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Abstract

Magnetically levitated material handling systems offer many advantages to clean
room manufacturing processes due to the absence of contact surfaces with rela-
tive motion. Therefore, a magnetically levitated linear slider (MagLevLS) with
a non-contact power transfer method was investigated and presented. The pro-
posed MagLevLS platform uses four hybrid electromagnets (HEMs) as actuators
for levitation and an open-end generator for non-contact power transfer. The lev-
itation platform was fabricated by installing four HEMs at four corners of a rigid
rectangular steel plate. Ability to levitate and achieve zero power control of the
suggested four points suspended platform under cogging torque and forces intro-
duced by the non-contact power transfer method was investigated. The HEM was
analyzed using FEM and results was used to obtain the relationship between the
attractive force, the air gap, and the coil current. Furthermore, a prototype HEM
was tested to validate FEM analysis data and results presented. The mathematical
model of the HEM describing the attractive force in terms of coil current and air
gap was obtained by surface fitting FEM data and experimental data. An open-
end generator was designed to meet electrical power, force, torque and air gap
requirements of the levitated platform and analyzed using FEM. ABS were pur-
posed as the stator core construction material of the open-end generator to achieve
required performance of the open-end generator for MagLevLS system. The open-
end generator with ABS stator core can achieve near zero forces between the rotor
and the stator under eccentricities according to the presented FEM analysis re-
sults. Furthermore, the torque of the open-end generator with ABS stator core
shows almost constant torque behavior under constant electrical load. Subsequent
experiments using a prototype open-end generator confirmed the FEM analysis
results, and the obtained results are presented. A mathematical model to describe
three degrees of freedom motion of the levitated platform was developed and a

zero power levitation controller was designed and presented. Stable levitation was



achieved using three PD controllers to control three modes of operation of the
platform specified as the vertical air gap, roll, and pitch. Zero power control loop
was implemented using three integral controllers attached to each mode of the op-
eration of the levitated platform. A nonlinear system dynamics was simulated, the
levitation controller was tuned, and performance was observed using the designed
nonlinear system simulator. A prototype levitation platform with the non-contact
power supply was fabricated, and a 0.25 W steady state power consumption per
each HEM was achieved using designed zero power controller. Experimental and
simulation observations of the levitated platform under different step inputs were
presented. According to the results, MagLevLS can achieve stable lavation under

cogging forces and generate sufficient power for continuous operation.
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Chapter 1

Introduction

1.1 Background

Modern advances in technology increasingly demand miniaturized products and
high-density products packaging. Furthermore, demand for higher quality and
low rejection ratios are increasing in the competitive market. During last decade,
there is increased research interest leading to micro and nanotechnologies. The
use of mobile devices are rapidly increased and mass manufacturing of these de-
vices create a market for better manufacturing technologies. Some of the rapidly
increasing markets include microprocessors and display panel manufacturing. Ac-
cording to MarketsandMarketd!| market research, display market will reach $155
billion by the year 2020. In order to manufacture high pixel density displays,
clean rooms are required with increasingly tougher clean environments. As of
Q1, 2016 commercial semiconductor manufacturing in 14nm node and 10nm node
under development. These advances require improved clean room manufacturing
technologies. The magnetically levitated machines offer major improvements to
clean room manufacturing technologies. Figure shows an example clean room
operation.

Regular material handling machines such as conveyors and motors have a mover
and a stator. The mover and the stator have mechanical connections between
each other. These mechanical connections include common mechanical machine
elements such as bearings, guides ways, rollers, and gears depending on the nature
of the machine. Such machine elements provide support for forces experienced

by machines. Furthermore, they provide limits and guidance to moving parts of

"http://www.marketsandmarkets.com/PressReleases/display.asp 2016 Sep. 05
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Figure 1.1: Hard disk assembly in a Segate clean roomEl

the machine. In order to avoid the mechanical connection between the mover and
the stator, magnetic levitation can be used. However, magnetic levitation should
be able to guide and support moving parts of the machine. Mechanical machine
elements connecting stators and movers have contact surfaces with relative veloc-
ity between each other. Such movements are subjected to friction and therefore
lubrication is essential when the mechanical machine elements are involved. When
these machines are operated, friction between moving parts will break small par-
ticles from contact surfaces. The small particles broken from machines leads to
wear of machine elements. Furthermore, lubrication chemicals and small parti-
cles broken from contact surfaces are released into the operating environment of
the machine. If the machines are operated in a clean room environment, these
released particles could contaminate clean operating environment. Furthermore,
mechanical machine elements could subjected to vibrations due to unbalanced
mass rotations and non-smooth sliding surfaces. Any power transfer between a
mover and a stator achieved by utilizing commutators could introduce electrical
noise. Furthermore, these commutators are subjected to friction leading to particle

release.

2Image from https://commons.wikimedia.org/wiki/File:Seagate’s_clean_room.jpg
2016 Sep. 05
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The machines which utilize magnetic levitation to separate the mover and
the stator offers many advantages over regular machines which utilize mechanical
machine elements. When the mover and the stator of a machine is separated by
a non-contact mechanism like magnetic levitation, the friction between the mover
and the stator is zero.Therefore, lubrication is not necessary and particles will
not be released to the operating environment during operation. The magnetically
levitated machine will not be subjected to wear. Mechanical vibrations occurred
from mechanical machine elements will be reduced. Even though a mover can be
separated from a stator using magnetic levitation, it is necessary to supply power
to the levitated mover to achieve continuous operation. If the continuous operation
of the levitated machine is not required, batteries could be used to supply power to
the mover. If batteries are used, the amount of time that the levitated machine can
be operated continuously depend on the amount of energy stored in the batteries.
Use of large batteries to increase continuous operation duration will also increase
levitated weight and the physical size of the machine. By reducing the amount of
power consumed by the levitated machine, the duration of continuous operation
can be increased. Therefore, is important to study methods to reduce power
consumption of the levitated mover. Therefore Zero power control mechanisms
play important role in magnetically levitated machines.

If the continuous operation of a magnetically levitated machine is preferred,
it is necessary to supply power to the levitated mover of the machine using a
non-contact power transfer method, because batteries could not supply energy to
continuous operation. Therefore, it is important to study magnetic levitation with

non-contact power transfer methods.

1.2 Previous research about similar MagLev ma-

terial transport systems

The previous research by M. Morishita [1, 2]. suggests a use of linear quadratic
regulator with integral action (LQI control scheme) to achieve zero power control
of a magnetically levitated linear slider (MagLevLS) platform. The platform sug-
gested by M. Morishita utilize four hybrid electromagnets (HEMs) as actuators and
a platform consisting of two rigid plates with a pivot joint to achieve zero power
control. The pivot joint is essential to introduce an extra degree of freedom to the

levitated platform so that the zero power control can be realized with four hybrid



electromagnets [I}, 2]. The controller was designed based on linearized mathemati-
cal model and HEMs were controlled using voltage controller mode. The controller
was designed to control four modes of the operation of levitated platform. The
four controlled modes include vertical levitation position, pitch, and two rolling
motions. The second rolling freedom was introduced by the pivot joint between
two levitated metal plates. The platform is powered by batteries, and continuous
operation is not possible. Furthermore, information is not presented about power
consumption of electronic controllers, linear motors, and sensors.

The previous research by K. J. Kim and C. H. Kim et al. [3] [4 5] uses a
secondary suspension mechanism to achieve zero power control and reduce vertical
vibrations. The HEMs are installed on the secondary suspension system. The
secondary suspension is acting as an extra degree of freedom to the levitated
platform, so that the zero power control can be achieved. The lateral motion of
the levitated platform was limited using guide rollers, and improved platform was
presented with four guidance magnets to control the lateral motion. The spring
constants for the secondary suspension system to reduce vertical vibrations due to
guide rail surface defects was investigated and presented.

The previous research by Yuji Ishino et al. [6] uses solar cells and fluorescent
lamps for non-contact power transfer. The levitated platform uses three hybrid
electromagnets for levitation and three parallel guide rails for guidance. The pre-
sented system is capable of continuous levitation while consuming less than 250mW
power. If the levitated platform require linear motor on the levitated platform for
translation (i.e. horizontal transport of goods), the suggested system does not
provide sufficient power.

The previous research about non-contact power transfer methods suggest the
use of inductively and capacitively coupled systems. Furthermore, research was
done on strongly coupled magnetic resonances and weakly coupled magnetostatic
resonators. Different power transmitter and receiver arrangements are discussed,
and low, medium and long range wireless power transmission using an inductive

coupling and magnetic resonances are presented. [7, 8, @, 10, 1], 12].

1.3 Motivation

Continuous operation of magnetically levitated linear slider platforms was not pre-

viously discussed and presented. The current levitated platforms use batteries or



wires to supply power. Even though very low power levitation was achieved for
HEMSs, power consumption by on-board electronics, sensors, and linear motors was
not considered. However, the amount of power consumed by electronics, sensors,
and the linear motor is much higher than that of zero power controlled HEMs.
Therefore, it is essential to use non-contact power transfer method to achieve con-
tinuous levitated operation. The lateral alignment of the levitated platform was
previously achieved using mechanical guide rollers and controlled by electromag-
nets [4, 5]. In such systems, the vertical position of the levitation is affected by
lateral misalignment, and subsequent corrective action requires power. Therefore
HEM can be improved to achieve better lateral and vertical force characteristics.
Potential applications for the magnetically levitated linear slider platform with
non-contact power transfer includes continuous material handling in clean room
environments like semiconductor and LCD manufacturing. Furthermore, if suffi-
cient amount of power can be transferred to a levitated platform, a machine-like

a robot manipulator can be installed on the levitated platform when necessary.

1.4 Objectives of the research

It is expected to develop a prototype of a magnetically levitated linear slider plat-
form with non-contact power transfer. It is expected to develop non-contact power
transfer method so that the levitated platform can receive sufficient power to on-
board controllers, sensors, linear motors and HEM actuators for continuous levita-
tion and translation. The non-contact power transfer method will be customized
to magnetically levitated linear slider platform. The HEMs used for levitation
will be improved to achieve passive lateral alignment while reducing the effect on
vertical levitation. It is expected to achieve near zero power levitation using a four
point suspended single rigid platform.

Use of an open-end generator is suggested as non-contact power transfer method.
The rotor eccentricities produce large attractive forces between the rotor and the
stator of permanent magnet generators. Since passive lateral alignment is pre-
ferred in current research, the open-end generator should be designed to produce
minimum attractive forces under rotor eccentricities. Furthermore, it is necessary
to reduce torque fluctuation due to cogging to reduce vibrations introduced by
cogging torque of the open-end generator.

Therefore major objectives of the research are,



New system integration with non-contact power transfer method

Design an open-end generator with minimum attractive forces between the

rotor and the stator
Design an open-end generator with minimum cogging torque

Improve HEM to achieve passive lateral alignment while having minimum

effect on vertical levitation

Achieve near zero power operation with 3 DOF controller while having 4

HEMs and open-end generator is producing cogging forces and torques



Chapter 2

The prototype levitation system

design

The proposed magnetically levitated linear slider system is shown in Fig. and

consists of three main assemblies,

1. Stationary support structure. (The stator)
2. Magnetically levitated, linear moving platform (The MagLevLS platform)

3. Long rotating permanent magnet array (The rotor)

2.1 Stationary support structure

Two guide rails used to guide magnetic flux paths of the HEMs are mounted on the
stationary support structure as shown in Fig. The supported linear moving
distance of the prototype platform is 30cm. The support structure is made of
A6061 Aluminum and SS400 steel. The rotor is mounted on the stationary support
structure as shown and the rotor is driven by using an electric motor mounted on
the stationary support structure. The motor and the rotor was coupled using a belt
drive as shown in the prototype system. It is expected to use magnetic bearings
and direct coupling between rotor and motor to avoid mechanical contacts between
moving and stationary components. The stator of the linear motor is mounted on
the stationary structure. However, it is removed from the Fig. to highlight

other elements of the design clearly.



MaglLevLS Platform

Rotor

Guide rail

Stationary support structure

Figure 2.1: Magnetically levitated linear slider system. (The permanent magnet
stator of the linear motor is not shown in this figure.

2.2 Magnetically levitated, linear moving plat-

form

Figure shows the basic design of the magnetically levitated, linear moving
platform. The levitated platform contains four major elements of the system,
which includes HEMs, air gap sensors, the stator of the open-end generator and
the linear motor. The HEMs, the open-end generator, and the linear motor are
custom designed to the MaglLevLS platform.

The top plate of the levitated platform is made of A6061 Aluminum, and the
bottom plate of the platform is made of SUS304 stainless steel. Stainless steel
was used to increase the strength of the platform and Aluminum is used to reduce
overall levitated weight. The top and the bottom plates are connected using rods
as shown. The mover of the linear motor is mounted on the top plate.

The four HEMs used as actuators for the levitation are mounted at four corners
of the platform as shown in fig. A laser distance sensor is mounted close to
each HEM to measure the air gap between HEM and the guide rail. The stator of



Linear motor

Hybrid
electromagnet

Open end generator

Air gap sensor
Figure 2.2: Magnetically levitated linear moving platform.

the open-end generator was mounted between the top and the bottom plates.

2.3 Long rotating permanent magnet array (The

rotor)

The long rotating permanent magnet array is shown in the Fig. [2.3] The rotor as
six magnetic pole pairs mounted on the surface of the rotor as shown. The base
material of the rotor is SS400 soft magnetic steel. The rotor was rotated using
an AC electric motor. The permanent magnets used for the rotor are the N35
type and has dimensions of 3mmx10mmx60mm. These permanent magnets are
magnetized in 3mm direction. The red color and the blue color faces shown in Fig.
represents the north and the south pole of the permanent magnets. The design
of the rotor was influenced by the availability of suitable permanent magnets for

the design.



Permanent magnets

Figure 2.3: The permanent magnet rotor.

2.4 Hybrid Electromagnet and guide rail

Hybrid electromagnet design consists of a 25mmx2Immx12mm N50 permanent
magnet and a laminated soft magnetic steel core. The soft magnetic steel used is
grain oriented silicon steel type 23ZH100 manufactured by Nippon Steel & Sum-
itomo Metal Corporation. Each lamination has a thickness of 0.23mm, and the
lamination factor is 0.94. Each hybrid electromagnet has two coils connected in
series, and each coil has 360 turns wound using ¢0.6mm copper wire. The hy-
brid electromagnet has a pole face area of 2lmmx10mm. Figure shows the
basic design of the Hybrid electromagnet. The arrows in the Fig. [2.4] represents
the magnetic flux path. The core of the hybrid electromagnet consists of 2 parts
aligned with the north and the south pole of the permanent magnet as shown in
Fig. A major part of the magnetic flux generated by the electromagnets is
directed through the permanent magnet due to this arrangement.

The guide rails were manufactured using SS400 soft magnetic steel. The guide

rails were galvanized to overcome corrosion.

10



Figure 2.4: Hybrid electromagnet design. (1. N50 permanent magnet, 2. 23ZH100
soft magnetic steel core, 3. Plastic bobbin, 4. Copper coil, 5. Mounting plate, 6.
Guide rail.)

2.5 Open-end generator

An open-end generator was used to achieve non-contact power transfer to the
levitated platform. The non-contact power transfer system includes the stator
core of the open-end generator mounted on the levitated platform as shown in
Fig. A permanent magnet rotor mounted on the stationary structure of the
MagLevLS system as shown in Fig. [2.1 was used to generate electrical power in
the coils of the open-end generator. The length in the z-direction of the generator
core is 100mm. The open-end generator winding consists of 2 phases arranged in
180-degree phase angle. Each phase has 120 turns wound using ¢0.5mm copper
wire. The core of the open-end generator was manufactured using ABS for the
final prototype. Figure. [2.5] shows a basic 3D design of the open-end generator
and stator mountings.

For a three phase modular permanent magnet machine, feasible slot and pole
combinations are described by Eq. and Eq. Furthermore, it is possible
to obtain feasible slot and pole combinations by multiplying feasible N, and p
combinations by a positive integer. Table[2.T]shows feasible slot and pole counts for
up to p=10 [13]. The geometry and the permanent magnet used for the prototype
open-end generator do not allow the use of a feasible slot and pole combination.

Therefore the efficiency of the prototype is less compared to a regular generator.
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Stator

Permanent
magnets

Figure 2.5: Open-end generator

However, higher efficiency is possible by using custom made permanent magnets.

N,=2p+1 (2.1)
N, =2p+2 (2.2)

where,

N = Slot count when N, /3 = a positive integer

p = Number of pole pairs

2.6 Linear motor

A switched reluctance linear motor is used move the levitated platform in the
x-direction. The linear motor design consists of 4 individually controlled electro-
magnets as the mover and an array of permanent magnets as a stator. The mover
is mounted on top of the levitated platform as shown in Fig. 2.2l Each electro-
magnet consists of two coils connected in series. Figure [2.6] shows the design of
the linear motor. The stator consists of permanent magnets, and SS400 strips
mounted as shown in Fig. 2.6l The red and the blue colors represent the north
and the south poles of permanent magnets. The permanent magnets used were

type N35, has dimensions 3mm x 10mm x60mm and magnetized in 3mm direction.
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Table 2.1: Feasible slot and pole combinations for a three phase modular PM
machine

Number of pole

. Number of slots N,
pairs p

3

3,6

9

6,9,12
9,12,15
9,18

15,21
12,15,18,24
27
18,21,24,30

O© 00 || |0 | k= | W ||+~

—
]

S5400 4
Permanent \ X x»%

magnets

Stator

Electromagnet
Mover

Figure 2.6: Linear motor
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Chapter 3

Modeling and FEM analysis of
hybrid electromagnet and Linear

motor

The actuator used for the levitation was a hybrid electromagnet. The levitation
system uses four identical HEMs and a HEM were modeled using 3D CAD soft-
ware for FEM analysis. The system was propelled in z-direction using a switched
reluctance linear motor. The FEM analysis was performed on 3D models, and the
results were presented. The FEM analysis was performed using J-Mag designer

software.

3.1 Attractive forces of Hybrid electromagnet

The hybrid electromagnet was analyzed using FEM to identify mathematical func-
tion describing force, current and air gap relationship. Table shows the major
parameters of the analyzed HEM. The bobbin thickness was selected by measuring
a prototype HEM because the forces generated by HEM was affected by material
between the soft magnetic steel core and copper winding.

The black dots shown in fig. [3.1] represents the data obtained by FEM analysis.
According to the results, the attractive force between analyzed HEM and guide rail
is approximately 36N at 2mm air gap and zero coil current. Therefore, designed
HEM can levitate platform having an approximate weight of 15kg at an air gap of
2mm while having 0A coil current.

The attractive force between an electromagnet and a soft magnetic steel target

14



Table 3.1: Major parameters of the hybrid electromagnet and FEM analysis

Parameter

Value

Magnet pole area
Permanent magnet (PM)
PM magnetization direction
Number of coil windings
Number of turns per coil
Total coil resistance
Bobbin thickness
Lamination factor
Analyzed air gap range
Analyzed current range
Guide rail material

HEM core material

10mm x 21mm

12mm x 21mm x 25mm N50
25mm

2, series-connected

360 turns

4.39)

1.6mm

0.94

Imm to 6mm, 0.1lmm increments
+3A, 0.2A and 0.1A increments
SS400

23ZH100 (Nippon Steel and

Sumitomo Metal Corporation)

Force (N)

200

140
(Surface fitting RMSE=0.962N)

120

40

current A

Figure 3.1: FEM analysis data and fitted surface.
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can be described by Eq. 3.1} The constant k,, of Eq. depends on the perme-
ability of the magnetic flux path, the number of coil winding turns used for the

electromagnet and the geometrical shape of the electromagnet and the target.

Z'2

F=lpe (3.1)

2

Where,

F = Attractive force between electromagnet and soft magnetic steel target
k,, = Constant
i = Current in the coil

g = Air gap between the electromagnet and target

The attractive force of the Eq. becomes zero when the coil current is zero.
However, HEM exerts an attractive force even when the coil current is zero, due
to the presence of the permanent magnet. Therefore, the relationship between air
gap, coil current and the attractive force of the HEM can be described by Eq.
32| [4]. The constants of Eq. were obtained by surface fitting Eq. on the
data obtained by FEM analysis. The curve fitting toolbox of MATLAB software
was used for surface fitting. The color shaded surface shown in fig. shows the
surface drawn using Eq. .2 The root mean squared error (RMSE) of the surface
fitting is 0.962N. According to the fig. [3.1] and the RMSE of the surface fitting,
the Eq. can represent the relationship between air gap, coil current and the
attractive force of the HEM to a good accuracy.

Figure 3.2 shows the error of surface fitting in range of £3A coil current and
Ilmm to 6mm air gap range. The error of attractive force obtained by FEM data
to the attractive force predicted by Eq. is less than 6N at any given point.

(i + b)?

F=a
(249 + €)?

(3.2)

Where,
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Force N

Figure 3.2: Force difference between attractive force predicted by mathematical
model and attractive force obtained by FEM analysis.

F = The attractive force between electromagnet and target in Newtons.
i = Current in the coil in Amperes.

zqg = The air gap between the electromagnet and the target in meters.

a = 1.845x107° Nm2A~2

b =4.7T13A

¢ =1.3x10"%m

3.2 Lateral forces of Hybrid electromagnet

The previous work done by authors of [1] used rectangular cross section as the guide
rail as shown in design D1 in fig. The lateral direction (y-direction) motion of
the levitated platform was not considered and presented. This is the simplest form
of the guide rail. The attractive force described by the Eq. (2) does not depend
on the y-direction position of the HEM due to the simple rectangular shape of the
guide rail. The linear motion of the levitated platform in the y-direction and the
angular motion of the platform around z-axis must be controlled and limited using
extra electromagnets as actuators and mechanical limits. The authors of [3], 4] [5]

used improved guide rail as shown in the design D2 in fig. In design D2, the
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size of the shown pole length hl of the HEM and the mating pole length h4 of
the guide rail are identical. Furthermore, the length h3 of guide rail and h2 of the
HEM shown in fig. [3.3] are identical. If the platform moved in the y-direction, the
design D2 could generate lateral force in y-direction opposing lateral movement
of the platform from in y-direction. Furthermore, the improved design D2 can
generate torque opposing rotation around the z-axis. Therefore, design D2 shown

in fig. allows passive lateral alignment of the levitated platform.

Design D1 Design D2

Figure 3.3: Existing hybrid electromagnet and guide rail designs

Figure[3.4|shows a further improved design referred to as design D3. The design
D3 has hb length larger than that of hl. The selected h5 length is large enough
to keep the HEMs pole completely within limits of the h5 pole at the maximum
allowed lateral displacement of 2 mm. Furthermore, length h6 is slightly larger
than length h2. Figure |3.5] shows the y-direction displacement vs. y-direction
force of the HEM designs D2 and D3 obtained by FEM analysis. The green line
(h6=20mm, h5=10mm) in the fig. represents the design D2. According to the
results, the force opposing lateral displacement of design D2 is larger than that of
design D3. However, the design D3 exhibits a relatively linear relationship between
F, force and displacement in the y-direction.The relatively linear relationship is
due to the reduction of edge effects between the guide rail and the HEM in design
D3.

Figure |3.6] shows the y-direction displacement vs. attractive force between the
HEM and the guide rail. The green line (h6=20mm, h5=10mm) in the fig. [3.6
represents the HEM design D2. According to the results, change in attractive force

due to y-direction displacement is much higher in the HEM design D2 compared
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Design D3

Figure 3.4: Hybrid electromagnet improved design

to the HEM design D3. When the MaglLevLS platform is loaded and unloaded,
it is not possible to guarantee that the forces experienced by the MaglLevLS plat-
form will only be in the z-direction. Therefore, when the platform is loaded and
unloaded, the platform will experience vibrations in y-direction due to external
forces. These vibrations will cause changes in attractive force as shown in fig. [3.6
These change in forces will cause zero power controller to correct levitated position
to reach zero power operation point and will cause vibrations in the z-direction.
These vibrations will consume electric power due to the action of zero power con-
troller. The suggested improved HEM design D3 has less effect on attractive force
under y-direction displacement of the levitated platform as shown in fig. The
prototype HEM was fabricated using values 10mm, 20mm, 14mm and 21mm for

the parameters hl, h2, h5, and h6 respectively.
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3.3 Linear motor FEM analysis

The designed switched reluctance linear motor uses four electromagnets on the
mover and a permanent magnet array in the stator as shown in fig. 2.6l Each
electromagnet has two coils connected in series. Each coil has 160 turns and
wound using 0.5mm copper wire. The internal resistance per coil is 1.2(2. The
magnetic pole surface area of the electromagnet is 6mmx40mm, and the surface
area of the mating permanent magnet is 10mmx60mm. The permanent magnet
used is Neodymium N35. The starter of the linear motor was manufactured by
placing permanent magnets and similar sized SS400 strips as shown in fig. [2.6]
The thickness of the permanent magnet and SS400 strips is 3mm, and permanent
magnets are magnetized in 3mm direction. The linear motor was powered using
the current waveform shown in fig. [3.7 The linear motor completes one driving
cycle per 40mm travelling in the z-direction. The driving current of the each

electromagnet depends on the relative position of the mover of the linear motor.

Current A

Figure 3.7: Linear motor driving current waveform. il, i2, i3, and i4 represent
current in each electromagnet

Figure 3.8 shows the thrust force generated by the linear motor at several
different air gaps. Since the levitated platform has to adjust air gap of levitation
based on applied load to achieve zero power levitation, the thrust force at different
air gaps are investigated. According to the results, the thrust force is fluctuating,

and the thrust force depends on the air gap between the mover and the stator of
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the linear motor. Therefore, a position controller will be complicated and needs

feedback information about mover position.

16
14
o
3
S 8
E" 6 ——air gap = |.5mm
= 4 ~air gap = 1.75mm
2 —air gap = 2mm
0

0 5 10 | 20 23 30 35 40
Displacement (mm)

h

Figure 3.8: Linear motor thrust force at different air gaps.
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Chapter 4

Modeling and FEM analysis of

the open-end generator.

The first part of this chapter investigates the possibility of using soft magnetic
steel cored open-end generator and establishes that the soft magnetic steel cored
open-end generator cannot achieve all design requirements based on FEM analysis
results. Then the use of ABS (Acrylonitrile-Butadiene-Styrene) as stator core
material was suggested and achieved results presented. The ABS core can achieve
all design requirements of the open-end generator. Furthermore, ABS achieved
better efficiency than soft magnetic steel core because of the absence of eddy
currents.

The open-end generator design requires,

e Near zero attractive forces between the rotor and the stator under eccentric-

ities.
e Minimum cogging torque fluctuation.
e Torque that can be supported by HEMs.
e Generate approximately 35W of electric power.
e Minimum of 3mm air gap.

Each of the above plays a vital role in MagLevLS platform. Each HEM can
produce up to 2.5N restitutive force per Ilmm lateral displacement as shown in
fig. 3.5 The attractive forces generated between the rotor and the stator must be

smaller than the lateral forces produced by HEMs under y-direction misalignment
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to achieve passive lateral alignment of the levitated platform. Therefore, near zero
attractive forces between the rotor and the stator under eccentricities are essential.
The torque experienced by the stator of the open-end generator is transferred to
the levitated platform. If the torque exhibits fluctuations, the platform will expe-
rience vibrations around roll axis (z-axis), and will require a complex controller to
suppress vibrations and achieve levitation. The cogging effect is one of the major
factors that affect torque fluctuations. Therefore, it is preferred to minimize cog-
ging torque fluctuations of the open-end generator. The total amount of torque
experienced by the levitated platform must be supported by force difference of the
HEMs. In order to reach zero power levitation position, the HEMs must change
air gap to achieve required attractive force difference between HEMs and guide
rail. If the torque is large, a large air gap difference will be required and that will
introduce large roll angle at steady state of the levitated platform. Therefore is
important to reduce torque generated by the open-end generator. The levitated
platform requires approximately 35W of electrical power to achieve continuous
levitation in the prototype system. The levitated platform must reach zero power
levitation position based on the load on the platform. Furthermore, loading and
unloading platform will change levitated air gap during transient states. There-
fore, a larger air gap is required between the rotor and the stator of the open-end
generator so that the rotor will not touch the stator during transient states or
steady states of operation.

The open-end generator design was improved in several stages based on FEM
analysis data and design requirements of the MagLevLS platform. The maximum
diameter of the open-end generator core and the length of the core in the x-
direction (refer to fig. was limited to 95mm and 100mm respectively, based on
the geometrical constraints of the designed prototype MaglLevLS platform. Figure
shows the major dimensions of the selected open-end generator for prototype
fabrication. The open-end generator designs analyzed in this chapter uses N35
permanent magnets which has dimensions 3mmx10mmx60mm and magnetized
in 3mm direction.

A generator or an alternator has its rotor and stator core axis aligned in the
same line, and the axes are identical. This arrangement is always maintained using
bearings to fix the relative position of the core and the rotor of the generator.
However, due to the levitated nature of the MagLevLS platform, it is impossible

to align and maintain the open-end generator core axis and rotor axis to the

24



Dimensions in mm

Figure 4.1: Major dimensions of the selected open-end generator for prototype
fabrication.

same line during operation of the MagLevLS system. When there is misalignment
between the rotor axis and the core axis, large cogging torques and cogging forces
are induced between the open-end generator core and the rotor. In order to achieve
zero power levitation, these cogging torques and forces must be reduced to a limit
that can be handled by HEMs. It is advantageous for a regular generator to reduce
the air gap to increase the amount of power generated. However, the proposed
open-end generator requires a larger air gap compared to a similar-sized regular
generator to achieve levitation under different levitated loads while satisfying zero

power operation condition.

4.1 FEM analysis of open-end generators with

soft magnetic steel stator core

Figure shows two of the analyzed open-end generator designs. The design D1
has permanent magnets completely buried (3mm) in the rotor. The permanent
magnets of the design D2 are buried 1mm into the rotor. The air gap between the
rotor and the core is 2.5mm for both designs. In order to achieve the same 3.6mm
air gap, the rotor diameters of the designs were adjusted. (i.e. The positions of the
permanent magnets relative to the stator core is identical in both designs.). For
the FEM analysis, three phase coil windings were used. Electric power produced
by the open-end generator was rectified using three phase rectifier bridge and

external load resistors were used to measure the power dissipation under external
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loads. Each phase of the coil winding has 30 turns, and internal resistance per
phase is 0.6€2. The rotor and the core used SS400 as the construction material. The
permanent magnets were the N35 type with 3mmx10mm x60mm dimensions and
were magnetized in 3mm direction. The open-end generator cross section shown in
fig. shows 3mm x 10mm cross section of the permanent magnets. Both designs
have 24 core slots for coil windings and the approximate area of a slot in shown
cross section is 45.4mm?. The rotor was rotated at a rotational speed of 1600 rpm
for the analysis. The core of the open-end generators used for the FEM analysis

was laminated and the used lamination factor was 0.94.

Design D1 Design D2

N\

Magnets

Figure 4.2: open-end generator design D1 and design D2. The design D1 has per-
manent magnets completely buried (3mm) in the rotor. The permanent magnets
of the design D2 are buried 1mm in to the rotor.

During the FEM analysis, the diameter of the copper wire used for coil winding
was selected to withstand the currents produced in the copper windings. The
number of turns per phase used for the FEM analysis was selected to reflect the
number of physically possible turn count based on the diameter of the copper
coil and the cross-sectional area of a slot. The presented data represents most
promising designs for the open-end generator.

Figure [4.3]shows the cogging forces generated by the open-end generator design
D1 and design D2. According to the results, the open-end generator design D1 with
buried permanent magnets generate less cogging forces compared to the design D2

at similar rotor eccentricities. When the rotor eccentricity is 0.5mm, root mean
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square (RMS) cogging force of design D1 is 132N while that of design D2 is 181N.
However, the cogging forces generated by both designs are large compared to the
forces generated by HEMs. The peak to peak fluctuation of cogging forces is
approximately similar in both designs. The large cogging forces are primarily due

to the use of permanent magnet rotor with a soft magnetic steel core.

200
150
_ W\M/V\/\W\/\MN\N\/\/\/
g 100
S
(=T4]
c
8 50
8 —— D1, RE:0.5mm D1, RE:0.25mm D1, RE:Omm
--------- D2, RE:0.5mm ceseeenne D2, RE:0.25mm <+++-+ D2, RE:Omm
) PO (NSNS S I—— E— | E——
0 50 100 150 200 250 300 350
-50

Rotor position degrees

Figure 4.3: Cogging forces generated due to rotor eccentricity (RE) of the open-end
generator designs D1 and D2.

Figure [4.4] shows the electric power dissipated through a 12 load resistor when
the open-end generator rotor was operated at 1600rpm. The results suggest that
the change in electric power dissipation due to the rotor eccentricity is negligible.
The open-end generator design D1 can dissipate approximately 119W RMS electric
power across 1€) load while the design D2 can dissipate approximately 234W RMS
electric power. These results show that the use of permanent magnets mounted
on the surface of the rotor as in design D2 can generate approximately twice
the amount of power compared to design D1. The increase in cogging force due
to the surface mounted permanent magnets is approximately 37.5%. Therefore,
the design D2 is more suitable for the MaglLevLS platform design. The changes
in electric power dissipation and cogging forces in design D1 and design D2 is
explained by magnetic flux paths. Figure |4.5| shows several magnetic flux lines

and magnetic flux density plot of the open-end generator design D1 obtained using
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FEM analysis. The magnetic flux lines inside the highlighted region in red shows
that there are some closed flux paths exists completely inside the rotor. When
the permanent magnets are mounted on the surface of the rotor the highlighted
region of the rotor is eliminated. Since the highlighted high relative permeability
region does not exist in design D2, most of the magnetic flux paths are closed
through the air gap and the stator core of the open-end generator. Therefore, the
amount of magnetic flux experienced by the windings is increased. This increase
in magnetic flux experienced by the windings increases electric power generation.
Furthermore, increase in magnetic flux experienced by the soft magnetic steel core

increases cogging forces as seen in fig.
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Figure 4.4: Electric power dissipation across 1€) load resistor at different rotor
eccentricities (RE) of the open-end generator designs D1 and D2.

The magnetic flux density plot and magnetic flux path analysis of the open-end
generator design D2 are shown in fig. The magnetic flux paths exist in some
rotor positions does not go through the copper windings in the generator core.
The highlighted region in fig. shows some of the magnetic flux paths which do
not go through the windings. Furthermore, the change in the air gap between the
permanent magnets and the core due to the physical shape of the core contribute
to the fluctuations of cogging force depending on the rotor position.

Further analysis was performed by increasing the cross-sectional area of the
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Figure 4.5: Magnetic flux lines and magnetic flux density plot of the open-end
generator design D1 obtained using FEM analysis.

core slots, increasing and decreasing the core slot count and the rotor pole pair
count. The design D2 was improved by increasing the cross-sectional area of a
slot to 50.8mm? and by slightly reducing the copper wire diameter used for the
winding. The number of turns per phase is increased to 40 turns in improved design
D2. The consequent FEM analysis revealed that the improved open-end generator
can dissipate 184W RMS electric power through a 1€) load resistor. The RMS
cogging force was 146N at 0.5mm rotor eccentricity for the improved open-end
generator. The non-sinusoidal waveforms of the power dissipation and cogging
forces suggest that the phases of the open-end generator is overlapped and not
at 120-degree phase angles. However, due to the use of readily available, simple
rectangular cuboid permanent magnets for the rotor, and the physical constraints
of the MagLevLsS platform it is not possible to arrange phases at 120-degree phase
angles. However, it is possible to overcome the difficulties due to the uneven phase
angles by using an external electronic circuit to match phase angles. The open-end
generator design D3 was obtained by slightly modifying the physical shape of the
cross section of the core. The resulted design D3 is shown in the fig. The
red circle highlights the change made to the design D2 to obtain design D3. The
design D3 uses three phase winding, and external 1€) load was connected through

a three phase bridge rectifier. Each phase of the winding has 40 turns. Figure 4.8
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shows the cogging forces observed in open-end generator design D3. The results
suggest that the removal of highlighted SS400 part compared to the open-end
generator design D2 reduces cogging force to less than 60N. Furthermore, the air
gap is increased to 3.6mm. The reduction of cogging force can be attributed to

increasing of air gap.

Magnetic
flux
density

1.5T
ol

Figure 4.6: Magnetic flux lines and magnetic flux density plot of the open-end
generator design D2 obtained using FEM analysis.

Figure 4.11] shows the power dissipation through a 1) load resistor of the
open-end generator design D3. According to the results, RMS power generated
was approximately 147W. Compared to the open-end generator design D2, the
open-end generator design D3s reduction of power generation is approximately
37W. However, the open-end generator design D2 has approximately 240% more
cogging force compared to the open-end generator design D3 at 0.5mm rotor ec-
centricity. Furthermore, the change of power generation due to rotor eccentricity
was negligible as seen in fig. [4.11]

The z-direction length of the stator core of open-end generator designs D1, D2,
and D3 can be changed to achieve the same amount of electrical power from all
three designs. This allows convenient comparison of the attractive force between
the rotor and the stator of the open-end generator under eccentricities. Figure
[4.9]shows the attractive forces obtained from FEM analysis of open-end generator
designs D1, D2, and D3 when each generator is producing approximately 119W rms

electrical power. All three designs used three phase windings and 1600 rpm rotor
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Figure 4.7: open-end generator design D3.
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Figure 4.8: Cogging forces generated due to rotor eccentricity (RE) of the open-end
generator design D3.
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speed. Furthermore, it is possible to change the amount of power produced by the
open-end generator by changing rotor speed. However, change to the attractive
force between the rotor and the stator due to rotor eccentricity is minimum when
the rotor speed is changed. (i.e ex. 100rpm and 2000rpm rotor speed produce
vastly different electrical power. However, the attractive force is not changed
significantly for a given rotor eccentricity value due to the change of rotor speed.)
Figure shows the rotor torque while open-end generator designs D1, D2, and
D3 produce approximately 119W rms electrical power. According to the fig. [4.10]
the open-end generator design D3 produce less torque fluctuation than design D1
and D2. Since the open-end generator, D3 produce a less attractive force between
the rotor and the stator at a given rotor eccentricity and torque fluctuation is less,

the design D3 is more suitable for the MaglLevLS platform.
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Figure 4.9: Attractive force between the rotor and the stator vs rotor position
while all generators produce approximately same (119W) rms power. (1600rpm,
3 phase winding)

The open-end generator design D3 was improved by changing the coil winding
to two phase based on FEM analysis results of the open-end generator designs D1,
D2, and D3 to obtain the open-end generator design D4. The physical shape of
the rotor and the core was identical to the open-end generator design D3 shown
in fig. [£.7] After performing several FEM analysis passes, the winding was set
to two phase winding with 24 turns per phase. The rotor speed was reduced to
600rpm. The internal resistance per winding was 0.3€2. The power dissipation was
measured through a 1§2 load resistor and a rectifier bridge.

Figure [4.12| shows the cogging forces observed from open-end generator design
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Figure 4.10: Torque vs rotor position of the open-end generator. (1600rpm, 3
phase winding)

D4. The results show that the cogging forces are not significantly changed from
design D3 to design D4 when the core length in z-direction is same (100mm).
However, as shown in fig. [4.13] electrical power dissipated through 1 load resistor
was increased to 162W RMS. Furthermore, the electrical power dissipation and
cogging forces exhibit approximately sinusoidal waveforms suggesting better phase
angle arrangement than open-end generator design D1, D2, and D3. Therefore,
the open-end generator design D4 having two phase coil windings is more suitable
for MagLevLS platform based on reduced rotor speed, preferable cogging force,
and power dissipation characteristics.

The open-end generator design D4 was analyzed to obtain the relationship
between rotor angular position, rotor eccentricity, and cogging force. Equation
shows the obtained relationship by surface fitting FEM analysis data. The
blue dots in the fig. represent the obtained data points using FEM, and the
shaded surface represents the cogging forces obtained using Eq. It is possible
to eliminate the constant u in Eq. by selecting the stator core and the rotor

relative start positions.

Fo(v,y) = y(s +w x sin(12(y4u))) (4.1)

Where,
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Figure 4.11: Electric power dissipation across 12 load resistor at different rotor
eccentricities (RE) of the open-end generator design D3.
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Figure 4.12: Cogging forces generated due to the rotor eccentricity (RE) of the
open-end generator design D4.
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Figure 4.13: Electric power dissipation across 12 load resistor at different rotor
eccentricities (RE) of the open-end generator design D4.

"* Open-end generator cogging forces

)
o]
o
/

.
o
if

N
o

—

Cogging force (N

(e} =]
|- -

Figure 4.14: Relationship between rotor position, rotor eccentricity and cogging
force of the open-end generator design D4.
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F,(v,y) = Cogging force in N

7y = Rotor angular position in radians
y = Rotor eccentricity in mm

S =116.5 Nmm™!

w =-6.84 Nmm™!

u =-1.37 rad

All of the open-end generator designs analyzed using SS400 as core material
generate large cogging forces and cannot be compensated by lateral forces gener-
ated by HEMs. The maximum amount of allowable cogging force in the lateral
(along the y-axis) direction of the MagLevLsS platform is approximately 7N at
0.5mm displacement as shown in fig. [3.5] The open-end generator design D4 can
generate up to 60N cogging force as shown in fig. [£.12] The amount of expected
power from the open-end generator was approximately 35W. However, the open-
end generator design D4 can dissipate approximately 162W RMS electric power
through a 1€2 external load.

4.2 FEM analysis of open-end generators with
ABS stator core

The open-end generator design D5 was constructed based on the open-end gen-
erator design D4. The physical dimensions of the generator core and the rotor
are identical to the open-end generator design D3. The core construction material
of the open-end generator was changed to ABS in design D5. It is expected to
eliminate cogging forces of the open-end generator since the relative permeabil-
ity of ABS is close to 1 and ABS is non-ferromagnetic. The expected forces are
Lorentz forces due to electromagnetic induction. The use of ABS as core material
closely approximate core-less machine and the amount of electric power generated
in windings are reduced. Since the current passing through windings is reduced
due to the use of ABS as the core material, it is possible to decrease the diameter
of the copper wire used for winding. The open-end generator design D5 has two
phase winding with 120 turns per phase. Each winding was connected to a sepa-
rate load resistor to avoid losses due to phase overlapping. It is expected to feed
electric power generated from the open-end generator to the MaglLevLS platform

through a phase correction and regulation circuit. The use of ABS to manufacture
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core facilitates convenient coil winding and generator construction compared to a
stator coreless generator.

Figure shows the cogging forces obtained by analyzing open-end generator
design D5 at several rotor eccentricity values. The results suggest that the cogging
force is a restitutive force. The non-uniform nature of the cogging force seen at
3mm rotor eccentricity in fig. is due to the element sizes used in FEM analysis.
This effect is not clearly visible when the rotor eccentricity is smaller. The open-
end generator designs utilize SS400 as the core construction material had attractive
force as the cogging force. Therefore, the lateral forces generated by HEMs must
compensate for cogging forces in the y-direction to maintain lateral alignment.
However, when ABS used as the core material, cogging force become a restitutive
force and therefore, cogging force supports lateral force generated by HEMs to
maintain lateral alignment. Therefore, use of ABS is advantageous for passive

lateral alignment.

0.2
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=
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-1.2

Rotor position degrees

Figure 4.15: Cogging force between the open-end generator core and the rotor of
the design D5 obtained by FEM analysis. The core material used is ABS. Positive
force represents an attractive force between the core and the rotor.

Figure shows the electrical power produced by one winding of the open-
end generator at 800 rpm rotor speed. The internal resistance of each winding
of the open-end generator is 19€2, and therefore, 192 load resistor was used to
measure power dissipation. According to the results, single winding can dissipate
RMS power of 12.2 W using ABS core. Therefore, it is possible to obtain 24.4 W

electric power using ABS core open-end generator using both windings. Although
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the SS400 core can generate more power, it is not feasible to use SS400 stator core
for the open-end generator due to large cogging forces. The results presented in fig.
[4.16] suggest that the rotor eccentricity does not significantly affect the amount of
power generated by the generator when ABS used as the core material. This is an
advantage for the levitated platform because the open-end generator can supply

the same amount of power to the platform regardless of its levitated air gap.
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Figure 4.16: Electric power generation of the open-end generator design D5. Figure
shows electric power dissipated through a 19 ) load while the rotor of the open-end
generator is rotated at 800 rpm. Each coil of the open-end generator is connected
to separate a 19 Q load. The graph shows power dissipation through one load
resistor.

Figure shows the electrical power dissipation through a 192 load resistor
at several rotor speeds. The rotor eccentricity was kept at 2mm for the analysis.
According to the results, 1000rpm rotor speed can dissipate approximately 19.3W
RMS power through a 19¢2 external load using one phase winding. Therefore, it is
possible to use open-end generator to produce expected electric power of 35W by
utilizing both windings. The frequency of the sine AC waveform depends on the
rotor rpm and can be described by Eq. [£.2]

f= (4.2)

38



f = Sine wave frequency of electric power in Hz
r = Rotor speed in rpm

p = Pole pair count of the rotor. (i.e. 6)

35 ——200rpm ——— 400rpm -600rpm ———800rpm ——— 1000rpm
30
25
20

15

Electric Power W

10

0 20 a0 60 80 100 120
Rotor position degrees

Figure 4.17: Electric power generation of the open-end generator design D5. Figure
shows electric power dissipated through a 19 2 load while the rotor of the open-
end generator is rotated at several speeds. Each coil of the open-end generator is
connected to separate a 19 €2 load. The graph shows power dissipation through
one load resistor.

Figure[4.18shows the torque observed from three different open-end generators.
All three open-end generators produce approximately 24W rms electrical power
and have two phase winding. Furthermore, all three generators shown in fig.
uses generator profile similar to design D3. In order to obtain same 24W power
from all 3 designs, the z-direction length, the rotor speed and the stator core
construction material was changed as shown in the fig. legend. The provided
torque values were observed when the rotor and the stator have 2 mm eccentricity.
The results shown in fig. suggest that the ABS stator core produces minimum
torque fluctuation during the operation of the generator. Furthermore, the ABS
stator core requires minimum torque to produce 24W rms electrical power.

Figure |4.19) shows the cogging torque generated by the open-end generator
around the x-axis. The cogging torque increases with decreasing external load
resistance according to the FEM analysis results. When the external load resis-
tance decreases, the amount of current passing through the circuit increases and

therefore the Lorentz forces generated in the generator increases. Hence, the cog-
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Figure 4.18: Torque comparison of open-end generators. All three generators
produce approximately 24W rms electric power

ging torque generated due to the Lorentz forces increases as shown. The cogging
torque exhibits a nearly sinusoidal waveform with a peak to peak difference of
0.015Nm for 199 external load as shown in fig. .19 Therefore, when ABS is
used as the core material with 19€2 external load, the force difference required to
overcome the fluctuation of peak to peak cogging torque is less than 0.1N between
HEMSs. Therefore, it is possible to assume that the cogging torque is constant for

the analysis.

Table 4.1: open-end generator efficiencies.

Stator core (material, | rotor speed | rms power .
z-direction length) (rpm) per phase efficiency
ABS, 100mm 800 12.3W 61.0%
SS400, 10mm 800 11.8W 54.0%
SS5400, 100mm 220 11.3W 56.3%

Table shows the efficiencies of several open-end generators calculated from
FEM analysis data. According to the results, the ABS stator core can achieve
better efficiency than soft magnetic steel stator core. The primary reason for ef-
ficiency improvement is the absence of eddy currents in ABS core. The relatively
low efficiency of all generators is due to using an inefficient pole and slot count.

Better pole and slot count are possible if the permanent magnet is custom man-
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Figure 4.19: Cogging torque around z-axis of the open-end generator design D5
under 19 2, 9.5 2, and 1 2 external loads at 800rpm. ABS is used as the core
material.

ufactured for the open-end generator. However, the obtained efficiency of 61% is

sufficient for an initial prototype.
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Chapter 5

Mathematical model of the
Levitated platform and the

Levitation controller

When the MagLevLS platform is levitated, the levitated platform has six degrees
of freedom. The linear sliding motion of the platform in the z-direction is achieved
and controlled using a linear motor. The linear motion in the y-direction and the
yawing motion around the z-axis are passively controlled by the geometrical de-
sign of the HEM and the guide rail. The mathematical model for the MaglLevLS
platform is obtained for the three degrees of freedom motion of the levitated plat-
form in the linear z-direction, roll around the x-axis, and pitch around the y-axis.
Fig. shows the coordinate system used for the mathematical modeling and the
forces acting on the MaglLevLsS platform.

5.1 Three degree of freedom Mathematical model
of the MagLevLS

Equation shows the linearized mathematical model of a HEM around operating
point (zg,ip) obtained by linearizing Eq. [3.2] where F, is the attractive force
between the n'* HEM and the guide rail. The operating point is selected in such a
way that the weight of the MagLevLsS platform is supported by four HEMs without
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Figure 5.1: Magnetically levitated linear slider platform. Coordinate system, forces

and torques acting on the MagLevLS platform

consuming any electric power (i.e. ip = 0 A).

[Fn]zo,io = Fn (Z07 ZO) + kz(szn - kz(szn

<8F ) 2ab
al 20,%0 (ZO + C)

<8F > 2ab?
kz = — | — — —3
0z 20,10 (ZO + C)

a = 1.845 1.845x 1075 Nm?A 2

b =4.713A

c =13 x107%m
n=1,..4

ip =0A

zo = Levitated air gap in m

(5.1)

The constants a, b, and ¢ were obtained by 3D FEM analysis of the HEM.
When the MaglLevLS platform with mass M is levitated at air gap of 2y and coil
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current iy for all four HEMs, assuming that all four HEMs are identical,

> " F,(20,40) — Mg =0 (5.2)

n=1

Then, the linearized equations describing forces acting in the z-direction and

torques acting around x and y-axes of the MagLevLS platform around the oper-

ating point (2¢,79) become,

F

F, "

r, |=T] "2 (5.3)
F

FZ/
Fy

Where,
-1 -1 -1 -1
r=\-, 1, -, I

—l, =l

F,,T';, and I'y are the forces acting on the levitated platform in the z-direction,
torque around the z-axis, and torque around the y-axis, respectively.

Considering the geometrical constraints of the levitated platform, we can obtain
Eq. for small angles dav and 4.

(521
5 0z
z9 ’
=-T"| S« (5.4)
52’3
00
(52’4

Where,

0%y, = Zy, - Zo
2, = Air gap between the n* HEM and the guide rail,

0z = A small change of position of the center of gravity of the platform in the z-direction.

From Eq. to linearized mathematical model as shown in Eq. for
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the MaglLevLS platform was obtained.

.. 011
Mz 0z 5i
2

Li | =TT | 6a | +Tk | >
1,0 50 .

524

Where,

M = mass of the MagLevLS 5.1kg

(5.5)

I, = moment of inertia of the MagLevLS around the z-axis (3.973x107%kgm?)

I, = moment of inertia of the MagLevLS around the y-axis (5.797x 10 ?kgm?)

i, = current in the n'* HEM (n=1,..., 4).

5.2 Levitation Controller

The state vector of the MagLevLS platform is selected as,

X =|6z da 80 63 & 06

The state space realization of the MaglLevLS platform is,

O3x4
Tk;

03x3 ]3x3 X
k,TT" 03yx3

0y
0y
03
01y

(5.6)

(5.7)

where, I343 is a 3x3 identity matrix and 0343 and Ozx4 are 3x3 and 3x4 zero

matrices respectively.

Assuming that the platform levitation is stabilized by applying 6F, force in

the z-direction, 0I', torque around the z-axis, and ¢I', torque around the y-axis,
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platforms state space representation can be obtained as Eq. 5.8}

0 I 0 oF
_ 3><3/ 3x3 X+ 3x3 5Fx (58)
E.TT" 0O3yx3 I3y 5T,

The state space retaliation of the MagLevLsS platform shown in [5.8]is in the

form,
X = AX + BU
Y=CX+ DU
where,
Ao O3xs  I3x3
szT/ 03><3
B _ O3><3
L ]3><3

¢ = [ I3x3 Osxs }
D = [03><3]
Then the controllability matrix R becomes ([5.9), and observability matrix Q
becomes ([5.10). The rank of controllability matrix is 6, and the rank of observ-

ability matrix is also 6. Since the ranks are equal to the rank of matrix A, the

system is state controllable and observable.

R [A AB A2B .. ASB} (5.9)

Q=[c ca ca .. ca] (5.10)

The four control currents di,, (n=1,..., 4) of the four HEMs are obtained by
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transforming controlled force d F,, controlled torque dI';, and controlled torque 4I',
as (5.11)). The transform matrix T# is the pseudo inverse of matrix T defined as
Eq. 5.12l Equation |5.13| shows expanded form of the Eq.

01y

/l/ z
2| = 6T, | + = (=T | sa (5.11)
523 kfz k’z
, or, 00
524
1 /
T = (((T3><4(T/)4><3)3><3) T3><4> (5.12)
5iy —0.25 —i —i -
(S?:g 1 —0.25 —Fﬁ —ﬁ z
. =% Y e ol
5@3 ‘ —0.25 —i —f—i 5I‘
diy —025 +g- i Y
(5.13)
1+, +l,
1 —1, +1I 0z
+’Z—: ) +ly lx oo
o Y.
1 -, -l
Where,
[,=0.11 m
[,=0.09 m

By applying numerical values to the state space model, the numerical represen-
tation of the plant dynamics in the form of state space model (5.8)) was obtained
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as follows.

[0 0 0O 100]
0 0 0 010
Y 0 0 0 00 1 514
215208 0 0O 000
0 1743 0 00 0
0 0 2604 00 0

The multiple input multiple output (MIMO) system shown in (5.8]) and (5.14)

yields continuous linear time invariant input to output relationships as follows,

. 1
I0=——-¢I 1
W= o502 (5.17)

All other inputs to output relationships are zero. Therefore, force dF, and
torques 0I'; and dI'y required for achieving stable levitation around operating
point (2o,7y) can be controlled using three separate proportional and derivative
(PD) controllers controlling each mode of platform. The cogging forces and torques
introduced by the open-end generator are considered as disturbances to the Ma-

glevLS system.

5.3 Initial PD controller gains

Discrete time PD controllers having filtered derivative was used to control each
mode of the MaglLevLS platform. The derivative filtering was used because exper-

imental measurements of air gaps were noisy. The compensation formula for the
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discrete time PD controller with derivative filtering was shown in Eq. [5.18|

y(z) = (kp + del> u(2) (5.18)

Where,

k, = Proportional gain

kg = Derivative gain

N = Derivative filter coefficient
ts = Sample time (0.001s)

The initial gains for the discrete time PD controllers were obtained to satisfy

following criteria in each mode of operation,
e Vertical direction (z)

— Less than 50% overshoot
— Less than 0.04s settling time

— 0.01s rise time
e Roll around z-axis and pitch around y-axis

— Less than 50% overshoot
— Less than 1s settling time

— 0.2s rise time

Each of the three PD controllers was modeled in Simulink as discrete time
models having 1kHz sampling rate and PID tuner tool of Matlab was used to ob-
tain initial gains which satisfy above conditions. The obtained gains include k,
proportional gain, k; derivative gain, and NN derivative filter coefficient. The ob-
tained initial discrete time PD controller gains for LTT system models and achieved
performance is shown in table [5.1} The figures [5.2] [5.3], and [5.4] shows step track-
ing response of each mode of operation. The initial controller gains could achieve
levitation in nonlinear system simulator within a very small range around lin-
earized system position. However, it was not possible to achieve levitation with
initial gains in the experimental system. Therefore, further controller gain tuning

was performed using nonlinear system simulator to increase the robustness of the
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system. The tuning was done while observing the performance of the nonlinear
system simulation when external forces and torques are applied to the platform.
When the simulated system can achieve stable levitation, a small external force
was applied to the platform and external force was increased in small steps until
the system becomes unstable under influence of external input. Then each of the
controller gains was changed in small values until nonlinear system simulator can
achieve stable levitation while under influence of external forces and the procedure
was repeated until sufficient system performance under external load inputs were
obtained. Furthermore, the gains obtained were tested so that the system can

reach stable levitation position starting from initial condition having an air gap of
Smm for each HEM.

Table 5.1: Initial controller gains and performance

Mode of operation | Controller gains | Performance
Vertical direction (z) | k,,= 66067 Rise time 3ms
kg,= 264 Settling time 30ms
N, = 1882 Overshoot 39.7%
Roll around z-axis kpo= 419 Rise time 62ms
kgo= 13.1 Settling time 549ms
N,= 48.5 Overshoot 35.8%
Pitch around y-axis | kyp = 621 Rise time 51ms
kg = 14.6 Settling time 472ms
Ny = 50.1 Overshoot 39.6%
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Chapter 6

Nonlinear system modeling and

simulation

Since the system is nonlinear and initial controller gains are not sufficiently accu-
rate to achieve good levitation performance of the experimental system, a nonlin-
ear system was modeled and simulated. The experimental system includes motor
drivers for HEMs, laser sensors for air gap measurement and a DSP controller to
run control algorithm. The DSP controller has measured input to output delay
of 1ms. Furthermore, the current controllers used to drive HEMs has unknown
input to output delay and response. Therefore, system identification toolbox was
used to estimate input to output relationship of the current driver using measured
data. Equation shows the discrete time LTT transfer function obtained.

. 0.3973z + 0.1734 . (6.1)
22— (.4882z + 0.06118 '

Where,

i = Output current from current driver in Amperes,

v = Input voltage to the current driver in volts.

The experimental system has measurement noise observed from air gap sensors.
Therefore, 12" order FIR filter was used to filter air gap measurements. The
physics of the MaglLevLS platform was modeled using Simscape Multibody. The
physical dimensions of the levitated platform were modeled and densities of the

materials used for the experimental platform was used. The controller was modeled
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in Simulink. Following are the modeled features for the nonlinear simulation.

Figure [6.1] shows the model used for nonlinear simulation.

e Three degrees of freedom motion. (Linear z-direction, Roll around xz-axis

and Pitch around y-axis)

e Four HEMs were models using Eq. and used slightly different a, b and ¢

constants to simulate real world system
e Air gap measurement noise was modeled using Gaussian noise generator
e 12" order FIR filters used after air gap measurements
e 1ms DSP controller delay
e Current driver transfer function as shown in Eq.

e Three discrete time PD controllers with derivative filtering to control each

mode of levitation control
e Three integral controllers to achieve zero power operation

e External inputs to model cogging torque of the open-end generator and ex-

ternal force inputs for testing.
e Physical limits of current drivers

True zero power control of the presented levitated platform cannot be achieved
without introducing another degree of freedom to the experimental levitated plat-
form because four HEMs are not identical in the experimental system. Therefore,
three integrators are used to reach near zero power operating point of the experi-
mental platform under different load conditions. It is assumed that the minimum
power for the MagLevLS platform is achieved when § = 0°, o = 0%, and z, satisfies
Eq. for the experimental HEMs while platform is not under external forces
and torques. Figure shows the controller used for the experiment and nonlinear
system simulation. The zero power control loop with three integrators are high-
lighted in red in fig. m The zero power control loop uses 40" order FIR filter
in order to reduce the effect of noise on zero power levitation position adjustment.
When there is a coil current in any of HEMs, the zero power control loop generate

adjustment signal, which is used to adjust reference position of PD controllers as
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Sensors

Figure 6.1: Model used for the nonlinear system simulation

shown in fig This can be explained as a dynamic reference adjustment of
PD controllers based on coil currents to reach zero coil current levitation position.
Each of the three integral controllers shown in fig. has saturation limits as
shown in table[6.1] Initial values of the integral gains were selected as 0.00001 and
later adjusted in small increments until the system can reach zero power levitation
position within approximately 1s time when an external force or torque applied.
Figure [6.3| shows the nonlinear simulator.

Four simulations were performed to observe controller performance as follows,

(the point P1 and P2 are shown in fig. (6.1)

1. A external force input was applied to the top plate of the platform at point

P1 in z-direction while cogging torque was not applied.

2. A external force input was applied to the top plate of the platform at point

P1 in z-direction while cogging torque was applied.

3. A external force input was applied to the point P2 of the platform in z-

direction while cogging torque was not applied

4. A external force input was applied to the point P2 of the platform in z-

direction while cogging torque was applied
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The simulation one and simulation two represents a load applied at the center
of the platform at point P1. In real life operation, it is not possible to guarantee
that the load will be applied at the center of the platform. Therefore, simulations
were performed to observe the behavior of the platform when a load was applied
at point P2. Point P2 is defined as the point on the MagLevLS platform where
the xz plane and a straight line connecting F} and F5 cross each other on the top
platform as shown in fig. [6.1}

The results presented in this chapter was obtained by simulations performed
using controller gains shown in table[6.1] The gains given in table[6.I]were obtained
by starting from gains shown in table[5.1] The initial gains shown in table were

modified in small values until expected system performance was achieved.

Table 6.1: Controller gains used for simulations and experiments.

Mode of operation antroller S.at.uratlon
gains limit
Vertical direction (z), PD con- k.= 42100
troller P
kq,= 510
N, = 1854
Roll around z-axis, PD controller | k,,= 340
Kgo= 4.25
N, = 1754
Pitch around y-axis, PD con- -
troller Kpo= 484
kgp= 6.9
Ny = 1745
YGrtlcal direction (z), Zero power k.= 0.0011 9mm
integrator
Roll around z-axis, Zero power ko= 0.011 10.09rad
integrator
Pltch around y-axis, Zero power k= 0.012 10.0%rad
integrator

There are several differences in simulation compared to the experiment. The
first major difference is the mathematical equation used to model HEM. The ex-

perimental results shown in fig. suggest that the mathematical model produces
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larger forces compared to the experimental prototype. The difference can be at-
tributed to non-homogeneous nature of materials of the experimental prototype,
Non-uniform coil winding, and tolerance in experimental components. In the sim-
ulation, external forces were applied without adding any additional mass onto the
levitated platform. However, experiments performed by adding a mass onto the
platform. Adding a mass changes inertia and total levitated mass of the platform,
which is not considered in the simulation. Furthermore, in simulation, a perfectly
vertical forces can be applied at perfect locations. But in the experiment, ap-
plied load causes impact load and the applied load is not perfectly vertical. This

introduces extra forces in the experimental system.

6.1 Simulation 1: Load applied at the center
(Point P1) of the platform while open-end

generator is stopped.

The first simulation was performed without applying the cogging torque of the
open-end generator and with the simulated sensor noise. A external force input of
10.78N was applied to point P1 of the platform in z-direction at time t=3s. The
10.78N force was selected to approximately simulate the weight of the applied mass
in the experimental system to obtain the system response. Figure shows the
currents observed before and after applying external load. The simulation shows
that the currents of the all four HEMs reach near zero value within 0.5s from
external force input due to the zero power control loop. The rapid fluctuations (at
1000Hz) of the currents are due to the PD controller’s response to sensor noise.

Figure shows the measured air gaps of the four HEMs when the cogging
torque due to the operation of the open-end generator was not applied. Four
different steady state levitation air gaps are clearly visible in fig. due to the
use of four different a, b, and ¢ constants for HEM's force model shown in Eq. [3.2}
When the external force input of 10.78N was applied at time t=3s, the MagLevLS
platform reaches new zero power levitation air gap within 0.5s as shown in fig. [6.5
Furthermore, since the force is added on to the platform, air gap was reduced as
shown.

Figure shows the state variables of the MaglLevLS platform when a 10.78N

external force input applied at the point P1 of the platform in z-direction while
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Figure 6.4: Response of the MaglLevLS platform when a 10.78N external force
applied at the point P1 of the platform in z-direction while cogging torque due to
the open-end generator was not applied. Figure shows the measured currents of
four HEMs.
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Figure 6.5: Response of the MaglLevLS platform when a 10.78N external force
input applied at the point P1 of the platform in z-direction while cogging torque
due to the open-end generator was not applied. Figure shows the measured air
gaps of four HEMs (The graph shows air gap measurement after filtering through
a 12" order FIR filter)

60



cogging torque due to the open-end generator was not applied. The simulation
result clearly shows that the platform reaches new zero power levitation position
after applying extra force on the platform. Furthermore, the simulation results
show that state variables o and 6 are not affected due to the external force input
applied in z-direction at the point P1 of the platform. The state variables o and

6 are not zero because of the non-identical HEMs were used for the simulation.
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Figure 6.6: Response of the MaglevLS platform when a 10.78N external force
input applied at the point P1 of the platform in z-direction while cogging torque
due to the open-end generator was not applied. Figure shows the state variables
of the MagLevLS platform. (State variables were calculated after filtering air gap
measurements through a 12t order FIR filter)

6.2 Simulation 2: Load applied at the center
(Point P1) of the platform while open-end

generator is running.

The second simulation was performed to observe the performance of the controller
under external disturbance of the open-end generator’s cogging torque. A constant
cogging torque of 0.5Nm was applied around the z-axis of the platform to simulate
an open-end generator generating 35W of RMS electrical power. The external force
input of 10.78N was applied to the point P1 of the platform in the z-direction and

the effect was recorded.
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Figure [6.7] shows the measured currents of the four HEMs observed after ap-
plying the external force input. According to the simulation results, the currents
of all four HEMs reached a near zero value within 0.5s while the platform is under

the influence of the cogging torque.
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Figure 6.7: Response of the MaglLevLS platform when a 10.78N external force
input applied at the point P1 of the platform in z-direction while cogging torque
due to the open-end generator was applied. Figure shows the measured currents
of four HEMs.

Figure[6.8 shows the air gaps measured after applying external force input. The
simulation results show that the air gaps of HEM 2 and HEM 4 are higher than the
air gaps of HEM 1 and HEM 3 before and after the external force input. In order
to overcome cogging torque applied by the open-end generator, the HEMs must
generate an opposite torque. Therefore, the HEM 2 and HEM 4 must generate
higher forces than HEM 1 and HEM 3 to generate required torque. Furthermore,
the zero power control loop must maintain near zero currents in all for HEMs.
Therefore, the only possible way to achieve both conditions is to reach levitation
air gaps as shown in fig.

Figure[6.9 shows the state variables observed after applying external force input
at time t=3s. The state variable 6 is not affected by the external force input and
remained near zero. However, the state variable a was changed due to the external
force input as shown in fig. [6.9) The external force reduced the levitation air gap
of the platform and can be observed from state variable z. According to the Eq.
the attractive force generated by a HEM increases with the decreasing air gap.

Therefore, the change in air gaps needed to achieve required force difference to
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Figure 6.8: Response of the MaglLevLS platform when a 10.78N external force
input applied at the point P1 of the platform in z-direction while cogging torque
due to the open-end generator was applied. Figure shows the measured air gaps
of the four HEMs (The graph shows air gap measurement after filtering through
a 12" order FIR filter)

overcome the cogging torque reduces at new zero power levitation air gap. (i.e.
HEM 2 and HEM 4 must always have higher air gaps than HEM 1 and HEM 3
to overcome cogging torque. However, the difference of the air gaps reduces with
decreasing air gap.) Hence, the platform reaches zero power levitation air gap with

a reduced value for state variable o as shown in fig. [6.9]

6.3 Simulation 3: Non-Centered external load
(at point P2) while open-end generator is

stopped.

The third simulation was performed by applying a load of 10.78N at point P2
while the cogging torque of the open-end generator was not applied. Figure [6.10
shows the coil currents observed from four HEMs when the external force input was
applied at time t=3s. According to the simulation, the currents of all for HEMs
reach near zero values within 0.5s of external force input. Figure [6.11| shows the
air gaps observed during the same simulation. Since the load was applied to a
non-centered location P2, the HEM 1 and HEM 2 air gaps are higher than that
of HEM 3 and HEM 4 after the external force input. Therefore, the platform
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Figure 6.9: Response of the MaglLevLS platform when a 10.78N external force
input applied at the point P1 of the platform in z-direction while cogging torque
due to the open-end generator was applied. Figure shows state variables of the
MagLevLS platform. State variables were calculated after filtering measured air
gaps using 12" order FIR filter.

is slightly turned around y-axis to reach near zero coil currents for all for HEMs
while maintaining stable levitation. Figure|6.12|shows the state variables observed
during simulation. The state variable 6 clearly shows the effect of applying external
force input at non-centered location P2. The state variable 8 takes about 0.7s to

reach steady state value.

6.4 Simulation 4: Non-Centered load (at point

P2) while open-end generator is running.

Nonlinear system simulation 4 was performed by applying 10.78N force at point P2
of the platform in z-direction while the cogging torque of the open-end generator
was applied around the z-axis. This simulation considers a situation of applying
a non-centered load onto the platform while the open-end generator is generating
electric power.

Figure [6.13| shows the currents of the HEMs observed during the simulation.
The results show that the current waveform takes more time to reach steady state
values compared to previous simulations. However, the simulation shows all four

HEMs reaching steady state current near value zero due to the zero power control
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Figure 6.10: Response of the MaglLevLS platform when a 10.78N external force in-
put applied at the point P2 of the platform in z-direction while cogging torque due

to the open-end generator was not applied. Figure shows the measured currents
of four HEMs.
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Figure 6.11: Response of the MagLevLS platform when a 10.78N external force
input applied at the point P2 of the platform in z-direction while cogging torque
due to the open-end generator was not applied. Figure shows the measured air gaps

of the four HEMs (The graph shows air gap measurement after filtering through
a 12" order FIR filter)
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Figure 6.12: Response of the MaglLevLS platform when a 10.78N external force
input applied at the point P2 of the platform in z-direction while cogging torque
due to the open-end generator was not applied. Figure shows state variables of
the MagLevLS platform. State variables were calculated after filtering measured
air gaps using 12" order FIR filter.

scheme.

Figure shows the air gaps observed during the simulation. HEM 1 and
HEM 2 air gaps are higher than air gaps of HEM 3 and HEM 4 due to the non-
centered load. Furthermore, due to the effect of cogging torque, four HEMs reach
four different zero power levitation air gaps as shown in fig. [6.14 This result
suggests non-zero values for state variables 6 and a.

Figure [6.15| shows the state variables observed during the simulation. Due to
the application of external load, platform moved to a new zero power levitation
air gap as seen in state variable z of fig. [6.15] The non-zero value of the state
variable a before the external force input at time t=3s shows the effect of cogging
torque on the platform. After the external force input was applied, the state
variable o reaches new reduced value and can be observed in fig. |6.15 This is the
expected behavior because the controller reduces air gaps of HEMs to achieve new
zero power levitation position due to the application of external load. The state
variable 6 shows the effect of non-centered load application at point P2. Before
application of the load, the state variable 6 has value zero. But after the external
force input, the state variable # reaches a new value as shown in fig. [6.15 The
new value of state variable # represents the different efforts done by the HEMs to

keep platform levitated while achieving near zero coil currents. Furthermore, the
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Figure 6.13: Response of the MagLevLS platform when a 10.78N external force
input applied at the point P2 of the platform in z-direction while cogging torque

due to the open-end generator was applied. Figure shows the measured currents
of four HEMs.
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Figure 6.14: Response of the MagLevLS platform when a 10.78N external force
input applied at the point P2 of the platform in z-direction while cogging torque
due to the open-end generator was applied. Figure shows the measured air gaps

of the four HEMs (The graph shows air gap measurement after filtering through
a 12" order FIR filter)
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time taken to reach steady state value of state variable 6 is approximately 0.7s as

shown.
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Figure 6.15: Response of the MaglLevLS platform when a 10.78N external force
input applied at the point P2 of the platform in z-direction while cogging torque
due to the open-end generator was applied. Figure shows state variables of the
MaglLevLS platform. State variables were calculated after filtering measured air
gaps using 12" order FIR filter.

6.5 Comparison of observed variables under dif-

ferent simulation conditions

The state variables were compared to identify response differences in each of the

four simulations. The simulations were performed without simulating sensor noise

to highlight differences in each simulation clearly. The legends of figures 6.17),
and use following key,

e OFF: Open-end generator is turned OFF.

e ON: Open-end generator is turned ON

e P1: 10.78N external load applied at point P1 (refer fig. [6.1)
e P2: 10.78N external load applied at point P2 (refer fig. [6.1)

Figure [6.16| shows state variable z observed in four different simulations. Ac-

cording to the comparison results, the value of state variable z is slightly different
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before the external force input based on the operational condition of the open-end
generator. When the open-end generator is operating, the state variable z has
a value 0.03mm higher before the external force input. When the external force
input is applied at point P2, the time taken to reach steady state is increased as
shown in fig. [6.16, However, there is no significant difference in controller per-

formance due to the cogging torque of the open-end generator in state variable

Z.
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Figure 6.16: State variable z comparison between several simulations. (ON: Open-
end generator ON, OFF: Open-end generator OFF, P1 and P2: Location of applied
force as shown in fig. (6.1

Figure [6.17] shows the state variable o observed in four different simulations.
Simulations suggest that the state variable « is affected due to the operation of
open-end generator. The time taken to reach steady state was largest when the
external load was applied at point P2 while open-end generator was operating.
However, the MaglLevLS platform managed to reach steady state within 1s of
external force input in all simulations. Therefore, the controller gains used are
suitable to experiment with the experimental system. Furthermore, application of
additional force on the levitated platform changed the value of state variable o as
shown. When the external load was applied, the levitated platform reached a new
zero power levitation air gap, which is smaller than the air gap before application
of the external load. When the air gap is reduced, the amount of air gap difference
required between HEMs to overcome cogging torque is reduced because lower air

gaps of HEMs produce higher forces.
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Figure 6.17: State variable o comparison between several simulations. (ON: Open-
end generator ON, OFF: Open-end generator OFF, P1 and P2: Location of applied
force as shown in fig. [6.1])

Figure [6.18] shows the state variable 6 observed in four different simulations.
Simulations suggest that the state variable 6 is not affected by the open-end gen-
erator, but affected by the position of application of external load. When the
external load is applied at point P2, the state variable was affected and reaches
new steady state value within 1s as shown in fig. [6.18

Figure [6.19) shows the comparison between currents of four HEMs observed
during simulations. When the external load was applied at point P2, the HEM
1 and HEM 2 responded with higher currents as shown. All four HEMs reached
zero power levitation state within 1s of external force input during all simulations.

Figure [6.20] shows the comparison between air gaps of four HEMs observed
during simulations. Simulations show that the air gaps before the external force
input depends on the operational condition of the open-end generator. After the
external force input, air gaps of four HEMs reach zero power levitation position
within 1s of external force input as shown.

Figure [6.21] shows the non linear system simulation when the external forces

are applied at point P1, P2, P3 and P4. Locations of applied forces are shown in
fig. [6.1}
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Figure 6.19: Current comparison between several simulations. (ON: Open-end
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force as shown in fig. (6.1
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Chapter 7

Prototype system and

experimental results

Several experiments were carried out to investigate the function of the major parts
of the system using prototype components and experimental prototype of the Ma-

glevLsS system. The experiments include,

1. Attractive force, air gap and current measurements to experimentally eval-

uate a prototype HEM

2. MagLevLS platform 3DOF levitation response by applying a mass at point
P1 of fig. [6.1] while the open-end generator is not producing electrical power

3. MagLevLS platform 3DOF levitation response by applying a mass at point
P1 of fig. [6.1] while the open-end generator is producing electrical power

4. MaglLevLS platform 3DOF levitation response by applying a mass at point
P2 of fig. while the open-end generator is not producing electrical power

5. MaglLevLS platform 3DOF levitation response by applying a mass at point
P2 of fig. [6.1] while the open-end generator is producing electrical power

6. open-end generator evaluation to measure electrical power generation
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7.1 Experiments with a prototype hybrid elec-

tromagnet

A prototype hybrid electromagnet and a guide rail were fabricated and tested to
obtain the relationship between the air gap, coil current, and the attractive force.
Figure[7.1|shows a prototype HEM manufactured for the experiment. A test bench
was designed to measure the attractive force and air gap between the HEM and
the guide rail. The test bench is shown in fig. [7.2] The expected forces from
the HEM were in the range of 500N when the air gap is in the range of 0.1mm,
and when the air gap is in the range of 5mm, the expected force is in the range
of 10N according to the FEM analysis. The requirement of measuring large and
small forces using same load sensor decreases measurement accuracy. A 500N
OIML Class III approved load cell was used for the force experiments. The OIML
Class III is accurate up to 3000 force measurement divisions from full capacity.
Therefore, the best possible resolution for force measurement is 0.17N when a 500N
load cell is used. According to the OIML Class III standard, the minimum force
measured from an approved load cell is 30 load measurement divisions. Therefore,
the minimum measurable force is 5N satisfying OIML Class I1I specifications when
a bOON load cell is used. Therefore, these specifications satisfy force measurement

requirements of HEM using 500N load cell.

Figure 7.1: A prototype hybrid electromagnet

The air gap was adjusted using a micrometer screw gauge shown in fig. [7.2]

Initial air gap measures were taken by directly reading the micrometer gauge.
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Figure 7.2: Hybrid electromagnet force and air gap measurement system

However, when the air gap becomes small and attractive force increases beyond
150N, the load cell bends upward (—z direction). The bending of the load cell is
clearly visible to a necked eye. The micrometer gauge only accounts for the HEM
movement and does not measure the deflection of the load cell. Therefore, using
a mechanical micrometer gauge to measure the air gap cannot produce accurate
measurements.

The air gap measurement was improved by utilizing a laser distance sensor
model ZX-LD40 by Omron. The laser sensor has a resolution of 1um and mea-
surements were averaged using 1024 data samples per each force measurement data
point. Since the laser sensor measure distance between the sensor and a target
spot, the laser sensor can account for movements of the HEM and the guide rail
in the z-direction. Since small misalignments between the HEM and the guide
rail can produce large errors in force measurements at small air gaps, achieving
good alignment is important before measurements. The alignment was performed
using the knowledge obtained from FEM analysis. According to the fig. the
attractive force becomes maximum at a given air gap when the HEM and the
guide rail is properly aligned in y-direction. Furthermore, when the HEM and

the guide rail mating surfaces are parallel, the attractive force is maximum at a
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given air gap. Micrometer gauges was used to adjust the HEM in y-direction and
around the z-axis. When the air gap is minimum, the attractive force becomes
maximum for a given coil current. Therefore, it is assumed that the air gap is the
minimum experimentally achievable value when the force measured is maximum
while having zero coil current. When the HEM moved in z-direction starting from
a large air gap, the attractive force increases and after the minimum air gap is
exceed, the attractive force rapidly reduces.

Figure [7.3] shows the data obtained from the experiment and the fig. [7.4] shows
the experimental and FEM analysis data comparison. According to the results,
the measured data from the experiment resulted in less force than FEM analysis
data. The reasons for the less measured forces include engineering tolerances in
HEM manufacturing, non-perfect coil winding, non-homogeneous material prop-
erties and measurement errors. However, the resulted surface has the same shape
as FEM analysis. The subsequent surface fitting of the experimental data resulted
following values for the constants of Eq. [3.2

a = 1.915 x107° Nm?A 2

b=4242 A

¢ = 1526 x1073m

The surface fitting resulted root mean square error (RMSE) 0.52N.

During the experiment, it is observed that the HEM reach an approximate
temperature of 90°C measured at the surface of the permanent magnet for 2A coil
current. Since the N50 permanent magnet used is rated up to 115°C operation, up
to 2A continuous current operation is achievable for the manufactured prototype
HEM. However, when the zero current operation of the MaglLevLS platform is
achieved, the steady state current is less than 50mA. The coil currents reach up
to 3.6A during the transient states. However, a transient state lasts less than 1s
and therefore, the manufactured HEM is well within the operational limits of the

MaglLevLS system.
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Figure 7.3: Hybrid electromagnet experimental data. The black dots represent
measured data points.
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Figure 7.4: Comparison between Hybrid electromagnet experimental data and
FEM analysis data.
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7.2 Prototype magnetically levitated linear slider

system and experiments performed

The experimental MaglLevLS system is constructed with the open-end generator
and the system performance was observed. The experimental system uses four
laser distance sensors of type ZX-LD40 with ZX-LDA11 sensor signal amplifiers
manufactured by Omron to measure the air gaps of the HEMs. A DSP board with
1 kHz sampling rate is used for data acquisition from laser distance sensors and to
calculate controlled currents for the HEMs to achieve stable levitation. The model
of the DSP used is Pass/iBis 7101A manufactured by MTT. The HEMs are driven
using four PWM motor controllers with a PWM frequency of 56 kHz. The motor
controllers used are ESCON 50/5 manufactured by Maxon motors.

The DSP board has a 1 ms delay between the air-gap measurement using
laser sensors to control-current output command to PWM motor controllers. The
motor controllers work as current controllers and a voltage signal proportional to
the required current was sent to the motor controller from the DSP. The DSP
board can measure only up to three variables at a time; therefore, the presented
data were obtained from several repeated experiments.

During the experiments, it is observed that the laser sensor output noise has a
standard deviation of 6 ym when the open-end generator is not operated. When
the open-end generator is started, the standard deviation of the noise increases to
8 pm. Therefore, the 12" order FIR filter was used to filter input air gap signals
before they were directed to the PD controllers. Noise measurements are taken
when the MaglLevLS platform is not levitated. Figure shows the measured
laser sensor data and the filtered laser sensor data. Data was recorded at 1 kHz
sampling rate.

Furthermore, it is observed that the output commands to the PWM motor
controllers from DSP fluctuates at 1 kHz frequency within the amplitude range
of -0.5 to +0.5 A. This fluctuation leads to vibrations in the MagLevLS platform;
therefore, the fifth-order FIR filter is used at output command to reduce the output
command fluctuation. The output command noise is due to the large derivative
gains required to levitate and stabilize the MagLevLS system. The total weight of
the prototype MaglLevLS platform including four HEMs, open-end generator, and
air gap sensors is approximately 6.4kg.

To measure the response of the MagLevLS system, a 1.1 kg (myg) steel block
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Figure 7.5: Air gap measurement data from laser sensor and filtered data after
applying 12" order FIR filter. The data represents measurements while the rotor
of the open-end generator is not rotating.

is dropped onto the platform from an approximate height of 10 mm while the
MaglLevLS platform is levitated. This procedure introduces impact load to the
levitated platform and also changes the platform dynamics by introducing addi-
tional mass. An electromagnet is used to drop the my mass onto the MaglLevLS
platform with a minimum disturbance to the system. Each of the results presented
is obtained by performing a separate experiment due to the three variable record-
ing limit of the DSP; therefore, the time of applying external input is not same on
the time axis of the graphs.

The experiments differ from the simulation because of the application of ad-
ditional mass to the platform changes platform dynamics. In the simulation, the
external input was applied using an external force without changing the platform
dynamics. The gains used for the experiment successfully managed to levitate the
MagLevLsS platform under external load input. The nonlinear system simulations

and experiments were performed using identical controller gains.

7.2.1 Response to a load applied at point P1

Figure[7.6|shows the measured state variables z, a;, and § when mass my is dropped
onto the MagLevLS platform while the open-end generator is not operated (i.e.
rotor rpm is 0). The mass was dropped near point P1 of fig. The line of
action of the gravitational force acting on the my mass and the line of action of

the gravitational force acting on the levitated platform are within 5 mm from each
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other when the mg mass comes to rest on the platform. Figure [7.7] shows the
measured state variables z, o, and 6 when the same experiment is performed while
the open-end generator is producing power. The rotor of the open-end generator is
rotating at 1000 rpm. During the experiment, one of the two coils of the open-end
generator is connected to a 19 Q) load. The effect of the cogging torque introduced
by the open-end generator is clearly visible in state variable « of fig. [7.7] since
« is non-zero. The state variable 6 was affected at the time of external input
according to the results. However, state variable 6 returned to a near zero value
after about 3s from external input. In nonlinear simulations, the state variable
was not affected during a similar experiment. This behavior of the state variable
0 is expected since it is not possible to place the mass mg at exact point P1 and

impact forces could introduce forces in y and x directions of the platform.

g

Air gap (mm)

a (mrad) 0 (mrad)

Air gap (mm). o .0 (mrad)

Time s

Figure 7.6: Measured state variables z, a;, and # when 1.1 kg mass is dropped onto
the levitated platform. The open-end generator is not operated during experiment.

Figure [7.8] shows the currents measured from three HEMs during a similar
experiment while the open-end generator is not operated. Figure [7.9] shows the
currents observed while the rotor of the open-end generator is rotating at 1000 rpm
and a 19 ) load is connected to one of the two coils of the open-end generator.
The results show that the MaglLevLS reaches near zero current operation point
within about 1s of external load input. Furthermore, slightly increased vibrations
due to the operation of open-end generator can be seen from experimental data.
This is clearly visible before the external input. The vibrations occurred due to the
external input takes about 60s to disappear completely. The vibrations last for a
long time because y-direction motion is not controlled, and the motion is damped

only by some wires connecting levitated platform and stationary structure.
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Figure 7.7: Measured state variables z, o, and 6 when 1.1 kg mass is dropped onto
the levitated platform. The rotor of the open-end generator is rotating at 1000
rpm and one coil of the open-end generator is connected to a 19 2 load.
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Figure 7.8: Measured currents of HEMs when 1.1 kg mass is dropped onto the
levitated platform. The open-end generator is not operated during the experiment.
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Figure 7.9: Measured currents of HEMs when 1.1 kg mass is dropped onto the
levitated platform. The rotor of the open-end generator is rotating at 1000 rpm
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and one coil of the open-end generator is connected to a 19 €2 load.

Figure [7.10| shows the power consumption measured during a similar experi-
ment from HEMs while the rotor of the open-end generator is rotating at 1000 rpm
and a 19 € load is connected to one of the two coils of the open-end generator.
According to the results, the power consumed by each HEM surges up to 35 W
when external load applied. However, the power consumption reduces to less than

1 W per HEM within 0.5 s. After about 5 s from the external input, the power

consumption reduces to less than 0.25 W per HEM.
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Figure 7.10: Measured power from the HEMs when 1.1 kg mass is dropped onto
the levitated platform. The rotor of the open-end generator is rotating at 1000
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rpm and one coil of the open-end generator is connected to a 19 2 load.
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7.2.2 Response to a load applied at point P2

When the MagLevLS is used for material transport, it is not possible to guarantee
that the goods placed on the platform will always have their center of gravity near
the center of gravity of the MagLevLS platform. To simulate this situation, mass
my is dropped onto the platform close to point P2. The placement accuracy of the
center of gravity of mass my is within 10 mm from point P2 in z and y-directions.

Figure shows the measured state variables z, «,, and # when the open-end
generator is not operated. Figure shows the same state variables when the
rotor of the open-end generator is rotated at a speed of 1000 rpm while one coil
of the open-end generator is connected to a 19 €2 load. The increase in vibrations
due to the operation of open-end generator can be clearly seen before the external
input. Furthermore, the state variable o has non zero value when the open-end
generator is producing power. Since the external mass was added to a non-centered
location, the state variable § reaches a non-zero value after the external input as

shown in fig. and [7.12] regardless of the state of the open-end generator.
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Figure 7.11: Measured state variables z, a, and 6 when 1.1 kg mass is dropped
onto the levitated platform at point p2. The open-end generator is not operated
during the experiment.

Figure shows the currents measured from HEMs during a similar experi-
ment while the open-end generator is not operated. Figure|7.14|shows the currents
when the experiment is performed while the rotor of the open-end generator is ro-
tating at 1000 rpm and a 19 Q load connected to one of the two coils of the
open-end generator. The results show that the MaglLevLS takes about 2.5s to
reach near zero current operation point under the experimental conditions.

Once the rotor of the open-end generator is turned on, the driving motor takes
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Figure 7.12: Measured state variables z, «, and # when 1.1 kg mass is dropped
onto the levitated platform at point p2. The rotor of the open-end generator is

rotating at 1000 rpm and one coil of the open-end generator is connected to a 19
Q load.
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Figure 7.13: Measured currents of HEMs when 1.1 kg mass is dropped onto the
levitated platform. The open-end generator is not operated during the experiment
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Figure 7.14: Measured currents of HEMs when 1.1 kg mass is dropped onto the
levitated platform. The rotor of the open-end generator is rotating at 1000 rpm
and one coil of the open-end generator is connected to a 19 €2 load
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Figure 7.15: System response when the open-end generator is connected to a
resistive load using a switch

about 10 seconds to reach final steady rotor speed, when the open-end generator
is connected to an electrical load. Therefore application of load is not sudden.
However, if the generator is not connected to an electrical load the torque produced
by the generator is zero. If an electrical load is connected suddenly, the generator
will produce immediate torque. However, the immediate torque will cause the
rotor motor to slow down and gain 1000rpm speed again. Figure [7.15] shows the
response of the system when the one phase of open-end generator is connected to an
external resistive load of 192 using a switch. When the switch is off, the resistive
load is disconnected and the generator is at open circuit condition. When the
switch is turned on, generator immediately applies torque on levitated platform
around z-axis. According to the results shown in fig. the platform takes

about 15s to reach steady state zero power levitation position.
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7.3 Experimental results of the open-end gener-

ator

The prototype open-end generator was constructed using ABS for the stator core.
Figure[7.16 shows the manufactured open-end generator stator core with generator
mounts and the fig. shows the open-end generator installed on the levitated
platform. The manufactured open-end generator has two coil windings at approx-
imately 180-degree phase angle. Each coil has 120 turns wound using ¢0.5mm

copper wire.

Figure 7.16: Stator core of the open-end generator

The open-end generator is operated at several rotational speeds, rotor eccen-
tricity values, and external loads. Figure [7.18| shows the RMS electric power dis-
sipated through 19€2, 9.5€2, and 1€ load resistors at 800 rpm rotor speed through
a single coil of the open-end generator. According to the results, the open-end
generator can generate 11.4 W electric power per coil. This result is a close match
to the FEM analysis result of 12.2 W RMS electric power per coil. Furthermore,
a significant change of power dissipation due to RE is not observed during the
experiment as shown in fig. [7.18 The internal resistance of a winding of open end
generator was approximately 19€2. Therefore an external electrical load of 19¢)
was selected to obtain maximum power from open end generator.

Figure [7.19| shows the RMS electric power dissipated through 1992, 9.5¢), and
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Figure 7.17: open-end generator placement in MaglLevLS system

10 load resistors at 100 to 1100 rpm rotor speeds through a single coil of the open-
end generator. According to the results, the open-end generator can generate 17.7
W electric power per coil at 1000 rpm rotor speed. Therefore, the open-end gen-
erator can generate approximately 35 W power using both coils at 1000 rpm rotor
speed. The measured steady-state power consumption of the MagLevLS system
is approximately 15 W for the electronic components, four HEMs, and air gap
sensors. Therefore, it is possible to supply power continuously to the MaglLevLS
using a battery and the open-end generator. During loading and unloading, a
battery can support to supply peak power demand, and during the steady-state
operation, the open-end generator can recharge the battery while supplying power

for steady state operation.
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Figure 7.18: RMS electric power dissipated through 192, 9.5¢2, and 12 load re-
sistors at 800 rpm rotor speed through a single coil of the open-end generator at
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Figure 7.19: RMS electric power dissipated through 19 €2, 9.5 Q, and 1 €2 load
resistors at 100 to 1100 rpm rotor speeds through a single coil of the open-end
generator.
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Chapter 8
Conclusions

A magnetically levitated linear slider (MagLevLsS) platform was designed, fabri-
cated and experimental data was obtained. A novel non-contact power transfer
system using an open-end generator was purposed and custom designed to meet the
requirements of the levitated platform. The proposed system is suitable to trans-
port materials between short distances in a clean room environment. The main
components of the system were designed separately and integrated into a single
system. Main components of the system are the hybrid electromagnets (HEMs)
used as levitation actuator and the open-end generator used for non-contact power

transfer.

8.1 Summary and conclusions

A hybrid electromagnet was designed to use with a magnetically levitated linear
slider platform and capable of generating approximately 65N force using 0A cur-
rent. The existing designs of a hybrid electromagnet were improved to achieve
better lateral aliment. The design of the HEM was analyzed using finite element
method (FEM). The improvements made to the HEM was analyzed using FEM
data and presented. The FEM analysis data was used to find the relationship
between the attractive force, coil current and air gap using surface fitting tech-
niques. A prototype electromagnet was fabricated and experimental data obtained
by measuring attractive force, coil current and air gap. The analysis of experi-
mental data and FEM data revealed that the experimental data has lower values
than FEM analysis data. However, the experimental data showed a close match to

FEM analysis data. The obtained data was used to derive a mathematical model
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describing the attractive force in terms of coil current and air gap. The linearized
mathematical model was used in designing levitation controller.

A novel method of using an open-end generator was suggested to transfer power
to the levitated platform without using contacts. The open-end generator was
designed to meet three specific goals so that the open-end generator can be used
with the magnetically levitated platform. The first goal was to reduce the cogging
forces generated by the open-end generator to a limit that can be handled by
the HEMs. The second goal was to transfer sufficient amount electrical power
to the levitated platform. It is calculated that 35W of root mean square (RMS)
electrical power is sufficient to achieve continuous operation of the system. The
third goal was to achieve sufficient air gap between the stator and the rotor of
the open-end generator to achieve different zero power levitation air gaps under
different load conditions. The design goal of air gap was to achieve air gap of
at least 3.5mm when the rotor of the open-end generator is at the center of the
stator core of the generator. All three design goals are interconnected in such a
way that changing one parameter affects all other parameters. Even though a
fairly large cogging force can be compensated using HEMs in the z-direction, it
is not possible to compensate large forces in y-direction because HEMs are not
designed to generate large forces in the y-direction. A several generator designs
were analyzed using FEM to calculate cogging forces. The analysis revealed that
the cogging forces generated by an open-end generator with a soft magnetic steel
core cannot be compensated by y-direction forces of HEMs. The FEM analysis
of open-end generators with soft magnetic steel cores resulted in RMS electrical
power larger than 100W while achieving 3.5mm air gap goal. Furthermore, analysis
reviled that the cogging forces are generated regardless of the amount of power
generated by the open-end generator.

Due to the large cogging forces generated by soft magnetic steel stator cored
generators, an open-end generator was designed using ABS as the stator core ma-
terial. After several refinements, the open-end generator with ABS stator core
resulted approximately 35W of RMS electrical power while having 4.25mm air
gap. The cogging forces generated by the open-end generator with ABS stator
core depends on the current generated in the coils of the generator according to
the FEM analysis results. When the current in coils of the open-end generator is
zero, the cogging force becomes zero. Since the cogging force is generated due to

the induction of current in coils, the cogging force is a Lorentz force. The maxi-

92



mum amount of cogging force of the final design was approximately 1.1N at 3mm
rotor eccentricity while having 19€) external load per winding. Furthermore, FEM
analysis revealed that the cogging force is a restitutive force supporting alignment
of levitated platform in the y-direction. The FEM analysis showed that the cogging
torque generated by the open-end generator was approximately 0.5Nm and fluc-
tuations due to the rotor angular position are negligible. The change of electrical
power generated due to the rotor eccentricity is negligible according to the FEM
analysis results. Therefore, the open-end generator can supply the same amount
of power to the levitated platform regardless of the rotor eccentricity. This is an
advantage for the levitated platform. Based on FEM analysis and experimental
results, it is concluded that the open-end generator with an ABS stator core can
meet all design goals and suitable to supply power to the levitated platform. Since
the open-end generator was designed to use readily available cuboid shaped per-
manent magnets and due to the physical size constraints, a slight overlap between
electrical coil windings was observed in the final open-end generator design.

A mathematical model for the MagLevLS platform describing three degrees
of freedom motion was developed. The forces of the HEMs was described using
the model obtained by FEM analysis and experimental testing. The linearized
mathematical model was used to develop three PD controllers to control vertical
levitation position, roll, and pitch. The gains of three PD controllers was obtained
to meet selected system performance. The experiments revealed that the initial
gains of the PD controllers were not accurate enough to maintain stable levitation
of the experimental system. Subsequently, a nonlinear system was modeled, and
the initial controller was tuned. The nonlinear system was modeled to closely
match components of the experimental system. The controller was improved to
achieve zero power operation by adding three integral controllers to the initial lev-
itation controller. The levitation system was simulated to observe different real
world operation scenarios and results were presented. The simulations revealed
that the levitation controller with zero power control loop can achieve and main-
tain stable levitation under step inputs while the cogging torque of the open-end
generator is active. Furthermore, the effect of cogging torque on levitated platform
was clearly visible in the simulation results.

A prototype platform with an open-end generator was fabricated to experi-
mentally validate simulation results. The levitated system was constructed as a

four-point suspended single rigid rectangular platform. Therefore achieving zero
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power operation of all four HEMs was not possible in the experimental system.
The controller was designed to achieve near zero power operation of the experi-
mental platform. The experimental system has a DSP board with 1 kHz sampling
rate, four laser air gap sensors, and four hybrid electromagnets. The con-contact
power transfer was achieved by operating the open-end generator. Experiments
were performed to evaluate the levitation system under a step load input applied
at the center of the levitated platform and applied at one side of the platform.
Experiments revealed that the MaglLevLS system can achieve and maintain stable
levitation under cogging forces and torque introduced by the open-end generator.
Furthermore, slightly increased vibrations were observed due to the operation of
the open-end generator. The experiments revealed that the prototype open-end
generator can generate approximately 35W RMS electrical power at 1000rpm rotor
speed. Furthermore, experiments confirmed that the change of generated electrical
power due to the rotor eccentricity was negligible. The experimental observations
of the open-end generator was a close match to the FEM analysis results. The ef-
fect of the cogging torque was clearly visible in the experimental results. However,
the zero power levitation controller managed to reach near zero power operation
point under step input within approximately 2.5s time. The power consumption
per HEM was increased to 35W during the transient state of step input. However,
the power consumption reduced to less than 1W per HEM within 0.5s of step input
and reduced to 0.25W per HEM within 5s of step input. The power measurements
were recorded under the influence of cogging forces and torque of the open-end
generator. Therefore, it is concluded that the MagLevLS can be powered through
open-end generator and stable near zero power operation can be achieved while
disturbances introduced by the cogging forces are acting on the levitated platform.

During the experiments, lateral vibrations were observed due to the application
of step load. The major reason for the lateral vibrations is because of application
of step load, which is not perfectly vertical at the time of application. Further-
more, if the platform is not perfectly orthogonal to the direction of gravity at the
time of application of the step load, the application of vertical step load leads to
force components in vertical, lateral and horizontal directions. Lateral vibrations
are not controlled and not actively damped. Therefore, it is observed that the
lateral vibrations due to the application of step load take about 60s to disappear.
However, MagLevLS platform managed to return to lateral position due to the

improvements made to HEM and guide rail design.
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During the manufacturing of prototype, it is observed that the manufactur-
ing process of the rotor is complicated and fairly expensive compared to other
mechanical elements of the system. Furthermore, all major components manufac-
tured using SS400 was galvanized to avoid corrosion. The HEMs were made using
laminated soft magnetic steel to reduce eddy currents.

As a result of the research work carried out, a magnetically levitated linear
slider system was designed, analyzed and stable near zero power levitation was
achieved. The suggested novel non-contact power transfer system was designed,
analyzed and a prototype was fabricated. The complete system was controlled
using a DSP controller and observed experimental results were a close match to

the simulation and FEM analysis results.

8.2 Possible improvements and future work

The completion of prototype and subsequent experiments on the magnetically levi-
tated linear slider platform revealed several problems of the constructed prototype
and control system.

One of the major problems observed during the levitation was the lateral vi-
brations. The current system does not control or actively damp lateral vibrations.
The lateral alignment of the current system was achieved by lateral restitutive
forces generated by the HEMs and open-end generator. Since the lateral force
generated by the open-end generator can be controlled by the current in the coils
of the open-end generator, it is suggested to design a controller to reduce lateral
vibrations by controlling current in generator coils. If the platform was rotated
around the x-axis, the attractive forces of the HEMs could generate a lateral force
component. Therefore, by controlling the roll of the platform, the lateral vibration
could be controlled. However, this approach needs further study to evaluate the
applicability to the levitated system.

The HEMs were manufactured by manually wound coils. Therefore, four HEMs
are not a close match. By using machine winding to fabricate coils of the HEMs,
the HEMs could be improved to be a close match to each other. This could reduce
the amount of steady state power consumption of the HEMs.

The laser air gap sensors were observed to be noisy. Therefore, better sensors
could be utilized to improve levitation performance. It is suggested to use induc-

tive sensors to measure air gap to achieve better performance. The experiments
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were performed on the first prototype fabricated. Since the prototype design was
made to accommodate design changes at later stages, the tolerances of mechanical
components are high. All adjustments were made manually, and aluminum extru-
sions were used to fabricate the stationary structure. It is suggested to improve
the stationary structure of the system to accommodate tighter tolerances and to a
better rigidity to reduce vibration due to the operation of the open-end generator.

The non-contact power transfer system needs a battery to supply peak power
demand. Therefore, a battery charging and power supply system must be designed
to use the power of the open-end generator for the control of the levitated system.

The linear motor of the system should be integrated to the levitation control
system to achieve position and thrust control.

Other non-contact power transfer methods should be investigated and exper-
imented with the levitated platform to evaluate best non-contact power transfer
method the levitated platform.

The designed nonlinear system simulator gains were directly compatible with
the experimental system. Therefore, initial system testing was fast and convenient.
It is suggested to improve nonlinear system simulator to accommodate lateral
motion of the system. This could be advantages to rapidly evaluate different

lateral alignment and vibration damping controllers.
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