the plant

gain, damping coefficient, resonant frequency, and system delay, respectively. These

values are chosen to fit the measured frequency response. The fitted curve is shown

in Figure 6-7 as a red solid line overlapped on the measured plant data.

Using the plant frequency response, we design a lead-lag compensator to shape

the loop return ratio targeting a crossover, fe, at 100 Hz with a phase margin, tpM

of 45*. The controller we use is in the form of

C(s) = K lead(s) lag(s) = K aT5 + 1 Ts + 1 (6.7)
-s+1 Tis

where K, a, r, and T are the loop gain, phase lead ratio, lead time constant, and

lag time constant, respectively. The phase lead ratio, a determines how much phase

lead we can get at the crossover, and it can be calculated by
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Figure 6-8: Measured time response of cogging resonance when perturbed about a
stable equilibrium showing the frequency of about 4.5 Hz, consistent with the low
frequency resonance observed in the measured frequency responses.
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a - I
Omax = s (a + (6.8)

where Omax indicates the maximum phase lead. We set a = 10 to gain a phase lead

of about 55'. The lead time constant determines the location of maximum phase lead

with the relation of

1
Wmax =/ (6.9)

and we choose it to coincide with our desired crossover frequency. we = 27rfe =

27 x 100, which gives r = 5.03 x 10-4. The loop gain is then calculated for the loop

return ratio to have a unity gain at our crossover, resulting in K = 39.73. The last

parameter to complete our controller design is the lag time constant, T. A rule of

thumb for this value is to set the cutoff frequency, wea = 1/Ti of a lag compensator

one decade before the desired crossover so as to minimize a phase lag effect on the

phase margin at crossover. Following this, we choose Ti = 10/wc = 15.9 insec.

We implement the position controller in our real-time controller (National Instru-

ments PXI-8110) with the deterministic loop rate of 10 kHz. To validate our controller

design, we measure a loop return ratio, L(s) using the DSA schematic shown in the

right side of Figure 6-6, which gives magnitude ratio and phase difference of

CH2 CH2
' = -PCI=|- L, Z = Z(-PC) = Z(-L). (6.10)CHI CHI

Note that the ratio of CHI to CH2 itself provides the loop transmission, -L(s),

so in order to obtain a desired loop return ratio, we need to flip the sign. Figure 6-7

shows the measured and fitted loop return ratio in a green line with data points and

black solid line, respectively. As designed, the figure shows we have the crossover at

100 Hz with the phase margin of 45*. We also obtain a step response of our closed-

loop system to a 20 pin position step input, and the measured response is shown in

Figure 6-9. It shows the rise time, t, (10%-90%) of about 1.7 msec, which implies a
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-3dB bandwidth, fBw of about 206 Hz following the relation of

WBW 1 2.2
fBw 27r 2 7r t,

(6.11)

This approximation value of -3dB bandwidth agrees well with a measured bandwidth

of 194 Hz, showing the consistency between frequency and time domain responses.

Also, with the phase margin, #Op of about 450, we expect a percentage overshoot,

PO of about 20.5 % in the step response based on the relations of

100

PO = 100 x e )

(6.12)

(6.13)

We have the percentage overshoot of about 30 % in the measured step response, and

this is a bit higher than the expected overshoot of 20.5 % by (6.12). We speculate

5
tr 1.7 ms

10 15 20 25
Time [msec]

Figure 6-9: Measured step response of closed position control system to a step of 20
pm showing a rise time of about 1.7 msec and encoder quantization of 1 pm.
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Figure 6-10: Measured tracking performance of closed position control system fol-
lowing a smooth trajectory with maximum acceleration of 10 M/s 2 and maximum
velocity of 0.3 m/s.

219

180

E 120

060
0~

1.6

--IPos Ref
- - - -Pos Out

100
50

0
-50

r--

E

L..C''
0

E
E

- I I I I

I ~ ~ ~ 1 N

-1 uI
1.

300:
150

0
-150
-300:

1.

-

E
E
L..

I-

>w

6

6

6

6

I I I I I I I I

I I I I I I I I

20
10

0
-10
-20

1.
4
2
0.

-2

-4
1 .

AC

0
0-



that this difference is likely due to the effect of the lead zero.

We also test the tracking performance of the position controller with a position

trajectory. A fourth order polynomial position trajectory is generated to have smooth

velocity and acceleration curves, and commanded to the closed loop stage to follow.

Figure 6-10 shows measured tracking performances in terms of position and velocity

together with the required control effort in current, to a position trajectory with the

maximum acceleration of 10 m/s 2 , maximum velocity of 0.3 m/s, and travel length

of 120 mm. The overall position and velocity RMS errors are 12 Am and 4 mm/s,

respectively, while the RMS errors during a constant velocity region are 9.3 Am and

0.5 mm/s, respectively.

6.2 Experimental Results

In this section, we present experimental results on the vibro-acoustic noise of the

conventional linear motor. We begin to discuss the motor noise issue in a stationary

status. Even without cycling the stage, we observe serious vibro-acoustic noise only

by turning on the position controller. We find it stems from the encoder quantization

together with a high loop gain, and discuss it with relevant experimental data in this

section. We also discuss the motor noise in cyclic operations. Both vibrational and

acoustic noise are measured and compared to find causes and understand mechanisms

of the motor noise in this section, and a brief summary follows at the end.

6.2.1 Vibro-acoustic Noise in Stationary Position

Before operating our stage in a cyclic mode, we observe vibro-acoutic noise when the

stage is commanded to a stationary position. We speculated that this problematic

noise comes from impulse-like forces generated by peaky position errors due to the 1

pim encoder quantization. In order to validate this reasoning, we use our measurement

systems, discussed in Chapter 5, to measure both vibrational and acoustic noises of

stationary stage. The accelerometers are mounted on the stage and the microphones

are installed one meter away.
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We first observe the noise measurements for the case with the encoder resolution,

A of 1 um, which has the interpolation rate of x20 for the grating pitch of 20 pm.

Figure 6-11 shows the position error, when commanded to hold a stationary position,

by the encoder quantization of 1 pm, and resultant control effort generated by our

high-gain position controller. As shown in the figure, control effort peaks are substan-

tial because of significant quantization errors, and the cumulative amplitude spectrum

(CAS) of control effort shows that it contains a broad spectrum frequency range, im-

plying the possibility to excite all frequencies. In order to see if these impulse-like

control efforts actually cause noise, we measure the motor vibro-acoustic noise for four

different system conditions: i) only compressed air is turned on, ii) power electronics

are also powered on, iii) position controller is turned on with sinewave commutation,

and iv) controller is on with squarewave commutation. Figure 6-12 shows the CAS of

accelerometer measurements for these four cases of system conditions both in Z and

X directions.

When only the compressed air is turned on, there is essentially no vibration on the

stage, as expected and shown with blue curves in Figure 6-12. We start to observe

some vibration when powering up the amplifiers. This is due to the PWM switching

containing/exciting all frequencies. Note that we do not need to worry about this

switching noise if using linear drives. However, since those amplifiers are much more

costly, we choose to work with PWM drives for our prototype experimental setup,

and thus we choose our noise baseline to be the noise measured when powering up

the amplifiers as shown with green solid lines in the figure.

More vibrational noises are observed when the position controller is turned on

as shown in the figure with red and black curves. As expected from the significant

control efforts by 1 pm quantization noise, we see increasing noise from the baseline,

which comes from the stage eigen-modes excitation. This is more significant when

the commutation waveform is a squarewave because it contains more high-frequency

components and thus generates more force harmonics to excite stage dynamics. The

most notable jump both in the measured CAS's of Z- and X-direction vibration data is

located at about 630 Hz. This corresponds to a bending mode of our U-shaped stage.
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Figure 6-11: Encoder quantization and corresponding control effort with an interpo-
lated resolution of 1 pm (left), and associated cumulative amplitude spectrum (CAS)
(right).
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Figure 6-12: Cumulative amplitude spectrum (CAS) of accelerometer measurement
data for four different conditions investigating motor stationary noise with the encoder
resolution of 1 pm. Z-direction (left) and X-direction (right).
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Some of major stage dynamics are listed in Figure 6-13 with a simple mode-shape

description for each corresponding eigen-frequency. We encounter these eigen-modes

and eigen-frequencies throughout this chapter and after.

From these investigations, we understand that the coarse quantization error is the

culprit of motor noises in stationary status, exciting stage dynamics to emit significant

vibro-acoustic noises. In order to resolve this issue, we changed hardware to increase

the interpolation ratio from x20 to x200 to have a ten times finer encoder resolution

of 0.1 pm. Figure 6-14 shows the quantization error and its associated control effort

with A = 0.1 pm, and compares them to those with A = 1 pm. Due to much

smaller position errors, the control effort peak is substantially reduced along with

the associated spectral contents as shown in the CAS plot in Figure 6-14 with a red

solid line. To see the effect of using A = 0.1 pm on the motor stationary noise,

the vibrational noise is measured on the stage when the controller is turned on with

squarewave commutation, and is compared with the case of A = 1 pm in Figure 6-

15. In the CAS of both Z- and X-direction measurements, we can see that the stage

vibration is significantly reduced with A = 0.1 pm to the extent that the CAS curve

of controller-on case (purple line) is quite close to our noise baseline (green line) even

when commutated with a squarewave. The stage dynamics once excited significantly

with the coarse encoder resolution (black line) are now almost not excited when using

the finer resolution. We observe the same results when measuring acoustic noise using

our microphone system. Sound noise is measured in units of pascal for four different

system conditions, and compared between the cases of coarse and fine resolution in

Figure 6-16. Similarly to the vibrational noise measurements, the acoustic noise CAS

with A = 1 pm shows significantly increasing noise level from the baseline (green

line) when the controller is on, exciting stage eigen-modes, which is especially severe

with squarewave commutation. However, when we change the encoder resolution to

A = 0.1 pm, not much of noise increase from the baseline is observed even when

commutated by a squarewave. This is due to the fact that the quantization error and

resultant control effort are so small that the stage dynamics are not that excited as

before. A brief summary of our investigation on the motor stationary noise issue is
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Figure 6-13: Schematic of major stage
mentally obtained by a ping test.
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Figure 6-14: Encoder quantization and corresponding control effort with an inter-
polated resolution of 0.1 pm compared to the case with 1 Mm resolution (left) and
associated CAS (right).
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Figure 6-15: CAS of accelerometer measurement. Comparison between the encoder
resolutions, A=0.1 pm and A=1 ptm, showing significant reduction of motor station-
ary noise with finer resolution. Z-direction data (left) and X-direction data (right).
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Figure 6-16: CAS of microphone measurement for four different conditions. Compar-
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significant reduction of motor stationary noise.
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listed as below.

" Motor noise is observed even in a stationary position when the position con-

troller is turned on.

" Motor stationary noise comes from coarse quantization errors by the encoder

resolution of 1 pim.

* Coarse quantization error causes large control efforts and generates impulse-like

forces to vibrate the stage, especially severe when stage dynamics are excited.

" Stage vibration by coarse quantization errors radiates acoustic noise that we

hear.

" The motor stationary noise issue is largely resolved by upgrading the interpo-

lation ratio to have ten times finer encoder resolution, A = 0.1 gin.

* Finer resolution reduces the amplitude of quantization error and its resultant

control effort, not causing serious stage vibration. From this point, we use the

encoder resolution of A = 0.1 pim when operating the stage testbed and running

experiments.

" Required RMS position error can be fulfilled even with the coarse encoder res-

olution, A = 1 pm, as discussed in the previous section. However, the encoder

quantization and its effects have to be also taken into account when choosing a

encoder resolution for a high-precision system sensitive to noise.

6.2.2 Vibro-acoustic Noise during Cycle Operation

Here, we discuss the motor vibro-acoustic noise during cyclic operations. Note that

the encoder resolution of 0.1 pm is used throughout this subsection and hereafter in

order to minimize the quantization issue. Experiments are conducted with various

conditions to better understand the causes and mechanism of the motor vibro-acoustic

noise. Both vibrational and acoustic noises are measured in Z and X directions while

the stage is cycled with either sinewave or squarewave commutation. Also, both
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nonskewed and skewed magnet arrays are compared to study the effects of skewing

magnets on the motor noise. In addition, the measurement data is separated into ac-

celeration/deceleration and constant velocity regions to see if the motor noise behaves

differently in each region. Note that we utilize two separate real-time controllers to in-

dependently implement the position control loop and the measurement loop, thereby

keeping the control loop highly deterministic. The synchronization between these two

controllers is achieved by a digital output signal, which turns on the measurement

loop at the exact moment of stage cycling start. The position loop runs determinis-

tically at 10 kHz in an National Instruments (NI) PXI-8110, and the measurement

loop samples data at 50 kHz in an NI PXIe-8133.

We begin our investigation by comparing vibrational and sound noises while cy-

cling the stage with a smooth trajectory with a maximum acceleration, Amax of 25

m/s 2 and maximum velocity, Vmax of 1 m/s. Figures 6-17 and 6-18 show accelerome-

ter and microphone data comparison during an acceleration region in both Z and X

directions, respectively. We observe several eigen-frequencies excited, such as at 360

Hz, 500 Hz, 630 Hz, 1100 Hz, and etc., dominating the overall noise level in both

accelerometer and microphone data. These stage dynamics are excited by the ample

force harmonics of the conventional linear motor because, by design, its stator and

rotor MMF's contain high spatial harmonics as discussed in Chapter 2. This also

explains why we observe much larger noise level when the stage is commutated with

a squarewave, exciting stage dynamics more severely.

From these observations, we can conclude that the sound noises we hear and

microphones measure during an acceleration region come from the stage vibration,

and this vibration is mostly caused by high force harmonics of the conventional motor,

exciting the stage eigen-modes, as hypothesized in Chapter 1. One of the simplest

approaches to reduce the vibro-acoustic noise using the same motor can be then

to avoid a commutation waveform with high-frequency contents (e.g. squarewave)

and use a smooth one (e.g. sinewave) to less excite the stage dynamics. However,

a more fundamental solution is to change the motor magnetic design to have less

force harmonics. This is why we develop our new fine-tooth motor as described in
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Figure 6-17: CAS comparison between squarewave and sinewave commutation cases:
Z-direction accelerometer (left) and microphone measurement (right) at Amax = 25
m/s 2 and Vmax = 1 m/s with non-skewed magnets.
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Figure 6-18: CAS comparison between squarewave and sinewave commutation cases:
X-direction accelerometer (left) and microphone measurement (right) at Amax = 25
m/s 2 and Vmax = 1m/s with non-skewed magnets.
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Figure 6-19: CAS of accelerometer measurements on stage side plate at Ama = 25
m/s 2 and Vmax = 1 m/s with skewed and non-skewed magnets both during acceler-
ation (left) and constant velocity (right), showing stage eigen-modes excitation for
both cases. Eigen-modes associated with area of rapid change in CAS.
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Figure 6-20: CAS of microphone measurements from above stage at A,., = 25 m/s2

and Vmax = 1 m/s with skewed and non-skewed magnets both during acceleration
(left) and constant velocity (right) regions, showing stage eigen-modes excitation for
both regions.
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Chapter 3. Experimental results of this newly-designed motor and comparisons with

the conventional 3-4 combination motor are discussed in Chapter 7.

We also investigate the motor vibro-acoustic noise in a constant velocity region

together with the effect of skewing magnets. Figures 6-19 and 6-20 compare the

vibrational and acoustic noises between acceleration and constant velocity regions.

Note that sinewave commutation is used for these experiments. One might expect

much less noise level in a constant velocity region since it nominally requires no ac-

celeration and no thrust, thereby not much of force harmonics to excite the stage

dynamics. However, what we observe from the measured data in the figures is differ-

ent from the expectation that the vibro-acoustic noise in a constant velocity period

contains similar level of stage dynamics to the cases in an acceleration region. This

can be explained in terms of force disturbance, namely cogging force existing in the

constant velocity regions. Even with skewed magnets, the cogging fundamental of the

conventional motor cannot be eliminated, as discussed in Chapter 2, and magnetic

forces have to be generated to overcome this cogging to achieve the commanded con-

stant velocity. This generated force also contains higher harmonics due to the design

of the conventional motor, thereby again exciting the stage eigen-modes even in a

constant velocity region. Note that the measured vibro-acoustic noise level is a bit

smaller with the skewed magnets. This is because skewing magnets acts as a low-pass

filter to smoothen the rotor MMF, thereby generating less force harmonics.

As an additional effort to further investigate the motor noise in acceleration and

constant velocity regions, we post-process our measurements to plot spectrograms.

Figures 6-21 to 6-23 show measured spectrograms of a half cycle with the same accel-

eration of 25 m/s2 and varying velocities of 0.4 m/s, 0.6 m/s, and 1.0 m/s, respectively.

Velocity profiles commanded for the stage to follow are overlapped in white on the

spectrograms to show each velocity region. The color map in the figures shows the

sound pressure level (SPL) in dB with respect to a reference pressure, Pref of 20 pIPa.

As expected from the CAS data previously shown in Figures 6-19 and 6-20, there is

no clear distinction on the motor noise between acceleration/deceleration and con-

stant velocity regions. This is because the stage eigen-modes (mainly at 630 Hz and
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Figure 6-21: Spectrogram of microphone measurements during a half cycle of velocity

profile with Amax = 25 m/s2 and Vmax = 0.4 m/s with non-skewed magnets. Velocity
profile commanded is overlapped in white to indicate acceleration/deceleration and

constant velocity regions. The color-map shows sound pressure level (SPL) in dB re

Pref = 20 pPa.
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Figure 6-22: Spectrogram of microphone measurements during a half cycle of velocity
profile with Amax = 25 m/s2 and Vmax = 0.6 m/s with non-skewed magnets. Color-
map shows SPL in dB re Pref = 20 pPa.
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Figure 6-23: Spectrogram of microphone measurements during a half cycle of velocity
profile with Ama = 25 i/s2 and Vmax = 1.0 in/s with non-skewed magnets. Color-

map shows SPL in dB re Pref = 20 ipPa.

1100 Hz) are excited by the generated magnet force 1) to achieve the required thrust

during acceleration and 2) to overcome the cogging during a constant velocity region.

It might be expected to observe in the spectrograms a cogging-oriented and

velocity-dependent noise components given by

fcogging = oc/, (6.14)
Acogging/n

where ve, Acogging, and n are the constant velocity, fundamental cogging period, and

cogging harmonic index, respectively. As discussed in Chapter 2, the conventional

3-4 combination motor (TL18 by Tecnotion) has a strong fourth harmonic compo-

nent (n = 4) due to its 3-4 combination design. The cogging fundamental period is

Acogging = 16 mm, so the cogging-oriented noises are expected from the conventional

motor at the frequencies of 100 Hz, 150 Hz, and 250 Hz for v, = 0.4 m/s, 0.6 m/s,

and 1.0 m/s, respectively. However, we are not able to observe these noises from the

spectrograms in Figures 6-21 to 6-23 because their amplitudes are so small that they

232



are dominated and disguised by the stage dynamics noise. We discuss in detail the

issue of this cogging-oriented and velocity-dependent noise in Chapter 7 with our new

fine-tooth motor.

6.2.3 Brief Summary

In this chapter, we discuss various aspects of the motor vibro-acoustic noises emitted

from the conventional 3-4 combination linear motor. Some of important takeaways

from this chapter are summarized as follows.

" Motor stationary noise is caused by coarse (A 1 pm) encoder quantization

errors resulting in significant control effort peaks, and so exciting stage eigen-

modes.

" Motor stationary noise is resolved by upgrading the interpolation ratio to have

a finer encoder resolution, A = 0.1 pm.

" Vibro-acoustic noise of the conventional 3-4 combination motor comes from the

high motor force harmonics due to its magnetic design as discussed in Chapter 2.

Noise mechanism is such a way that the high force harmonics vibrate the moving

stage, and the stage vibration radiates the acoustic noise, as hypothesized in

Chapter 1.

" We observe more noise when the linear motor is commutated with a squarewave

function since it carries more high-frequency components and makes the stator

MMF have more harmonics.

" Skewing magnets helps to reduce the overall motor noise level by smoothing the

rotor (moving magnet tracks) MMF.

" Within the given magnetic design of the conventional 3-4 combination linear

motor, the vibro-acoustic noise can be reduced by commutating with a smooth

waveform (e.g. sinewave) and by skewing magnets. However, these are only
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indirect and secondary methods, and cannot reduce the motor acoustic noise

by a significant amount.

* A direct solution to the motor noise is to develop a new magnetic design where i)

stator and rotor MMF's are smooth enough not to generate high force harmonics

and ii) force disturbance (e.g. cogging) can be minimized so as not to vibrate the

moving stage while operating in constant velocity regions. Such a motor design,

which we call a fine-tooth motor, is introduced in Chapter 3, and experimentally

validated in Chapter 7.
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Chapter 7

Experiments with Fine-tooth Motor

This chapter presents studies of the vibro-acoustic noise of our new fine-tooth motor,

and compares the results to those using the conventional motor described in Chap-

ter 6. Advantages of low-noise and high shear stress achieved by the new fine-tooth

motor design, discussed in Chapter 3, are experimentally validated in this chapter.

We discuss in the first section the control of the five-phase fine-tooth motor. The

approaches towards the zero position definition, commutation algorithm, and position

controller design are conceptually the same with the conventional 3-4 combination

motor presented in Chapter 6. However, the practical methodologies to realize those

tasks are different since the magnetic design of new motor is different from the con-

ventional one in terms of the number of phases, winding patterns, and tooth pitch.

We discuss these methodologies in detail in this chapter.

We then discuss the experimental results on the vibro-acoustic noise generated by

our new motor in the next section. In order to compare the motor noise in acceleration

periods to the results of the conventional motor, we present the results of our new

motor to be compared with the previous data from Chapter 6. From this comparison,

we observe a significant reduction on the motor noise during acceleration regions. The

experimental data of the motor noise in constant velocity periods are also discussed

in detail to show the effects of cogging force. We present the cogging-oriented motor

noise data at different velocity levels both with non-skewed and skewed magnets,

showing a significant cogging noise reduction by skewing magnets.
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In addition to the motor noise reduction, our new fine-tooth motor shows higher

force performance (e.g. higher shear stress) than the conventional 3-4 combination

iron-core motor as discussed in Chapter 3. Experimental validation of this result is

presented at end of this chapter, followed by a summary on the achievements of our

new fine-tooth motor.

7.1 Control of Fine-tooth Motor

In this section, we discuss the commutation algorithm and position controller design

to drive our new fine-tooth motor. For the commutation, the back EMF is used

to define the zero reference position, and the five-phase commutation algorithm is

implemented to generate the thrust in a desired direction. This section also presents

the position controller design and its tracking performance.

7.1.1 Zero Electrical Position

In order to switch phase currents at the right moments to create a traveling stator

MMF-wave, we need to know the position of the moving magnet track, thus requiring

a defined zero reference position. As introduced in the previous chapter, we measure

the back EMF from one of the armature coils to set the desired position for the

zero reference. Our new motor armature is divided in four sections as shown in

Figure 7-1. We use the phase A coils in Section#3 to measure the back EMF while

moving the magnet track in the direction from Section#2 through Section#3. This

is schematically illustrated in Figure 7-2, which is viewed from the cable-carrier side

(top) of Figure 7-1. The phase A winding in Section#3 consists of 9 coils (coil Al

to A9) connected in series. This phase back EMF is measured while the four vertical

magnets (PM#l to #4) in the moving track pass all the 9 phase A coils. We follow

the measurement steps discussed in Chapter 6, and the measured back EMF of the

phase A winding with non-skewed magnets is plotted in Figure 7-3. Note that we use

a reference mark in the encoder scale to set an initial zero position. We reset this

initial location by the shift amount of the back EMF zero crossings so as to define our
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(9 coils/phase) (9 coils/phase) (9 coils/phase) (8 coils/phase)

Figure 7-1: Picture of fine-tooth motor installed on the stage testbed, showing four

winding sections.

I 4 -M f .dA- -' -2~L F? . Stage moving direction

VEMF

Figure 7-2: Schematic of fine-tooth linear motor lap winding configuration to measure
the back EMF of the phase A coil in Section#3.

desired position to be the zero reference. In order to use this back EMF measurement

to define the zero reference position, we need to first understand the measurement.

To this end, we mark points of interest with circled numbers in Figure 7-3. We discuss

these marks one by one below, following the notations shown in Figure 7-2.

() Magnet track is entering, so PM#1 starts engaging with Coil Al.

237

J- W k1iF:T 7 W



8

6

4

2

0

-2

-4

-6

4 4
14

I I I I I I I I I I ~ I I I

106 126 146 166 186 206 226 246 266 286 306 326 346 366 386
Position [mm]

Figure 7-3:
stator with
pitch, A=

45 -

3

2

0
U

ra -1

-2

-3

-4

Measured back EMF of phase A coil in Section#3 of our new fine-tooth
non-skewed magnets, showing the zero-crossings with the interval of pole
20 mm. Numbers in circles are discussed in text.

-4

4 P

I I I I I I I I I I I I I

-60 -40 -20 0 20 40 60 80
Position [mm]

100 120 140 160 180 200

Figure 7-4: Measured back EMF of phase A coil in Section#2 after defining the
desired zero reference position, which is illustrated by a blue dot.
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Figure 7-5: Measured back EMF of phase A coil in Section#2 with skewed magnets
after defining the desired zero reference position, which is illustrated by a blue dot.

PM#1 is aligned with Coil Al as depicted in Figure 7-2.

PM#1 and #2 are aligned with Coil Al and A2 simultaneously.

PM#l, #2, and #3 are aligned with Coil Al, A2, and A3.

~ 
' All four magnets (PM#l to #4) are aligned with four coils, Al-to-A4,

A2-to-A5, ... , and A6-to-A9, respectively.

PM#2, #3, and #4 are aligned with Coil A7, A8, and A9.

@ PM#3 and #4 are aligned with Coil A8 and A9.

@ PM#4 is aligned with Coil A9.

(g Magnet track is exiting, so PM#4 gradually less engages with Coil A9.

We observe five fingers in every zero' crossing interval in Figure 7-3, which are

caused by the fine teeth engaged with non-skewed magnets. Unlike the lumped (or
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shortest pitch) winding in the conventional 3-4 combination motor, we use the full-

pitch winding which wraps five teeth. While a non-skewed magnet is passing each

coil, it enters and exits a tooth five times, thereby yielding five local peaks resembling

fingers. Note that these local peaks are not that notable with skewed magnets as can

be seen in Figure 7-5.

The zero crossing distance is the same as the magnet pole pitch, AP = 20 mm as

shown in the figure. Our desired zero position is where PM#4 is aligned with the

first coil of the phase A in Section#2, as depicted in Figure 7-6. This location is 9

coils away from the zero crossing point of ® in Figure 7-3. Using this, we calculate

how much the initial zero position is shifted from the desired zero reference by the

relation of

y 9 x A = 186 mm - 9 x 20 mm = 6 mm (7.1)

where A, is the coil full-pitch distance, which is the same as the magnet pole pitch, AP.

We reset the initial position to -6 mm so that the desired reference point is defined as

zero. We measure the back EMF of phase A winding in Section#2 to confirm the zero

reference, and Figure 7-4 shows the measurement. For this measurement, we move

the magnet track in the opposite direction (from Section#3 through Section#2), and

so the measured back EMF in Figure 7-4 is flipped. Specifically, the marked area of

)' is when the magnet track is entering the Coil A9 in Section#2. As depicted with

a blue dot in the figure, we have our desired position correctly set to zero.

7.1.2 Commutation

Commutating a five-phase motor is different from a conventional three-phase motor.

However, the principle is the same in that the phase currents have to be switched

at the right moments to produce thrust in a desired direction. Figure 7-6 shows a

magnetic configuration useful for discussion of our five-phase commutation algorithm.

This configuration can be considered as a snapshot when the magnet track is located

at the desired zero location, y = 0.
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Figure 7-6: Squarewave commutation algorithm for a five-phase fine-tooth motor.
Magnet track is shown at the desired zero reference position.
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Parameters of A to E indicate the starting turns of the five-phase windings and A'

to E' are the winding return paths. The winding directions illustrated in the figure

are drawn to have rightward (+y) thrust generation on the magnet track. We can

determine the force direction by the Lorentz force rule, where a magnetic force on a

current-flowing conductor by a magnetic field, B is given as

FLorentz = 1I x B (7.2)

where I and I are the conductor length and current vector, respectively. From (7.2),

we see that the armature windings in Figure 7-6 would experience a force in leftward.

Since the armature is the stationary part in our motor configuration, the opposite-

direction (rightward) reaction force is exerted on the moving magnet track. At the

particular moment of y = 0 as illustrated in the figure, the phase A current iA

instantaneously becomes zero and flips sign while the other phase currents should

flow into-the-page (-) in order to generate the thrust rightward. When the magnet

track is moved by the slot pitch A, = AP/5, the phase B current iB should flip sign to

maintain the thrust direction in +y as shown in Figure 7-6. This applies to all the

other phase currents, and the plots in Figure 7-6 show this commutation algorithm

for all five-phase currents in a squarewave form, which can be written as

i A = Ipsquare (27ry
iB = Ipsquare A-- Py ) = Ipsqua're (2A -

2Isquare - 2App) = I2square (2ry 27)

iD = Ipsquare (7r (Y - 3App) = Ipsquare 2(y 3.App 10 (App 5

= I2square (7r(Y - 4App) = Ipsquare 27ry 47r

App 10 (App 5

where we define square(-) = signum(sin(-)). Since we have position sensors avail-

able, we can control the commutation waveforms in any desired shapes. We use both
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squarewave and sinewave commutation to compare the motor noise. The sinewave

commutation algorithm is given below in (7.4). The commutation algorithm is imple-

mented in a real-time controller (National Instruments PXI-8110), and the five-phase

currents are commanded to the power amplifiers. As discussed in Chapter 5, we have

a total of 20 amplifiers to individually drive a total of 20 coils (5 phase coils per section

x 4 sections), so in order to implement the 5-phase commutation, the coil currents

have to be assigned as i1,6,11,16 = iA, i2,7,12,17 = iB, i3,8,13,18 iC, i4,9,14,19 =D, and

i5,10,15,20 = E-

i A = Ipsin 27TY

ZB = Ipsin - P)Y 2  - (7.4)

. 2r 3A . 27y 37
Z= Ipsin AP( 10 =Ipsiri (PP 5(7.)

iD = Ipsin (y - psin
APP 10 APP 5

i E = Ipsin 2r(Y - 4Ap psin 2 7

(APP 10 APP 5

7.1.3 Position Control

We use the loop shaping technique to design a lead-lag compensator for the position

control of our new fine-tooth motor. The same measuring schemes illustrated in

Figure 6-6 are used to measure the frequency responses of plant and loop return

ratio with the relations as in (6.5) and (6.10). The position loop we implement is

schematically shown in Figure 7-7. The plant consists of the five-phase commutation

algorithm, dynamics of power amplifiers with internal current controllers, and our

fine-tooth motor. The encoder output is fed back to be subtracted from a reference

position command, and a linear controller calculates necessary control effort, which

is the current amplitude of commutation waveforms, to drive the motor to follow a

given position trajectory. The position feedback loop is implemented in our real-time

controller (PXI-8110) running deterministically at 10 kHz sample rate.
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Figure 7-7: Schematic of position control loop with a plant of five-phase fine-tooth
linear motor system and a PID (or lead-lag) controller.

We first measure the plant frequency response to see the plant characteristics,

as shown in Figure 7-8 by the blue line with data points. There is a low-frequency

resonance similar to the one observed in Figure 6-7 with the conventional motor. This

low-frequency resonance is located at about 7.6 Hz. This is again due to the cogging

stiffness since this plant response is measured with non-skewed magnets. In order

to validate this, we perturb the stage about an equilibrium point and measure the

time response as shown in Figure 7-9. The average oscillation period is about 132

msec, showing a frequency of about 7.6 Hz, consistent with what we observe from the

frequency response. Note that this cogging resonance at 7.6 Hz is higher than the

one at 4.5 Hz with the conventional motor. This indicates that the cogging stiffness

is higher with our new motor when using non-skewed magnets.

The plant frequency response is fitted with a second order model written as

A
Pmodel(s) 2 dS

=s2 + 2gwns wg 2

6964 e(300x10 6)S (7.5)

s2 + 2(0.03)(27r x 7.6)s + (27r x 7.6)2
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This is plotted in Figure 7-8 with the red solid line, showing a reasonable agreement

with the measured response. Based on the plant, we shape the loop return ratio to

have a crossover at 100 Hz with a phase margin of 45'. We use the same controller

form of (6.7) to add the phase lead of 550 at 100 Hz, so all the parameters defined in

Chapter 6 are reused, except for the overall loop gain, K. The loop gain is calculated

to be K = 17.82 to achieve the crossover at 100 Hz.

Figure 7-8 shows the measured loop return ratio with the green line with data

points, and also the simulated one with the black solid line. We have the crossover

at about 100 Hz with the phase margin of about 45' as designed. We conduct the

tracking performance test by commanding a fourth order position trajectory with

the maximum acceleration of 25 m/s 2 and maximum velocity of 0.4 m/s, traveling

350 mm back and forth. Figure 7-10 shows the overall tracking performance of our

position closed-loop. Over a constant velocity region, the RMS velocity and position

errors are 1.52 mm/s and 2.9 pm, respectively.

7.2 Experimental Results and Comparisons

In this section, we present extensive experimental results to show how our new fine-

tooth motor outperforms the conventional 3-4 combination motor in terms of vibro-

acoustic noise and force capability. We first discuss the experimental data of the

vibro-acoustic noise during the acceleration and deceleration regions. In Chapter

6, significant vibro-acoustic noise is observed with the conventional motor because

the generated force contains high harmonics, which excite the stage dynamics. Our

fine-tooth motor, however, produces less force harmonics via its fine-tooth magnetic

design. Therefore, we observe much less noise during not only acceleration regions,

but also during constant velocity periods.

We also present the experimental results on the cogging-oriented and velocity-

dependent noise in constant velocity regions. In this section, we compare the cogging-

related noise of our new motor between the cases of non-skewed and skewed magnets,

and show that our fine-tooth motor significantly reduce such noise by its magnetic
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design of fine teeth. Noise measurements are compared in the form of spectrograms

to show the noise difference between acceleration and constant velocity regions, and

also to observe the effect of skewing magnets on the cogging noise.

In addition to the noise reduction, our new fine-tooth motor also shows higher

force capability than the conventional 3-4 combination motor as discussed in Chapter

3. We present experimental validation of the force performance in this section, and

conclude the chapter with a summary.

7.2.1 Vibro-acoustic Noise by Stage Dynamics

We observe in Chapter 6 that the conventional iron-core motor emits significant vibro-

acoustic noise both in the acceleration and constant velocity regions, exciting the

stage dynamics by high force harmonics. These experimental results are plotted

in Figures 6-19 and 6-20 in terms of their associated cumulative amplitude spectra

(CAS). Here, we present the vibro-acoustic noise of our new fine-tooth motor in

the same manner in Figures 7-11 and 7-12 to compare the overall noise level to the

conventional motor. The motor noise is measured while the stage is cycled following

a fourth order position trajectory with a maximum acceleration of 25 M/s 2 and a

maximum velocity of 1 m/s.

The vibrational noise during acceleration with the conventional motor (TL18 by

Tecnotion) shows the average cumulated noise level of 9 M/s 2 while it is about 0.9

m/s 2 with our new fine-tooth motor. This is a significant noise reduction, namely

ten to one. The acoustic noise during acceleration also shows a significant noise

reduction in average from 0.253 Pa (~~ 82 dB) to 0.0156 Pa (~ 58 dB), showing

about 16 to 1 reduction. These significant overall noise reductions are also observed

during constant velocity regions for both vibrational and acoustic noises. This is

because our fine-tooth motor contains, by design, less force harmonics so that the

stage dynamics are not significantly excited in either the acceleration or constant

velocity region. Specifically, the major stage eigen-frequencies of 360 Hz, 500 Hz,

and 630 Hz dominate the overall noise level when the stage testbed is driven by the

conventional motor. However, when our new fine-tooth motor is used, these eigen-
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Figure 7-11: CAS comparison of accelerometer measurements between Tecnotion
motor and new fine-tooth motor, showing more than average of 90 % noise level
reduction. Vibrational noises are measured for a stage cycle at Amax = 25 m/s2 and
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Figure 7-12: CAS comparison of microphone measurements between Tecnotion motor
and new fine-tooth motor, showing more than average of 90 % noise level reduction.
Acoustic noises are measured at Amax = 25 m/s2 and Vmax = 1 m/s both during
acceleration (left) and constant velocity (right) regions.
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Tecnotion 10.31 (1) 8.71 (0.84) 0.278%83dB (1) 0.228%81dB (0.82)w/ Non-skewed PM

Tecnotion 7.67 (0.74) 6.41 (0.62) 0.227a81dB (0.82) 0.167;78dB (0.60)
w/ Skewed PMI
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Figure 7-13: Overall noise level comparison for both vibrational and acoustic noises
in all four motor cases experimented at A,ax = 25 m/s2 and Vmx = 1 m/s. Ratio is
presented for each noise with a reference level (1) of Tecnotion with non-skewed PM
during an acceleration region.

modes are less excited as can be seen by the smaller jumps at those frequencies from

the CAS's in Figures 7-11 and 7-12. We also observe that the overall noise level is

smaller with skewed magnets. This is because skewing magnets i) helps reduce the

cogging and ii) serves as a low-pass-filter for the rotor MMF to have less harmonics.

In Figure 7-13, we show a table of the cumulated noise levels during both accel-

eration and constant velocity regions for each of all four cases of motor types. Note

that the cumulative amplitude (CA) of vibrational noise has units of Im/s2 ], and the

acoustic noise is in [Pal and [dB]. The decibel value in blue indicates the sound pres-

sure level (SPL) calculated with respect to a reference pressure, Prf = 20 pPa. For

instance, if we compare the acoustic noise level between the conventional motor (by

Tecnotion) and our fine-tooth motor both with non-skewed PM, the sound pressure

level is decreased from 83 dB to 60 dB. Qualitatively speaking, this is the noise differ-

ence between a truck passing by and a quiet office, i.e., a large reduction. The table

also shows ratio values within parentheses. For both vibrational and acoustic noises,

the case of Tecnotion with non-skewed PM during an acceleration region is used as

the reference. For example, the fine-tooth motor with skewed magnets has the vi-

brational noise reduction of 94 % compared to the Tecnotion motor with non-skewed

magnets (.- ratio of 1 to 0.06).
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We summarize our observations from the experimental results as below.

" Our fine-tooth motor shows a significant vibro-acoustic noise reduction of 90 %

in average compared to the conventional 3-4 combination motor.

" The stage dynamics are significantly less excited with our new motor because

the fine-tooth motor design produces smoother stator and rotor MMF's, thereby

generating much less force harmonics.

* Overall noise level is smaller with skewed magnets because i) skewing reduces

the cogging and ii) skewing can serve as low-pass-filtering the rotor MMF so

that it contains less harmonics.

" Unlike the case with the conventional motor, our fine-tooth motor shows a

clear distinction of the vibro-acoustic noise between acceleration and constant

velocity regions. We discuss these details in Section 7.2.2 below.

7.2.2 Vibro-acoustic Noise by Cogging Force

We discuss the vibro-acoustic noise of our fine-tooth motor by the cogging force in

this subsection. The experimental data are obtained while cycling the stage at various

speeds with both the non-skewed and skewed magnets. With non-skewed magnets,

the cogging-related noise is observed to be dominant during constant velocity regions.

The cogging, however, can be eliminated by skewing magnets, and so we observe that

the cogging-related noise becomes significantly reduced with skewed magnets.

Specifically, the stage is cycled following velocity profiles with a maximum acceler-

ation of 45 m/s2 and different velocities from 1.6 m/s to 2.4 m/s for the cogging-related

noise experiments. Thus the cogging noise frequencies will scale with this speed. Ac-

cording to the relationship written in (7.6), we expect the cogging-oriented noise at

400 Hz to 600 Hz, respectively. Note that (7.6) is the same as (6.14), but n is chosen

to be 1 since the fundamental is the major cogging component in our fine-tooth mo-

tor. Also, the cogging period, A,, ,gin is shorter since we have a fine tooth pitch, At

in our new motor design.
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fcogging VC VC (76)
Acogging At

We present the experimental results with the non-skewed magnets first where the

cogging noise, fcggiLg is expected to be dominantly observed. We then show the

test results with the skewed magnets to discuss the effect of skewing magnets on the

vibro-acoustic noise over constant velocity periods. Spectrograms are used for the

noise comparison. We can observe in the spectrograms the noise behavior difference

between acceleration and constant velocity regions.

Noise with Non-skewed Magnets

We first discuss the cogging-oriented and velocity-dependent vibro-acoustic noise with

the non-skewed magnets. Cogging can be considered as a force disturbance which the

moving stage experiences. This is the major force component during constant velocity

regions, since the motor coil current is low in these regions. Since the cogging is a

periodic and fluctuating force, it vibrates the stage at a certain frequency which scales

with the stage velocity, as given in (7.6). Figure 7-14 shows the measured cogging

(red line) and the simulated cogging by FEM (blue line) in both the normal (Z) and

tangential (Y) directions. Their spatial spectra are compared in Figure 7-15. The

cogging curves agree well with each other. However, we see from both figures that

the actual measurement has smaller amplitude than the calculated one. We speculate

that this discrepancy may come from two reasons. One is that there might be some

misalignment in the actual hardware assembly such that the motor air gap distance

and the skew angle are different from their nominal values of 550 pm and 0' (for non-

skewed magnets), respectively. Another possible reason is the magnetic end effects

in the cross-scan direction (X). The finite element simulation model is in 2D so that

the end effects in the scan direction (Y) are considered, but are not considered in the

cross-scan direction. This also might cause the cogging amplitude difference. Except

for this discrepancy, the measured cogging behaves as expected from the simulation.

The fundamental cogging period is the tooth pitch, At = 4 mm and the fundamental
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Figure 7-14: Cogging force comparison between FEM simulation and experiment,
both with non-skewed magnets. Cogging fundamental period of a tooth pitch, A =

wt + w. = 4 mm.
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Figure 7-15: Spatial spectrum comparison of cogging force between FEM simulation
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tal, as expected.
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is the sole and major component without any notable harmonics, in both Z and Y

directions, as illustrated in the spatial spectrum in Figure 7-15.

In order to observe the vibro-acoustic noise caused by this cogging force, we mea-

sure both vibrational and acoustic noises while cycling the stage at the same accel-

eration of Ama = 45 m/s2 with three different levels of velocity at Vmiax = 1.6 ml/s,

2.0 m/s, and 2.4 m/s. The measured data are post-processed to obtain spectrograms

where we can see the time-varying spectrum of frequencies. Figures 7-16 to 7-21

show the spectrogram comparisons of both Z- and X-direction vibro-acoustic noises

for the constant velocities of 1.6 m/s, 2.0 m/s, and 2.4 m/s, respectively. For all

figures, the spectrogram of accelerometer data is on the left side while microphone

data is on the right side. All the spectrograms are during a half cycle of acceleration,

constant velocity, and deceleration. The corresponding velocity profile is depicted in

white at the bottom of the figure for each spectrogram. Since we cycle the stage with

the fixed travel range of 350 mm, time and travel lengths for the constant velocity

region become shorter for the higher velocity. The color map in the spectrograms

is logarithmic, showing the power spectra of vibrational and acoustic noises in the

units of (m/s2)2 and dB, respectively. Note that the decibel unit indicates the sound

pressure level (SLP) with respect to a reference pressure of 20 [Pa.

Unlike the motor noise data of the conventional 3-4 combination motor shown

in Chapter 6, we observe a clear distinction between acceleration and constant ve-

locity regions as shown in the all figures of spectrograms. For example, from the

Z-direction vibro-acoustic noise measurements in Figure 7-16, we observe the stage

dynamics excitations at around 360 Hz, 500 Hz, and 630 Hz during acceleration and

deceleration regions while the cogging-oriented noise at 400 Hz dominates the noise

over the constant velocity period without much of the stage eigen-modes excited. In

fact, when we perform the cycle experiments, we clearly hear almost a pure tone

of cogging frequency acoustic noise during a constant velocity period. We also see

the resemblance between spectrograms of accelerometer and microphone data, vali-

dating the noise mechanism of the stage vibration radiating the acoustic noise. The

distinction between acceleration and constant velocity regions holds for all cases of
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Figure 7-16: Spectrogram comparison of vibrational (left) and acoustic (right) noises
of our new fine-tooth motor in Z-direction during a half cycle with Amax = 45 m/s2

and Vmax = 1.6 m/s, showing clear distinction between acceleration and constant
velocity regions. Note cogging-driven noise at 400 Hz.
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Figure 7-17: Spectrogram comparison of vibrational (left) and acoustic (right) noises
of our new fine-tooth motor in X-direction during a half cycle with Amax = 45 m/s 2

and Vmax = 1.6 m/s, showing clear distinction between acceleration and constant
velocity regions. Note cogging-driven noise at 400 Hz.
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Figure 7-18: Spectrogram comparison of vibrational (left) and acoustic (right) noises

of our new fine-tooth motor in Z-direction during a half cycle with Amax = 45 m/s 2

and Vmax = 2.0 m/s, showing clear distinction between acceleration and constant

velocity regions. Note cogging-driven noise at 500 Hz.
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Figure 7-19: Spectrogram comparison of vibrational (left) and acoustic (right) noises

of our new fine-tooth motor in X-direction during a half cycle with Am,,, = 45 m/s 2

and Vmax = 2.0 m/s, showing clear distinction between acceleration and constant

velocity regions. Note cogging-driven noise at 500 Hz.
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Figure 7-20: Spectrogram comparison of vibrational (left) and acoustic (right) noises

of our new fine-tooth motor in Z-direction during a half cycle with Amax = 45 m/s2

and Vmax = 2.4 m/s, showing clear distinction between acceleration and constant

velocity regions. Note cogging-driven noise at 600 Hz.
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Figure 7-21: Spectrogram comparison of vibrational (left) and acoustic (right) noises
of our new fine-tooth motor in X-direction during a half cycle with Ama = 45 m/s2

and Vmax = 2.4 m/s, showing clear distinction between acceleration and constant
velocity regions. Note cogging-driven noise at 600 Hz.
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velocities as shown in the figures. As expected by (7.6), the experimental results also

show the velocity dependency of the cogging noise in that the noises over constant

velocity regions are located at varying frequencies of 400 Hz, 500 Hz, and 600 Hz for

the velocities of 1.6 m/s, 2.0 m/s, and 2.4 m/s, respectively. Note that we also notice

the intensity difference of the cogging-oriented noises depending on the velocity level.

For example, the cogging noise at 600 Hz for 2.4 m/s in Figure 7-20 shows higher

amplitude (-70 dB) than the noise at 400 Hz for 1.6 m/s in Figure 7-16 (~50 dB).

This is because the noise amplitude is amplified when its frequency becomes closer

to an eigen-frequency, which is the bending-mode frequency of 630 Hz in our case.

The experimental data validate that the cogging force vibrates the stage at a

certain frequency depending on the stage velocity, and this is the dominant motor

noise source during a constant velocity region. Conversely, it is the stage dynamics

excitation that dominates the motor noise during acceleration. The velocity depen-

dency of this cogging-oriented noise is also observed from the spectrograms at various

velocities. In order to show these aspects at a quick glance, we present another ex-

perimental data set. For this test, we command the stage to follow a trajectory with

an increasing constant velocity level at each cycle, namely from 1.6 m/s to 2.2 m/s by

0.2 m/s while measuring the vibro-acoustic noise along the cycles. The spectrogram

obtained from this measurement with non-skewed magnets is shown in Figure 7-22

with the velocity profile overlapped in white. The bright regions in the figure illus-

trate the constant velocity regions. This spectrogram is from the microphone data,

and the color map shows the sound pressure level in dB.

In the spectrogram, we observe the cogging-oriented noise dominating the constant

velocity regions (brighter portions) at increasing frequencies of 400 Hz, 450 Hz, 500

Hz, and 550 Hz for 1.6 m/s, 1.8 m/s, 2.0 m/s, and 2.2 m/s, respectively. When

we hear this noise in person, it sounds as if the stage plays a musical scale with

increasing pitch. Note that we observe again that the cogging noise intensity increases

when the cogging noise frequency becomes closer to the eigen-frequency of 630 Hz,

as discussed earlier. During acceleration and deceleration regions (darker portions),

on the other hand, the stage dynamics noise is dominant at 360 Hz, 500 Hz, and 630
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Figure 7-22: Spectrogram of acoustic noise of new fine-tooth motor with non-
skewed magnets during an increasing-velocity cycles with Amax = 45 m/s2 and

Vmax = 1.6 m/s to 2.2 m/s, showing cogging-oriented and velocity-dependent noise
during constant velocity regions. Note varying frequency cogging-driven noise at 400,
450, 500, and 550 Hz.

Hz. The cogging noise is not observed during these acceleration regions because i)

the travel length for an acceleration region is short and ii) velocity changes over such

a region so the temporal frequency of cogging force is distributed over a wide range,

not concentrated on one frequency. Another interesting observation found during

acceleration and deceleration regions is the zero-noise points. At every half cycle,

the velocity flips its sign as shown from the velocity profile in white in Figure 7-22.

At those points of sign-flipping, the velocity and acceleration instantaneously become

zero, meaning the momentary stop of the moving stage. We observe no noise at those

points, which supports our hypothesis that the motor acoustic noise comes from the

moving part vibrated by magnetic force fluctuations.
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Noise with Skewed Magnets

We observe that our fine-tooth motor shows the cogging-oriented and velocity-dependent

noise during constant velocity regions with non-skewed magnets. This noise is caused

by the cogging force vibrating the moving stage, and therefore is expected to be

lowered if the cogging force can be reduced. We use skewed magnets to reduce the

cogging force. Due to the advantage of having the fine tooth pitch, we can reduce the

cogging significantly without compromising the thrust by slightly skewing magnets.

In order for the skewed magnets to span the full tooth pitch of At = 4 mm with

52mm-long magnets, we choose the skew angle of atan(4/52)~ 4.4*. We measure the

cogging force of our new motor with the skewed magnets and compare it with the

case of non-skewed magnets in Figure 7-23. As can be seen from the figure, skewing

significantly reduces the cogging in both the normal and tangential directions. Specif-

ically, the peak-to-peak amplitudes are reduced from 22.26 N (normal) and 28.62 N

(tangential) to 2.22 N and 2.99 N, respectively. This is about a 10-to-1 reduction in

both directions. In theory, the cogging can be completely eliminated if we skew mag-

nets to span one full tooth pitch. However, the actual cogging measurement shows a

bit of residual force. This might be due to any possible misalignment in the hardware

assembly and also to the magnetic end effects in the cross-scan X-direction.

The cogging reduction with the skewed magnets leads to associated noise reduc-

tion. In order to observe this and compare the results with those using non-skewed-

magnets, we measure both the vibrational and acoustic noises while the stage testbed

is cycled with the same trajectories at Amax = 45 m/s2 with Vmax = 1.6 m/s, 2.0 m/s,

and 2.4 m/s. Spectrograms of the vibro-acoustic noises are compared between the

non-skewed and skewed magnets at these three velocity levels. Figures 7-24 to 7-29

show these comparisons with the non-skewed PM cases in the left side and the skewed

PM cases in the right side for all figures. The corresponding velocity profile is again

overlapped in white to show the constant velocity region for each case.

In Figures 7-24 and 7-25 with the non-skewed magnets, we observe the cogging

noises in both accelerometer and microphone data at the expected frequency of 400
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Figure 7-23: Fine-tooth motor cogging force measurement comparison between non-

skewed and skewed magnets, showing significant reduction in cogging with skewing.
Cogging fundamental period equals a tooth pitch, At = wt + w, = 4 mm.

Hz during the constant velocity region. However, when the skewed magnets are used,

these cogging noises are almost completely eliminated as shown in the right side

of figures, thereby leaving almost no significant noise during the constant velocity

region. In fact, when the stage is cycled with the skewed magnets, we hear less noise

in constant velocity regions. In the acceleration and deceleration regions, however,

we observe the noises from the stage dynamics excitations. From the figures, we

see that the same stage eigen-modes are excited either with the non-skewed or the

skewed magnets. We speculate that even this noise during acceleration can be greatly

reduced if we configure our fine-tooth motor in a double-sided configuration, thereby

canceling out the normal forces. We propose a future study on this subject, which is

discussed in Chapter 8.

For the higher velocity of 2.4 m/s, we observe some cogging-noise even with the

skewed magnets as shown in Figures 7-28 and 7-29. This is due to the facts that i)

there is a cogging residual even after skewing the magnets as shown with our cogging
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Figure 7-24: Spectrogram comparison of vibrational noises of our new

motor between non-skewed (left) and skewed (right) magnets during a
with Amax = 45 m/s 2 and Vmnax = 1.6 m/s, showing significant reduction
coggillg-related noise during constant velocity region.

5

0.2 0.25

fine-tooth
half cycle
of 400 Hz

0.05 0.1 0.15
Time [sec]

0.2 0.25

70 1000

900
65

800

60
700

55 600

50 500

45

300

40
200

35 100
0.05 0.1 0.15

Time [sec]

Figure 7-25: Spectrogram comparison of acoustic noises of our new fine-tooth motor
between non-skewed (left) and skewed (right) magnets during a half cycle with Ama =

45 m/s 2 and Vmax = 1.6 m/s, showing significant reduction of 400 Hz cogging-related
noise during constant velocity region.
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Figure 7-26: Spectrogram comparison of vibrational noises of our new
motor between non-skewed (left) and skewed (right) magnets during a
with Ama = 45 m/s2 and Vmax = 2.0 m/s, showing significant reduction
cogging-related noise during constant velocity region.
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Figure 7-27: Spectrogram comparison of acoustic noises of our new fine-tooth motor
between non-skewed (left) and skewed (right) magnets during a half cycle with Ama =
45 m/s2 and Vmax = 2.0 m/s, showing significant reduction of 500 Hz cogging-related
noise during constant velocity region.
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Figure 7-28: Spectrogram comparison of vibrational noises of our new fine-tooth
motor between non-skewed (left) and skewed (right) magnets during a half cycle

with Ama = 45 m/s 2 and Vm,, = 2.4 m/s, showing significant reduction of 600 Hz

cogging-related noise during constant velocity region.
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Figure 7-29: Spectrogram comparison of acoustic noises of our new fine-tooth motor
between non-skewed (left) and skewed (right) magnets during a half cycle with Amax =
45 mis2 and Vmax = 2.4 m/s, showing significant reduction of 600 Hz cogging-related
noise during constant velocity region.
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Figure 7-30: Spectrogram of acoustic noise of new fine-tooth motor with skewed mag-
nets during an increasing-velocity cycles with Ama = 45 m/s 2 and Vmax = 1.6 m/s
to 2.2 m/s, showing that cogging-oriented noises during constant velocity regions are
significantly reduced.

measurement in Figure 7-23 and ii) the cogging noise frequency is close to a stage

eigen-frequency so that its intensity is amplified. Even though the cogging noise is

not completely eliminated, the reduction is still significant. In fact, Figure 7-29 shows

the SPL drop of almost 20 dB by skewing magnets, which is equivalent to a 10-to-1

reduction of the noise pressure in [Pa]. When we hear it in person, we notice this

noise reduction very clearly.

We also present the experimental data of stage cycles with increasing velocity

with the skewed magnets. As before, the constant velocity level is increased by 0.2

m/s at each cycle from 1.6 m/s to 2.2 m/s while measuring the motor vibro-acoustic

noise. We obtain the spectrogram from the microphone data, and it is shown in

Figure 7-30. While there is still motor noise associated with stage dynamics during

acceleration and deceleration regions (darker portions), we see that the cogging noise

during constant velocity regions (brighter portions) is significantly reduced. For 1.6
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m/s and 1.8 m/s, the cogging noises at 400 Hz and 450 Hz are almost completely

eliminated such that it is not noticeable within the chosen SPL range. For the higher

velocities of 2.0 m/s and 2.2 m/s, we observe a bit of cogging noise at 500 Hz and

550 Hz, but these are at a smaller level than the case with the non-skewed magnets.

As mentioned earlier, we can hear an increasing pitch when we cycle the stage with

the non-skewed magnets to follow such a velocity-increasing trajectory. With skewed

magnets, however, the cogging noise is sufficiently reduced that we cannot recognize

any pitch changes in the noise. We believe that the residual cogging noise together

with the noise during acceleration can be reduced even farther by configuring our new

motors in the double-sided configuration. We plan to pursue this work in the future

as discussed in Chapter 8.

7.2.3 Force Performance of New Fine-tooth Motor

In additional to the significant noise reduction, our new fine-tooth motor also shows

the higher force performance than the conventional 3-4 combination iron-core motor,

as discussed and simulated in Chapter 3. In this subsection, we experimentally vali-

date this by showing that the actual force performance of our new motor agrees with

the expected one from the simulation. In Chapter 3, we present the expected force

performance of our new fine-tooth motor in terms of shear stress (N/mm 2). Here we

compare the experimental data of both the conventional and our new motors to the

simulated shear stress data.

In the motor design phase in Chapter 3, the power dissipation is estimated with

calculated coil resistances by the wire gauge (or cross-section area) and expected coil

length. The estimated coil resistance of a fundamental unit is RTec,unitcal = 2.58 Q for

the conventional motor and RFT,unit,cal = 7.02 Q for our fine-tooth motor. Note that

the fundamental unit indicates a basic magnetic configuration required to generate the

thrust, which are a 3-coil-4-magnet combination length for the conventional motor and

one pole-pair length for our new motor. In this subsection, we use the measured values

of the winding resistances to calculate the power dissipation, and plot the shear stress

performance for both simulation and experimental results. The measured resistance
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values for a fundamental unit are RTec,unit,meas= 2.64 Q and RFT,unit,meas = 9.10 Q-

The measured winding resistance of the fine-tooth motor is about 30 % larger than

the calculation while it is only 2 % different for the conventional motor. This is due to

the end-turn length, which is calculated as an arc in our estimate. The conventional

motor has lumped (or shortest pitch) windings, so the actual end-turn length is well

predicted with the arc assumption. However, with the fine-tooth motor, the end-turn

has to be longer to cope with the coil overlapping caused by the double-layered full-

pitch windings over the narrow slots. In fact, we deliberately made the coils even

longer for our motor prototype to facilitate the manufacturing process and reduce

the turn-around time. For commercial-level motor constructions, we believe there is

room for reducing the end-turn length.

Using the measured resistance values, we obtain the shear stress performance for

both the simulated data and the experimental data, and it is shown in Figure 7-31.

The blue and black curves are simulated results, and the purple stars and red aster-

0.3
-Tecnotion (Simulation)

Fine-tooth (Simulation)
0.25 - Tecnotion (Experiment)

) Fine-tooth (Experiment)

gc 0.15

Ca

0.1 -
Cl)

0.05-

0
100 101 102

Power Dissiation per Length [W/mm]

Figure 7-31: Motor force performance comparison between conventional and new
motors. Several experimental data are overlapped with simulation results, showing
reasonable agreement.
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Figure 7-32: Table of parameters required to obtain shear stress data
unit power both for conventional and new motors.

points over

isks are experimental data points for the conventional and new motors, respectively.

The experimental data points of the shear stress, T versus the unit length power

dissipation, pA are obtained by

Fthrust __ (Mstage + MPM) ap [N/mm 2

A A
Pdiss W,2 Runit

PA [W /mm]

(7.7)

where Mtage, MpA, ap, A, PiS,, I,, and Au are the stage structure mass, moving

magnets mass, peak acceleration, thrust-generating area, instantaneous power dissi-

pation, peak current, and fundamental unit length, respectively. Note that the thrust

force is calculated with the total moving mass multiplied by the peak acceleration,

which is achieved at the peak current. This peak current value is then used to cal-

culate the unit length power dissipation. Experimentally obtained values of these

parameters for both the conventional and new motors are compared in Figure 7-32.

Note that skewed magnets are used for both motor types.
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Conventional Motor Fine-tooth Motor

Mstage [kg] 11.5 11.5

MPM [k91 0.365 0.470

10 3.54 0.025 10 1.65 0.031

15 5.56 0.037

25 8.68 0.062 25 4.85 0.078
[m/s2] [A] [N/mm 2]

40 9.74 0.124

45 12.40 0.140

A [mm 2] 92X52 74X52

Runit [1] 2.64 9.10

Aunit [mm] 48 40



The experimental data points are calculated using these values in the table and are

plotted with the purple stars for the conventional motor and the red asterisks for our

new fine-tooth motor in Figure 7-31. Note that the data points of the conventional

motor are limited to relatively low power because this motor emitted too much vibro-

acoustic noise even at a relatively low power level. We were thus unwilling to run at

higher power levels. The data points for our new motor, on the other hand, are limited

by the thermal and travel length limits. The experimental results of the conventional

motor agree well with the finite element analysis while there is discrepancy with our

fine-tooth motor as the power level increases. We speculate that this is likely due to

the saturation limit difference between the finite element tool and the actual material.

Despite this discrepancy, however, we can see that our motor behaves closely to the

simulation results, showing higher force performance than the conventional motor.

Given that the material saturation and the leakage issues can be mitigated by using

cobalt-iron (e.g. Hyperco50) for the stator material rather than silicon-iron (M-19)

as discussed in Chapter 3, we can expect more force potential, especially for a higher

power range.

7.2.4 Thermal Performance of New Fine-tooth Motor

In this subsection, we present the thermal performance of our new fine-tooth motor

in terms of a thermal resistance and thermal time constant. These values help us

to understand the thermal limits of our new fine-tooth motor at a given power level

with a given cooling system. We measure the temperature of the winding coils while

cycling the stage at the peak acceleration of 25 m/s 2 and a steady-state velocity of 0.4

m/s with a travel of 350 mm. Figure 7-33 shows the measured temperature (orange

line with data points) over time together with a fitted curve (black line) using a first

order thermal model. The ordinate of the plot is the measured temperature increase

in units of degrees Celsius from an initial temperature of 25 C.

Figure 7-34 shows the simplified first order thermal model we use to fit the mea-

sured temperature response in Figure 7-33. We can obtain the first order differential

equation as
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Figure 7-33: Temperature response to a power input to show the thermal perfor-

mance of our new fine-tooth motor. The orange curve with data points shows the
temperature measurements and the black line is a fitted curve with a first order ther-

mal model. Note that the ordinate shows the motor coil temperature increase relative

to an initial temperature of 25*C.

Py CT RT

Figure 7-34: Simplified first order thermal model of RC circuit for the motor, where
P, CT, and RT are the power source, thermal capacitance, and thermal resistance.
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dT
RTCT- + T = P RT, (7.8)

dt

where RT, CT, T, t, and P are the thermal resistance of the motor, thermal capaci-

tance, temperature increase, time, and power input, respectively. From (7.8), we can

calculate the temperature temporal response to a power step input as

T(t) = PRsRT - eRC) = PRms RT (I - e- (7.9)

where PRAs and r are the RMS (root mean square) power input to the motor and

thermal time constant, respectively. When the stage is cycled by our new fine-tooth

motor at the peak acceleration of 25 m/s 2 and a maximum velocity of 0.4 m/s, with

the travel length of 350 mm, 1) the RMS current density in wire is calculated to be

JRMS = 3.2 A/mm2 and 2) the RMS power is calculated to be PRMS = 111.88 W for

the whole stator. With this power input value, we obtain the thermal performance

values of

RT = 0.2235 K/W

CT = 13426 J/K (7.10)

r = RTCT = 3000 sec = 50 min

by fitting the measured temperature curve. The fitted curve in Figure 7-33 is obtained

with the values in (7.10).

From the measured thermal performance, we can predict our motor's force perfor-

mance in terms of the stage acceleration [m/s 2] in the single-sided stage configuration

and the shear stress density [N/mm 2 or psi]. Figure 7-33 shows the temperature

increase of about 25'C by the RMS power input of 111.88 W where we have the

single-sided stage acceleration of Astage = 25 m/s 2 and the shear stress density of

Tshear = 0.078 N/mm 2 (as shown in Figure 7-32) with the RMS current density in
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wire of JRMS = 3.2 A/mm 2. If we assume a temperature increase of 1001C, which is

approximately the motor upper operating temperature, the RMS power will be four

times larger and current will be two times larger so that we would have

PRMS = 111.88 X 4 = 447.52 W

JRMS = 3.2 x 2 = 6.4 A/mm2

Astage = 25 x 2 = 50 m/s 2 ~ 5 G

Tshear = 0.078 X 2 = 0.156 N/mm2 ~ 22.626 psi

as the performance limit of our new motor for.continuous operation when air-cooled.

Note that the RMS current density of JRMS = 6.4 A/mm 2 is within a rule-of-thumb

current density range of 6 to 10 A/mm2 used for air-cooled machines. Note also that

the acceleration here is for the single-sided configuration with two magnet pole pairs

as shown in Figures 3-43 and 7-6. When we configure the stage in the double-sided

manner with the longer magnet tracks (five magnet pole pairs as shown in Figure 3-

43), we could have the stage acceleration up to about 250 m/s2 ~ 25 G with our new

fine-tooth motors when air-cooled.

Assuming we apply an input power increased by 100 times, which gives 11.188 kW

(~ 111.88 x 100) to our motor, we would have the motor performance of

PRAs = 111.88 x 100 = 11.188 kW

JRA s = 3.2 x 10 = 32 A/mm 2

Astage = 25 x 10 = 250 m/s 2 ~ 25 G

Tshear = 0.078 x 10 = 0.78 N/mm2 ~ 113.13 psi.

Such high power dissipation could only be sustained with a carefully designed water

cooling system. Note that the RMS current density in this case is 32 A/mm 2, which

is lower than the current density limit of 50 A/mm2 for a heavily-water-cooled system

as discussed in Chapter 3. At such a high exciting current level, the stator material

will be saturated so that the stage acceleration and the shear stress density will
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not increase linearly as approximated in (7.12). However, we can see the high force

potential of our motor from these predicted values, and thus convince ourselves that

the high shear of 0.28 N/mm 2 (~40.6 psi) as predicted by FEM at 50 A/mm2 in

Figure 3-32 can be possibly achieved if a sufficient water cooling system is designed.

The use of cobalt iron as the stator laminations can also be of significant help to

achieve the predicted high shear.

7.2.5 Brief Summary

We discuss the investigation and resolution of the motor vibro-acoustic noise issues

with the extensive experimental results using both the conventional 3-4 combination

motor and our new fine-tooth motor in this chapter. Our hypotheses on the root

causes of motor noise and its mechanism discussed in Chapter 1 are experimentally

validated throughout this chapter (along with the previous chapter). This chapter

particularly presents that both the overall noise level and the cogging-oriented noise

are significantly reduced by the magnetic design of our new fine-tooth motor. Here

we summarize our observations on the motor noise issues from the comprehensive

experimental results.

" Acoustic noise of linear iron-core motors is caused by the mechanical vibration

of the moving stage, which is excited by the magnetic force fluctuations. In

other words, high force harmonics mechanically vibrate the moving stage, and

this vibration radiates the acoustic noise.

" Forces exerted on the moving stage consist of i) magnetic force generated by en-

ergizing phase currents to achieve necessary accelerations and to overcome any

force disturbance (e.g. cogging) and ii) magnetic force disturbance, mostly cog-

ging caused by the magnetic interaction between iron-core teeth and permanent

magnets.

- Generated force contains various spatial harmonics depending on the mo-

tor magnetic design. These spatial force harmonics can be transfered to
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temporal harmonics through a stage velocity. Magnetically generated force

is in general dominant during acceleration and deceleration periods.

- Force disturbance can be represented by the cogging force when the stage

cycles without any friction or load. This cogging force may also contain

spatial harmonics depending on the geometric relation of magnetic com-

ponents, which can also be transmitted to temporal harmonics by a stage

velocity. Cogging force generally dominates during constant velocity re-

gions.

* The conventional 3-4 combination iron-core motor contains high force harmon-

ics caused by its coarse-tooth design. These force harmonics are generated

throughout a whole cycle i) to achieve a required acceleration during acceler-

ation regions, and ii) to overcome the cogging force during constant velocity

periods.

- Stage dynamics are excited for both regions due to these high harmonics

in the magnetically generated force.

- Even with skewed magnets, a significant amount of cogging still remains to

be overcome by magnetic forces, thereby also exciting stage eigen-modes.

- Vibro-acoustic noise from the stage dynamics excitation dominates the

noise over a whole stage cycle period so that the motor noise caused by

cogging is not noticeable during constant velocity regions.

* Our fine-tooth motor generates less force harmonics due to its fine-tooth design.

This is why the stage eigen-modes are less excited and so the overall noise level

is significantly reduced.

- With the non-skewed magnets, the clear distinction on the motor noise

is observed: the stage dynamics noise for acceleration regions and the

cogging-oriented noise for constant velocity regions. The cogging noise

also shows the velocity dependency so that we can hear the stage playing
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a musical scale at several different noise pitches as changing the stage

velocity.

- With the skewed magnets, the cogging is significantly reduced due to its

fine-tooth design. Therefore, the cogging-oriented noise is also significantly

reduced during constant velocity regions. This noise reduction is well no-

ticed by direct hearing in that we do not hear much of noise pitch changes

when the stage is cycled at different velocities.

* The linear stage testbed with our fine-tooth motor shows significant vibro-

acoustic reduction compared to the conventional iron-core motor. We believe

the motor vibro-acoustic noises can be reduced further in both the acceleration

and constant velocity regions by the double-sided configuration.

* Our new fine-tooth motor also shows higher force capability, namely higher shear

stress per unit power, than the conventional iron-core motor. Our new motor

has greater potential for high-power and high-current-density applications, e.g.

a lithography scanner.

275



276



Chapter 8

Conclusions and Suggestions for

Future Work

8.1 Conclusions

This thesis describes the design, construction, and test of a new fine-tooth linear iron-

core permanent magnet motor to simultaneously achieve high shear stress density

and low vibro-acoustic noise. We present in this thesis studies of the vibro-acoustic

noise issue of linear iron-core permanent magnet motors. It is hypothesized and

experimentally validated that such motor noise is caused by high force harmonics

vibrating the moving stage, and is especially severe when the stage eigen-modes are

excited. Such stage vibration can be transmitted through the system structure and

can radiate as acoustic noise, thereby disturbing precision machines.

The observed overall acoustic noise level in Pascals is reduced by 93 % from the

conventional 3-4 combination linear motor to our new fine-tooth motor during the

acceleration period with non-skewed magnets. In terms of the sound pressure level

(SPL), this is a significant noise reduction from 83 dB to 60 dB. This is the same as

the noise difference we feel between a big truck passing by and a quiet office. The

cogging-driven and velocity-dependent noise, which is dominant in constant velocity

regions, is also significantly reduced in our new motor design. The fine-tooth motor

design with its small tooth pitch reduces the cogging force by a factor of 10-to-1 when
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using skewed magnets. The fine-tooth motor cogging-driven acoustic noise is reduced

by 90 % in Pascals while simultaneously increasing the thrust performance relative to

a conventional motor.

We also present in this thesis the force performance of our new fine-tooth motor

both in simulations and experiments. We compare the force performance between

the conventional linear iron-core motor and our new motor in the aspects of the shear

stress density IN/mm2 ] and acceleration [m/s2 ]. In order to have a fair comparison

between two different motors, the force performance is compared versus the power

dissipation per motor fundamental unit and the RMS (root mean square) current den-

sity in the coil wire. The motor fundamental unit means the minimal motor magnetic

configuration to produce force, which consists of 3 iron-core teeth and 4 magnets for

the conventional motor and one pole pair for our new fine-tooth motor. Our new mo-

tor shows the predicted shear stress improvements of 28 % at the prototype practical

power level of 500 W per motor unit and 84 % at a high RMS current density in the

wire of 50 A/mm2 relative to a conventional motor. Especially in a two-sided config-

uration, this new fine-tooth motor may enable unprecedented high stage acceleration

in precision machines.

We list the primary contributions of this thesis together with what we learned in

the process as follows:

1. Designed a new linear iron-core permanent magnet motor to achieve high shear

stress density and low acoustic noise.

(a) The new fine-tooth linear motor has the design features of fine teeth, nar-

row and deep slots, five phases, and moving Halbach magnet array. These

create smoother stator and rotor MMFs to reduce high frequency force

harmonics while simultaneously providing high shear stress density.

. The multiple fine teeth creates a stator MMF close to the ideal si-

nusoidal waveform, and the Halbach magnet array reduces the high

frequency harmonic content of the rotor MMF, as discussed in Sec-

tion 3.1.
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. The simulated force ripple of our new fine-tooth motor shows a sig-

nificant peak-to-peak reduction with the ratio of 9-to-i and 5-to-i in

the normal and tangential directions, respectively. Moreover, the force

ripple of our new fine-tooth motor mainly contains the fundamental

component while there are significant higher frequency force harmonics

expected with the conventional 3-4 combination motor, as presented

in Section 3.4.

. Motor force ripple reduction both in the harmonic content and am-

plitude leads to significant operational noise reduction. With our new

fine-tooth motor, the overall acoustic noise level in Pascals is reduced

by 93 % during the acceleration period with non-skewed magnets, as

compared to the conventional motor. The cogging-driven and velocity-

dependent noise, which is dominant in constant velocity regions, is also

significantly reduced in our new motor design by 90 % in Pascals, as

experimentally shown in Sections 7.2.

. Our new fine-tooth motor is designed to also provide higher shear

stress than the conventional 3-4 combination motor. Our new motor

shows predicted shear stress improvements of 28 % (from 0.090 N/mm 2

to 0.115 N/mm2 ) at the prototype practical power level of 10 W/mm

and 84 % (from 0.167 N/mm 2 to 0.308 N/mm 2 ) at an anticipated ulti-

mate RMS (root mean square) current density limit with water cooling

in the coil wires of 50 A/mm 2 , as shown in Section 3.4.

. By using a high number of phases (even higher than five phases), we

might be able to achieve 1) a smoother stator MMF, which is even

closer to the ideal fundamental waveform and 2) higher shear stress

density. However, we chose a five-phase motor because 1) it becomes

more difficult to wind coils with increasing end-turn overlapping for a

higher number of phases and 2) the shear stress per power deceases

with higher number of phases than 5, as discussed in Section 3.3.

. By using thin iron-core teeth (even thinner than our design of 2 mm),
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a smoother stator MMF can be achieved. However, we chose a tooth

width of 2 mm because 1) the manufacturing of thinner teeth can be

difficult and time-consuming, 2) it would require a thinner wire for

the same number of turns, thereby increasing the inductance and thus

requiring higher-rating power amplifiers, and 3) the tooth width of 2

mm shows the highest stage acceleration prediction among the design

variants, as analyzed in Section 3.3.

(b) Our fine-tooth motor has the magnetic configuration of moving short mag-

nets with stationary long armature.

. Various conceptual designs are considered for four different motor mag-

netic configurations, depending on which part is moving or stationary

and which is long or short, as presented in Section 4.2.

. We chose the magnetic configuration of moving short magnets and

stationary long armature to have 1) higher acceleration by reducing the

moving mass and 2) the minimal number of umbilical cables attached

to the moving stage.

2. Constructed an operational prototype of the new fine-tooth motor.

(a) Double-layered full-pitch concentrated five-phase windings are used in the

stator armature.

. The stator laminations are made of silicon iron with a total number of

180 slots where a total number of 175 coils (since the first 5 and last

5 slots are only half-filled) are wound, as shown in Section 3.5.

. We used silicon iron for the stator material to reduce the prototyping

cost and lead time, as discussed in Section 3.4. We expect however

a shear stress increase of about 30 % by using cobalt iron (e.g. Hy-

perco50) due to its high saturation limit. We also decided to use

thinner wires (23 AWG with 126 turns per slot) so as to facilitate

the winding process with relatively easier end-turn bending and pack-
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ing. The completed stator armature with all the winding, wiring, and

cabling is shown in Section 3.5.

(b) Both skewed and non-skewed Halbach magnet tracks are fabricated and

tested.

It can be challenging to assemble a Halbach magnet array since the

horizontal magnets between the vertical magnets tend to flip them-

selves to be aligned with the vertical magnets. A practical assembly

process for a Halbach magnet array is illustrated in Section 3.5. This

assembly was accomplished by Fred Sommerhalter.

3. Experimentally demonstrated the noise and force performance of our new fine-

tooth motor.

(a) The vibro-acoustic noise in both acceleration and constant velocity regions

is significantly reduced, as compared to a conventional 3-4 combination

linear iron-core motor.

. The conventional motor emits significant acoustic noise in both accel-

eration and constant velocity regions. Specifically, the total noise in

5 kHz bandwidth is measured to be 0.278 Pa (~ 83 dB) and 0.228 Pa

(? 81 dB) in the acceleration and constant velocity regions, respec-

tively. Such significant noise with the conventional motor comes from

the stage dynamics excitation as discussed in Section 6.2.

. Our new motor shows a significant noise reduction in both regions.

We have 93 % acoustic noise reduction in Pascals in the acceleration

region and 91 % reduction in the constant velocity region, as shown in

Section 7.2. This significant noise reduction stems from the fact that

our new fine-tooth motor design generates less high frequency force

harmonics, thereby less exciting the stage dynamics, as discussed in

Chapters 3 and 7.

. Our new motor also shows a significant reduction of the cogging-driven

noise. With our fine-tooth motor design, the cogging force amplitude,
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and thus the cogging-related noise, are reduced by about 90 % by sim-

ply using skewed magnets with a small skew angle of 40, as shown in

Section 7.2.

(b) The force performance of shear stress density versus power per unit is

experimentally validated to prove the high force capability of our new

motor, as discussed in Section 7.2.

(c) The thermal performance of our new fine-tooth motor is experimentally

obtained by measuring the temperature of the stator coils for more than

two hours while cycling the stage at the peak acceleration of 25 m/s2

and a steady-state velocity of 0.4 m/s with a travel of 350 mm. From

the measured thermal performance, our new fine-tooth motor is expected

to provide a shear stress density of 0.156 N/mm2 (~ 22.626 psi) and an

acceleration of about 25 G for a double-sided motor configuration at the

RMS current density in the coil wires of 6.4 A/mm2 when air-cooled. We

also predict a shear stress density of 0.780 N/mm2 (~ 113.13 psi) at the

32 A/mm2 when water cooled. The details on the thermal performance of

our new motor are presented in Section 7.2.

4. Designed and constructed an experimental linear stage testbed to test both the

conventional and our new motors.

(a) The experimental testrig is equipped with essential functions to facilitate

noise investigation, including air bearings, force dynamometer, position

sensors, and low-vibration cable carrier, as presented in Chapter 5.

(b) The stage testbed has a flexible design which can accommodate both the

single- and double-sided motor configurations with either the conventional

motor or our new fine-tooth motor.

. Various conceptual designs of the experimental linear stage testbed

are considered in Section 4.2 for each of four magnetic configurations

of 1) moving short magnet and stationary long coil, 2) stationary long
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magnet and moving short coil, 3) moving long magnet and stationary

short coil, and 4) stationary short magnet and moving long coil.

. The configuration of moving short magnet and stationary long coil is

selected to have higher stage acceleration and lower number of umbil-

ical cables. We chose the modular design of up-and-down structural

configuration for relatively easier disassembly and reassembly process,

as discussed in Chapters 4 and 5.

(c) Both the conventional motor and our new motor are commutated and posi-

tion controlled for the stage testbed to be operated for noise investigation.

. A three-phase commutation and linear position controller are imple-

mented for the conventional 3-4 combination motor. We achieve a

position loop crossover frequency of 100 Hz with a phase margin of

450 , and the RMS position error during a constant velocity region of

9.3 pm, as discussed in Section 6.1.

. We implement a five-phase commutation for our new fine-tooth motor.

The position controller is designed to have a loop crossover frequency of

100 Hz with a phase margin of 450. We accomplish the RMS position

error of 2.9 pm during a constant velocity period, as presented in

Section 7.1.

5. Experimentally proved that the vibro-acoustic noise of linear iron-core perma-

nent magnet motors is caused by high frequency force harmonics vibrating the

stage and thus radiating the acoustic noise.

(a) The hypothesis on the noise mechanism discussed in Section 1.3 is exper-

imentally proved in Chapters 6 and 7 by measuring and comparing the

vibrational and acoustic noise data of both the conventional 3-4 combina-

tion motor and our new fine-tooth motor.

6. Developed the hybrid layer model for our fine-tooth linear iron-core permanent

magnet motor. This modeling method is adapted from the rotary motor model
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invented by Dr. Matthew Angle at MIT 13].

(a) Our hybrid layer model 1) uses a network of nonlinear reluctances in the

stator iron-core and for the fringing fields and 2) solves Maxwell's equations

in the magnet track for magnet array patterns including the conventional

pattern of N-S-N-S and the Halbach array, as discussed in Section 3.2.

(b) We assume the periodicity of the magnetic fields for the hybrid layer model,

and thus observe a bit of discrepancy at the ends of magnet tracks, com-

pared to the finite element method, as presented in Section 3.2. The effect

of the ends is observed to be not significant in both the simulated air-

gap magnet flux density and cogging force. We thus speculate that the

end-effects would not significantly affect the motor noise either, especially

when using multiple magnet pole pairs. We believe however it can be a

relevant future work to investigate the effect of magnet track ends to the

motor noise generation.

(c) We use our hybrid layer model in conjunction with the finite element (FEA)

model to design our new fine-tooth motor. At present, the hybrid layer

model shows convergence issues when the stator material is highly satu-

rated, as discussed in Sections 3.2 and 3.3, thus only the FEA model is

used at high current density. We speculate that this issue comes from the

fact that the current flux-tube model does not contain any leakage paths

between teeth. A possible approach to upgrade the hybrid layer model is

discussed in Section 8.2 below as a suggestion for future work.

8.2 Suggestions for Future Work

In this section, we discuss suggestions for future work.
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8.2.1 Control Algorithms for Further Noise Reduction

This thesis mainly focuses on the magnetic design of the new motor to resolve the

motor noise issue. As presented in Chapter 7, the vibro-acoustic noise is significantly

reduced in both the acceleration and constant velocity regions by the fine-tooth design

itself and by the usage of skewed magnets. However, there is still residual noise 1) in

the acceleration region at high acceleration levels due to the force ripple and 2) in the

constant velocity region at high velocity levels due to the residual cogging force. We

believe that this residual noise can be reduced further by a proper control algorithm

to directly control the normal and/or shear force of the motor. We can first map the

residual forces fluctuation during cyclic operation, and then control it out on the fly.

8.2.2 Hybrid Layer Model Upgrade

We discuss in Chapter 3 the limitation of our hybrid layer model in that it does

not converge when the core material is highly saturated. We speculate that this is

because the equivalent magnetic circuit we use in the flux-tube model of the stator

armature does not contain any flux leakage paths, as shown in Figure 3-6. The current

hybrid layer model should thus be upgraded to include the leakage paths in the slots,

as proposed in Figure 8-1. The fundamental schematic of reluctance network is the

same as the one we use in Figure 3-6, but the leakage reluctances 'ZL's are added as

shown in red in the figure.

We believe this augmented flux-tube model may enhance the performance of the

hybrid layer model by providing correct paths to the magnetic flux when the material

is highly saturated, thereby helping the model to converge even at higher excitation

currents. The added leakage reluctances might add more mathematical complexity to

the flux-tube model, and might even require an internal iteration loop within the flux-

tube model itself. However, the hybrid layer model with such enhanced computational

performance will be of great help to reduce motor design time.
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Figure 8-1: Network of nonlinear reluctances including the leakage paths between
teeth to upgrade the hybrid layer model.

8.2.3 Double-sided Stage Configurations

In the scope of this thesis, the single-sided stage configuration is used for both the

conventional and our new motors for noise investigation and performance experiments.

In the single-sided configuration, a significant motor noise reduction is achieved by the

magnetic design of our new fine-tooth motor, as discussed in Chapter 7. In addition,

we believe that the motor noise can be reduced further when we map out the residual

force fluctuation by a normal- and shear-direction force control, as discussed in the

previous subsection.

In the sense of canceling the residual force fluctuation in the normal direction,

we can also implement a double-sided stage configuration where identical stator and

magnet track are used in a mirrored fashion. The proposed double-sided stage con-

figuration is shown in Figure 8-2 together with a picture of the existing single-sided

stage. By symmetrically configuring the identical motors in the lower and upper po-
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Figure 8-2: CAD design of the double-sided motor configuration (lower) augmented
from the existing experimental testbed with the single-sided motor configuration (up-
per).
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Figure 8-3: Proposed method of flipping the 1040-mm (41-in) base guide bar using
two rotating wheels at the ends.

sitions as shown in the figure, we can cancel out the normal forces and thus expect

further noise reduction. Moreover, we can simultaneously achieve almost twice the

acceleration, since the added magnet track (-0.47 kg for our fine-tooth motor) in the

upper portion is relatively lighter than the stage structure (~11 kg).

We have a shorter guide bar (1040 mm) in our possession, which has the same

shape and cross-section as the larger one (1295 mm) used in the existing single-sided

stage testbed, as presented in Chapter 5. This structure can be used as a base for

the upper motor as depicted in Figure 8-2. Note that we encountered one interesting

and practical question in the design phase of the double-sided stage, which is how to

flip a 184-kg chunk of steel. Lifting of such a heavy structure can be handled with

an engine hoist, but flipping is not a trivial task. We propose to use two rotating

plywood wheels at the ends as shown in Figure 8-3. The rotating wheels have four

flat portions so that we can rotate the bar by 900 and keep it from rolling at each

position. We can install a motor onto the guide bar in the position of left-side photo

in the figure, flip it as shown in the right-side picture, and lift it by an engine hoist to

position over the existing single-sided stage setup. The space between the lower and

upper base structures are defined by the spacers as presented in Chapters 4 and 5,

and as shown in Figure 8-2. In order to properly cancel the normal force in this
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double-sided configuration, it is critical to have correct alignment between the lower

and upper motors. We suggest to measure the back EMFs from the same phase coils

of both motors for the purpose of longitudinal alignment.

8.2.4 Liquid Cooling

In the scope of this thesis, both the conventional motor and our new fine-tooth motor

were driven with a small temporal duty cycle for the noise experiments and motor

performance demonstration. The motor driving power level was also not too high,

either. Thus, we relied on the motor thermal mass to absorb power spikes, and air

cooling to dissipate the average power, and did not use liquid cooling. However, it

is critical to have a proper cooling mechanism for industrial high-power continuous

operations, such as in photo-lithography machines. For our new motor with such

narrow slots, we propose to implement the liquid cooling on the end-turns for a large

conduction surface contact directly with the coils. The design and implementation of

such a liquid cooling system can be a relevant future work.

In summary, while there are many promising future studies, this thesis clearly

shows a new direction for motion control. Our new fine-tooth motor widens the

performance envelope of acceleration in precision positioning systems, while simul-

taneously achieving low vibration and acoustic noise output. This new motor thus

establishes a new level of capability as will like be required in future generations

of high performance precision manufacturing equipment, such as in semiconductor

lithography machines.
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Appendix A

Drawings of Testbed Components

In this appendix, we present the drawings of the hardware components we use for our

experimental linear stage testbed and our new fine-tooth motor. Figures from A-1

to A-14 show the drawings of the parts used in the experimental testrig, such as the

moving stage structure, holding magnets, and spacers. Figures from A-15 to A-26

show the drawings of the components for our new fine-tooth motor including the

stator armature laminations, mounting plates, and magnet plates.

291



_ ~5 RQ

m~6i .60jJ

Isometic view
scale 1:5

M30XO.5 THRU ALL

(TYP x2)

010 THRU

(TYP x8)
M5xO.8 THRU ALL

(TYP x6_

0

o N Kr - SIx 0 2.50 -P 8.50
M3x.5 - 6H T 6

C

-4-D

0

A

Page Ilof 2

bjD

+0.03
196.80 0

0
(NJ

'0.
'0

C14
0
'0i 4 (Y)

01

eq

120
70-

81

777
4

*TTT

o 0 0 0 0 0
CO U)f) (N 0 '0

() (N CN N - -

+ t I 4
I I / 'I

pALL

DETAIL A
SCALE 2 : 3

Drawing Name Stage Top Plate
Material Aluminum 6061
Quantity 1

Scale 1:3(unless otherwise specified)
Dimension Millimeters

Tolerances are +/- 0.3 mm
Note for every dimension

unless otherwise noted

I I I I

- -2 5

I

of
I



$
4-

4. -4

9. .9

VITZz
SECTION B-B
SCALE 1: 3

+0.03
196.80 0

C

61.60

035

012 ,

b C

M10X0.5 THRU ALL

DETAIL C
SCALE 3 : 2

Note: Repeat the Detail C
for all 4 locations.B

0
bO

Page 2of 2

bO

0

0

Drawing Name Stage Top Plate
Material Aluminum 6061
Quantity 1

Scale 1:3
Sc____ (unless otherwise specifiedl

Dimension Millimeters

Tolerances are +/- 0.3 mm
Note for every dimension

unless otherwise noted

M
V111111A

.,Z 0
N 7

--- I -



00 0 0
C~~N 0'' N

(N

-60- 108 -

. ..... ..........---

+0.30
25,Q . 25-4-0

50 ...... ,
100

250

4-0[30
"25_ 2 qj

. o ff

M30XO.5 THRU ALL
23 3 113.50

I i-1---------- 60.60
---- ---- --

01

+ 0

C)

0'1

M3xO.51 ' 6
(TYP x2)

2 x 0 2.90 I 20

22
30

4 xM8x .25v 25

Isometic view
scale 2:7

SIDE

M10X0.5THRU ALL

ATYP x2_

C ~
0

Q)

as

FRONT

Q)

Page I of 2

Plate(Left)
um 6061
1
:2
wIse specified)
eters -T1

re +/- 0.3 mm
dimension
rwise noted

Lo+

(N

Drawing Name Stage Side
Material Alumin
Quantity

Scale I
(unless other

Dimension Millin

Tolerances a
Note for every

unless othe

-- - - -- --

... ...



BACK

12

2x030T5

0

x M5xO.8 T 10

SECTION C-C
SCALE 1: 2 0

be

Page 2of 2 ;-
02

.- 4

be

0

20
30

FRONT HI 1

CN

25

LO)

TC

25 K

142
50

55+

0
C9

bjD

be

4-D
11

Drawing Name Stage Side Plate (Left)
Material Aluminum 6061
Quantity 1

Scale 1:2(unless otherwise specified)

Dimension Millimeters

Tolerances are +/- 0.3 mm
Note for every dimension

unless otherwise noted



Q $
I

a I
IN I

108 60 ~22

+.3Q +o 30
25 O 25~ 100 25 5

S2 50
128

0 6 50
60 6

C'
0C) i

+
01

2 x

0!

M3xO.5 -I 6
(TYP x2)

i 2.90 W 20

8

22
30

4x M8x.25 

J C

(Nil

0
0o

61
4-)

I.

25 I

.8C

30

sometic view
cale 2:7

+0.03
0

1I-0
I

0i

0 0

Drawing Name Stage Side
Material Alumin
Quantity

Scale (unless other

Dimension Milli

Tolerances c
Note for every

unless othe

----------
---- --------------

i

C'i
4-4

0

B
FRONT S -D

SIDE

cJo

C4-4

0

Page I of 2 w

Plate (Right)
um 6061

:2 $
Wise specified) z

neters -

re +/- 0.3 mm
dimension
rwise noted



'--' BACK

-A - - - _

0'
CN -

25 12

2x 0 30T 5

x M5x0.8 10 25

FRONT

j20
30

fC

M )
0

0

ii I I

SECTION C-C
SCALE 1: 2

142

55

Page 2 of 2

0

bdo

0
bo

r-)

0D
...

04

c'~I

Drawing Name Stage Side Plate(Right)
Material Aluminum 6061
Quantity 1

Scale 1:2(unless otherwise specified)

Dimension Millimeters

Tolerances are +/- 0.3 mm
Note for every dimension

unless otherwise noted



AL

)xU.0

028.50

056

SECTION A-A 0.03 A

0.03 A

+0.10
0330 0 _

O r1U /Al

25.50

0

0i'

- bo

b-4

0

-e
0)

0)

00

Drawing Name Holding Magnet
DrawingHousing Type 1

Material 1018 Steel
Quantity 2

Scale 1:1(unless otherwise specified)

Dimension Millimeters

Tolerances are +/- 0.3 mm
Note for every dimension

unless otherwise noted

0

4-D

0

'-4

rX)

fz xz I

A



0 4.20 THRU ALL
M5xO.8 - 6H THRU ALL

A

028.50 15.10
044

LX)
A

SECTION A-A M5xp / 0.03 A

+0.10 1 0.03 A
, 031.95 0

bjO

a,

a,

-d
0

C+-4
0

bOD

bo
.-q
04

Name Holding MagnetDrawing NHousing Type2

Material 1018 Steel
Quantity 1

Scale 1:1
(unless otherwise specified)

Dimension Millimeters

Tolerances are +/- 0.3 mm
Note for every dimension

unless otherwise noted



I>

1

6 
i 

35
-n

n
(j

D
>

-n
 -

. 
x

CD 
i0

0

x 
a

00

C
AM

o

>
) 

-I

9.
3 C(
D o

X@ o0 iO
nL

I
0
 28

Fi
gu

re
 A

-9
: 

D
ra

w
in

g 
of

 th
e 

th
re

ad
ed

 s
tu

d 
fo

r 
th

e 
to

p 
ho

ld
in

g 
m

ag
ne

t 
to

 c
on

tr
ol

 t
he

pr
el

oa
di

ng
 f

or
ce

 i
n 

th
e 

no
rm

al
 (

Z)
 d

ir
ec

tio
n.

30
0

fn

CA 0 SC D 
0

0 3 0

0 C

:3 CDC- CD

z 0 2 0< 
0 +

0 A
. 

C

0 z 0 3 CD
-- (D 0.

3D

0 V 2. P a

I



'p
13

-~ 
V

K
)

00
5

0
0
~

(A
 

0
2
8

82o
3

cz
P

Fi
gu

re
 A

-1
0:

D
ra

w
in

g 
of

 t
he

 t
hr

ea
de

d 
st

ud
 f

or
 t

he
 s

id
e 

ho
ld

in
g 

m
ag

ne
t 

to
 c

on
tr

ol
th

e 
pr

el
oa

di
ng

 f
or

ce
 i

n 
th

e 
cr

os
s-

sc
an

 (
X

) 
di

re
ct

io
n.

30
1

01 U,

X
 C

D
0

0

CD 0A 3D

0 C

3 C 3

z 0 CD C
D 3

+

CD
 0

3>

CA 0 C
D

CD CF :3 CD

--
-

am
-4

>

S

N
 N

 
W

 
Cri

 
C

T

L
L

5 
_n

 _
n

0
5
. 

>

14
 

17
 

"(D C) X
 C

D
-n

 -
n 

0
 Q

0
 

5,
 

Ln
 0

-
eh

 
LI

)

a



45

-0
 

0 -0
*

$
12

10
2.

15 +0
.0

3
12

7.
85

 
0 

-2
2
.3

5

CA 0

77
.5

0

12
7.

70

-0

30 00

D

Fi
gu

re
 A

-1
1:

D
ra

w
in

g 
of

 t
he

 m
ou

nt
in

g 
pl

at
e 

fo
r 

th
e 

co
nv

en
tio

na
l 

m
ot

or
 

(T
L

18
 b

y
T

ec
no

tio
n)

, 
al

so
 s

er
vi

ng
 a

s 
th

e 
dy

na
m

om
et

er
 u

pp
er

 p
la

te
. 

Pa
ge

 1
 o

f 
3.

30
2

CA

x

2

-0
0

I 
-

>

10 00

Sx

n 
0 C

L
 

0

0

I-

4
0
.4

0

CD i0
 0

II

1
1

6
t

20
1

28
6 0 -0
.0

3

00
5 

-
2

4

12
7.

70

z 
3 

C
O

0
 

(D
 

0 
a

 
.

5
(D 

ILI 
CD

 
Z

0a
3

C
C

U
R

 a
 

CA

CD
 

0&

CD
3 

-
C

D (D
'0

 
CA

I

-u 0 (0 CD 0 CA
)



IE
@

~
S

oo
0~

Io

0

O
+

0

(0 C 0. CL

-v a (a CD I~.
3 0

4
0
.4

0
 -

0.
03

2 
-

0 
-

8 
10

.5
0 

7 
14

.4
 

,

0

-0
.5

0
x

4
5

F
ig

ur
e 

A
-1

2:
 

D
ra

w
in

g 
of

 t
he

 m
ou

nt
in

g 
pl

at
e 

fo
r 

th
e 

co
nv

en
ti

on
al

 m
ot

or
 (

T
L

18
 b

y
T

ec
no

ti
on

),
 

al
so

 s
er

vi
ng

 a
s 

th
e 

dy
na

m
om

et
er

 u
pp

er
 p

la
te

. 
P

ag
e 

2 
of

 3
.

30
3

I 
S 

S
.

5
 

0

r-0 _zC
n

04

a7
 CD 00 CD

) CA
,

no n
>M -*

z 
2

o
 

aD
 

0

C 
01

CD

3
2 

 
3

C
D

D
0

6
6

 C
D 

a-
!n

 
-

D
 

O
 

-40

0
D

 
C

D
l

00
3D

 
C

-
I



C
/) K

I~
i

I 5Th
c-n

4

o 
0

z 
B

 
@'

 
c 

,
a 

.a
 

(D 
a

Ln.
 

CD
 

Z
0 .

3
C

 0
 

CD

C
D

D

4,
 

(D
:

.(-
-D 3
.9

: 
0 

0; 
o

3
+

 
-

M 
CD

C + 
-0

0 
z*

-0 Jr
 

-

C
A

0
 

-

'D

13

Fi
gu

re
 A

-1
3:

 
D

ra
w

in
g 

of
 t

he
 m

ou
nt

in
g 

pl
at

e 
fo

r 
th

e 
co

nv
en

tio
na

l 
m

ot
or

 (
T

L
18

 b
y

T
ec

no
tio

n)
, 

al
so

 s
er

vi
ng

 a
s 

th
e 

dy
na

m
om

et
er

 u
pp

er
 p

la
te

. 
Pa

ge
 3

 o
f 

3.

30
4

_0 0 ft CA)



32

16

-.
0

0
9
3
.2

0
 

-0
.0

3

Fi
gu

re
 A

-1
4:

 
D

ra
w

in
g 

of
 th

e 
sp

ac
er

, 
pr

ov
id

in
g 

co
rr

ec
t 

sp
ac

e 
fo

r 
th

e 
do

ub
le

-s
id

ed
 s

ta
ge

co
nf

ig
ur

at
io

n.
 

T
he

 s
pa

ce
r 

al
so

 s
er

ve
s 

as
 t

he
 m

ou
nt

in
g 

pl
at

e 
fo

r 
th

e 
sh

oc
k 

ab
so

rb
er

s.

30
5

10
0 0
 
0
=

0
-

C: 0 
z4

1~

10
0

76
 

12

32

16

1
5

5
4

.1
0

0 -4

! L

r_
3

N
)

0

44
0

A
_ N

)
0

0
=

I (1
,A

z
 

3 
Ln

 
c

0 
0

,

0a
3

09
-

>

~
C

D
0 CD

 CD
 T

 .
34

 
C 

a
_+

D
'' 

C 
D

 
CD

01

3 
0

(A
 

U
r

00 03
0 0 0



0l

24 85 85 85 85 85 85 85 85

/28

5 (TYP FOR 2 END TEETH)

24TYP FOR 180 SLOTS)

ySTYP FOR 179 REGULAR TEETH)

DETAIL A
SCALE 5: 1

Drawing Name Lamination

Material M19
Quantity 2 Stators

Scale 1:3 (unless otherwise specified)

Dimension Millimeters
(Tolerance: +/-0.05mm)

Note on - Lamination Thickness: 350 micrometers
Lamination - Number of slot: 180

Stack Width 52 mm +/- 1 Lamination

PAGE 1/2

A
a)

bo

.4 a

0

0

0

%4-4

0

0

0

0o

.P4

1-4



hW

B

RO.20 TYP

Filet of RO.20 is typical
for all 10 edges
for each mounting slot

12.10

5.50

V7 2.0

DETAIL B
SCALE 5: 1

0

0 6

/

0
(4)

TYP FOR ADDITIONAL 8 MOUNTING SLOTS
FIRST MOUNTING SLOT IS DISTANCED BY 24mm FROM REFERENCE 'R'
EACH MOUNTING SLOTS ARE DISTANCED BY 85mm (AS DESCRIBED IN PAGE#1) d-,'

DETAIL C "
SCALE 2 : 1 '

PAGE 2/2

P13

0

0

0
0

a.)

0

0

-0

0

bjO

.5

'-4 C1

ct



(n 0

0 3D 0
*

.0 0

(A) C3 0 0 0 0.

0 C3 **C
D

O 3 3

(D CD

0 a 0 (D 5. 0

A V

1~

(-.
)

')~
 

.c
~

"
K 'K

11
.5

0

7.
50

1"
0i

zt
16

 
16

Fi
gu

re
 A

-1
7:

 
D

ra
w

in
g 

of
 t

he
 d

ov
e-

ta
il 

in
se

rt
 u

se
d 

to
 m

ou
nt

 o
ur

 n
ew

 f
in

e-
to

ot
h 

m
ot

or
st

at
or

.

30
8

V
o

CD M C



05.50 Clearance hole for M5 bolt (TYP X 4)

M5xO.8 Threaded hole, THRU ALL (TYP X 14)

192 05

I //
282 -005

+0.05
I 192 -005

0

0*

C~)

0
LO

0+L

0

qO
00
+I

0

0

0

85 - 85 85 _ 85 85 85
I -

85 105 65 190 65 105 85 9 0

2 65 2 65 0 65 +

B 10

0.02 A (TPY)
(TYP)

-// 0.01 B (TYP)
_0.02 B (TYP)

CO)
0

00C
B

10

Name Mounting Plate for Fine-Tooth Motor

Material Cast Iron

Quantity 2

Scale 1:4
Scale (unless otherwie specifiedl

Dimension Millimeters

- Dimentional tolerances +/- 0.3 mm
for every dimension

Note unless otherwise noted
- Form & orientation tolerances +/- 0.1 mm

unless otherwise noted

Page 1 of 4

0

1.11

95

N
04

17

, 
uul

,8 05 . 9 - 0

a

0+-D

0

0

0

0 j

$--4 v4 -4

bO

L4 ce

.ho
.9 Q)

44 b

0

0 a IM

a a

LO

N ,



N
~~1 4-

4

N
) 0

11
7

0
0

'-0

00
 

C
:D

0
00

nC
-

0
1

0V
 0

H
 

YC
 

I.
.~

2.
 

0 
-0

 
5

12
7

00 + +
1
0
0

(.7
) 

(71

!N)

2
.1

0
 
-0

0
5

 (T
Y

P)

Fi
gu

re
 A

-1
9:

D
ra

w
in

g 
of

 t
he

 m
ou

nt
in

g 
pl

at
e 

fo
r 

ou
r 

ne
w

 f
in

e-
to

ot
h 

m
ot

or
, 

al
so

se
rv

in
g 

as
 t

he
 d

yn
am

om
et

er
 u

pp
er

 p
la

te
. 

Pa
ge

 2
 o

f 
4.

31
0

S
>

-
x

 "
M

>
d

-u C

a

0
a



c~
 i

"'
 

~

I 
/

'ii I', ''A
,

I 
I 

I LJ

0
+

00

0

'0

Ra
 

0.
8

0

fl
A

I

Fi
gu

re
 A

-2
0:

 
D

ra
w

in
g 

of
 t

he
 m

ou
nt

in
g 

pl
at

e 
fo

r 
ou

r 
ne

w
 f

in
e-

to
ot

h 
m

ot
or

, 
al

so
se

rv
in

g 
as

 t
he

 d
yn

am
om

et
er

 u
pp

er
 p

la
te

. 
Pa

ge
 3

 o
f 4

.

31
1

0 r
0

0

1
9

A
z

0O
o

p
b

bA >I

c
l

x
 W

 - m

00

0

8 E
J-

4

(D W
D

21
)

;V

0
.5

0
x4

5
0

M

*

0 0

0 >

-
9 

| 1.
 

7
.5

0



0

0

0

0

0

0

3
0

C
/D

00

0
(D

D

0

F
ig

ur
e 

A
-2

1:
 

D
ra

w
in

g 
of

 t
he

 m
ou

nt
in

g 
pl

at
e 

fo
r 

ou
r 

ne
w

 f
in

e-
to

ot
h 

m
ot

or
, 

al
so

se
rv

in
g 

as
 t

he
 d

yn
am

om
et

er
 u

pp
er

 p
la

te
. 

P
ag

e 
4 

of
 4

.

31
2



CD
 

0 
-

C
D

 
CD 

(
o 

.e
 

9
.

3 CD

C

-
-

-
--

-
-~

 -
-

Z

0 
z

C
D

o
 

0a =
r

"0
 ' 

CE 
3a

0
 

V
- 

W
C

C
D

r 
9 

z, 3
D 0

D
0 

U
. C 

0-
(Q

0
 

n
 

.
Q

--
e
 

-

a-
 

CD

z 0

-4
D

0

0
6
-0

.1
0

z

7

0-
0

5'
a

3: Q
Q

F
-
-

:3

JO0-
'0

Fi
gu

re
 A

-2
2:

D
ra

w
in

g 
of

 t
he

 v
er

tic
al

 (
w

id
e)

 a
nd

 h
or

iz
on

ta
l 

(n
ar

ro
w

) 
m

ag
ne

ts
 u

se
d

in
 t

he
 m

ag
ne

t 
tr

ac
ks

 o
f 

ou
r 

ne
w

 f
in

e-
to

ot
h 

m
ot

or
.

31
3

c
i

C



0 D
 C
D

 0
 

C

" >
0
 0

(-
..

3
Q

o 0 (0 CD

0
 

0

(0 a

0
 - 3 C
.D

0

0 0 a

00
 CD

(z 0
0 (03D 'ftEa <3

CD 0 0 0 6 2

C 0 0 0 CI0D 0L

:3 CD - -M
_

W

0 (a z a 3 Q -D0 z0 CD-u 0 z 0

-- 4
-

- 4
-

A 
A 0

' I

~ ~o
 

cc
i

7

.7
6

(=
3

1
6

1
n

1

Fi
gu

re
 A

-2
3:

 
D

ra
w

in
g 

of
 th

e 
no

n-
sk

ew
ed

 m
ag

ne
t 

tr
ac

k 
of

 o
ur

 n
ew

 f
in

e-
to

ot
h 

m
ot

or
.

Sh
or

t 
ve

rs
io

n 
us

ed
 i

n 
th

e 
si

ng
le

-s
id

ed
 m

ot
or

 c
on

fi
gu

ra
tio

n.

31
4

Q
0 0

J-

(C

60 70
 

_

80

'C

i

0 c



-j-ri P

6 TYP

Q Q

7.5)
16 48

80

I t IL......I I I.......bI 9 I&........I I I I

C

0 0
0 r- Co 00

C
NI~~~~~1

Arrows show 1he magnetiuation direcrion
for the mangets.

Drawing Name Magnet Plate (Short & Skewed)

Material - PM: N42 Grade Neodymium Magnets
- Back Iron: 1018 Steel

Quantity 2 Magnet Plates
Scale 1:1 (unless otherwise specified)

Dimension Millimeters (Tolerance: +/-0.1 mm)

- Halbach ArrayMagnet Array - Magnet size is the same as nonskewed plate

0

0

0-
0

0

0

ZCeQ

0

0 bO

cd -0

0

0 

0

S I.,- + , I +

-4



2 3 0 :.

CA 0

I

3 00 (a (D CD 0

0

C 
0 .-

0

F~
D

CD
CD 0-

-z C
D -3

3 0 CD 0 3 3

C -. 0.-D
ra-.3 CD (A

a (0 z 0 3 P 0(0 (D (- 0L

I

:0

I 0
,

a a a 0

7

37
6 

-
16

 
i

Fi
gu

re
 A

-2
5:

 
D

ra
w

in
g 

of
 th

e 
no

n-
sk

ew
ed

 m
ag

ne
t 

tr
ac

k 
of

 o
ur

 n
ew

 f
in

e-
to

ot
h 

m
ot

or
.

L
on

g 
ve

rs
io

n 
to

 b
e 

us
ed

 i
n 

th
e 

do
ub

le
-s

id
ed

 m
ot

or
 c

on
fi

gu
ra

tio
n.

31
6

C 13

0 0

60 70 80

V
." si

I W 1
5

: -*



6 YP

Q Q

0

C0

0

Go

9.50'
30 48 48 48

204

t T0

Arrows show the magnetization direction
for the mangets.

Drawing Name Magnet Plate (Long & Skewed)

Material - PM: N42 Grade Neodymium Magnets
- Back Iron: 1018 Steel

Quantity 2 Magnet Plates

Scale 1:1 (unless otherwise specified)

Dimension Millimeters (Tolerance: +1-0.1 mm)

Magnet Array- Halbach Array
- Magnet size is the same as nonskewed plate

_ -

bo

0
0

0

0
0

C

0

0
bC

' -

W

14

1 A



318



Appendix B

List of Vendors and Manufacturers

In this appendix, we provide a list of vendors and manufacturers we worked with for

the work discussed in this thesis. The list is in the alphabetical order.

" ACE Controls Inc.

- 23435 Industrial Park Dr., Farmington, MI 48335, USA (800-521-3320)

- Website: http://www.acecontrols.coni

http://www.pearse-bertran.corn (Distributor in Massachusetts)

- Contact: Joshua Lambert (JLanbertcpearse-bertran.com)

" Advanced Motion Controls

- 3805 Calle Tecate, Camarillo, CA 93012, USA (805-389-1935)

- Website: http://www.a-n-c.com

- Contact: Eric Covella (ecovella~a-m-c.com)

" EIS

- 2825 Southampton Road, Philadelphia, PA 19154, USA (215-673-7220)

- EIS-Philadelphia Electrical Market (Motor Insulation and Sleeving)

- Website: http://eis-inc.con
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" Fred Sommerhalter

- Motor Builder

- Contact: fsommerhCoptonline.net

" Kistler USA

- 75 John Glenn Drive, Amherst, NY 14228-2171, USA (716-691-5100)

- Website: https://www.kistler.com/us/en

- Contact: Spence Wende (spence.wende(kistler.com), sales.us~kistler.com

" K&J Magnetics, Inc.

- 18 Appletree Ln., Pipersville, PA 18947, USA (215-766-8055)

- Website: http://www.kjmagnetics.com

- Contact: contactus(kjmagnetics.com

" McMaster-Carr

- 200 New Canton Way, Robbinsville, NJ 08691-2343, USA (609-689-3000)

- Website: https://www.mcmaster.com

- Contact: nj.sales mcmaster.com

" MWS Wire Industries

- 31200 Cedar Valley Dr., Westlake Village, CA 91362, USA (818-991-8553)

- Website: http:/,,//www.mwswire.coin/

* National Instruments

- 11500 Mopac Expwy Austin, TX 78759-3504, USA (512-683-0100)

- Website: http://www.ni.com

- Contact: NI Support Group (support ni.com)
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* New Way Air Bearings

- 50 McDonald Blvd. Aston, PA 19014, USA (610-494-6700)

- Website: http://www.newwayairbearings.coni

- Contact: Drew Devitt (CTO, ddevitt(newwayairbearings.com),

Tim Claffey (tclaffey~newwayairbearings.com)

" Ningbo Yunsheng Magnet Devices Technology Co., LTD.

- Anju North Road, Xiaogang, Beilun, Ningbo, Zhejiang, China

(Zip Code 315801, US Phone 650-827-7928)

- Contact: Julia Zhou (juliazhou~yunshengusa.com)

George Zhang (george.zhangcyunshengusa.com)

" PCB Piezotronics

- 3425 Walden Avenue, Depew, NY 14043-2495, USA (800-828-8840)

- Website: http://www.pcb.com

- Contact: info@pcb.com

" Polaris Laser Laminations, LLC.

- 2725 Norton Creek Drive, West Chicago, IL 60185, USA (630-444-0760)

- Website: http://polarislaserlaminations.com

- Contact: Lynn Girard (lgirard@polarislaserlaminations.com)

" Renishaw

- 5277 Trillium Blvd, Hoffman Estates, IL 60192, USA (631-321-0418)

- Website: http://www.renishaw.com

- Contact: Charlie Falco (charlie.falcoarenishaw.com)

Tim Goggin (Tim. Goggin@renishaw.com)
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* Tecnotion

- Twentepoort West 15, 7609 RD Almelo, Netherlands ( 31-546-536-300)

- Website: http://www.tecnotion.com

- Contact: Erwin Hofste (Erwin.Hofste(Tecnotion.com)

* Tsubaki KabelSchlepp

- 301 E. Marquardt Dr., Wheeling, IL 60090, USA (847-459-9500)

- Website: http:,/ /www.ustsubaki.com

http://www.motionindustries.com (Distributor in MA)

- Contact: Mark Tanguay (Mark.Tanguay(notion-ind.con)
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