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Abstract

Smart manufacturing is now required to be more intelligent and flexible to support
mass customization. Magnetic levitation or maglev technology can increase the flexibility
of modern manufacturing with its advantages of low friction and multi-directional motion.
Two promising industrial applications of maglev are planar motors and precision stages.

This research aims to develop a novel planar maglev system, Magnetic Levitation Floor,
and implement it as an omnidirectional conveyor. The contributions of this research are the
design and analysis of a novel modular planar electromagnet stator and permanent magnet
mover, wrench–current decoupling enhancement using multivariate linear interpolation,
and the development of a decoupling strategy for long-range motion.

For maglev system development, the planar electromagnet stator is an array of square
coil modules. The coil was designed to attain optimal levitation force with efficient power.
The support frame has a modular structure for unlimited expansion and flexible layouts.
Two planar maglev prototypes, 10-Coil Testbed and Maglev Floor Prototype, were built
in addition to the Maglev Floor system for pilot testing. Next, a four-disc magnet mover
was designed to achieve six-degrees-of-freedom motion. The magnet layout was optimized
with analyses on condition number, maximum current, and power consumption.

For real-time levitation control, the cross-coupling effect in the system is decoupled
by a wrench–current decoupling matrix. The Lorentz force-based wrench matrices are
pre-computed and stored in the lookup table. With discrete lookup data, however, the
levitation performance can deteriorate when the mover levitated at pose without data,
especially in rotations. In this work, a multivariate linear interpolation was implemented
to improve wrench–current decoupling effectiveness between lookup data.

For conveying applications, another limitation of the decoupling method using a lookup
table is the storage usage which is directly proportional to the data range. To achieve
long-range planar motion with efficient use of data storage, the decoupling strategy with
small-range lookup data was developed in this work. The lookup data has the range of
quarter coil area. The active coil set is selected from the mover location. Then, the wrench
matrix is estimated from lookup data and mover pose relative to the active coil set.

The feasibility of flexibility enhancement in smart manufacturing using the designed
planar maglev system was evaluated through long-range and fine motion experiments.
The multivariate linear interpolation significantly improved the levitation performance
which suffered from discrete data switching. The decoupling strategy enabled the mover
to traverse the levitation area. Experiment results demonstrated the capability of the
system for real-world omnidirectional conveying applications.
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Chapter 1

Introduction

1.1 Motivation

Customer requirements and technological advancements a�ect the manufacturing process
in various ways. The requirements are diverse which causes the product life cycle becomes
shorter. Customized products on the same model such as cars or computers cause a change
in the nature of the production system from low-mixed high-volume manufacturing to high-
mixed low-volume manufacturing or mass customization [1]. The traditional manufacturing
system, which dedicates to mass production no longer suits the current situation. For
example, most of the production lines utilize the traditional conveyor, which costs long
machine downtime in changing the layout for di�erent products.

The smart factory with the concept of a 
exible manufacturing system (FMS) has been
proposed [2] and developed throughout the decades to support various customer desires.
Some examples of this system are versatile computer numerical control (CNC) machines
which can instantly change the operation program based on the model selection, the 
exible
transfer lines which deliver the parts to each machine for individual operation, and 
exible
manufacturing cells which handle a group of products.

The 
exibility in the manufacturing system can be classi�ed into eight types [3, 4]
including machine 
exibility, expansion 
exibility, operation 
exibility, product 
exibility,
process 
exibility, routing 
exibility, volume 
exibility, and production 
exibility. The
components of 
exible manufacturing systems are categorized as machine tools, material
handling systems, storage areas for in-process inventory, and computer control, which are
used to classify the di�erences between each 
exible manufacturing system.
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Based on the 
exibility and component of the system, there are four types of 
exible
manufacturing systems: 
exible machining cell, 
exible machining system, 
exible transfer
line, and 
exible transfer multi-line. In large factories, the conveyor systems are important.
Currently, the system should handle the shorter product life cycle and product variations
while maintaining a smooth production 
ow. Hence, the concept of 
exible manufacturing
is applied to design the process. However, traditional conveyor systems have problems with
mechanical constraints and low 
exibility to change rapidly, which cannot support 
exible
manufacturing.

Several products were developed to provide 
exible transfer systems. One example of a
product that supports the 
exible manufacturing system is a cellular conveyor, Celluveyor
[5], as shown on the left side in Fig. 1.1. This product can 
exibly mobilize objects in any
horizontal direction with yaw rotation using omnidirectional wheels on the top surface.
With its modular structure, the conveyor layout can be designed and changed in a short
time to reach a high level of 
exibility with decentralized route planning [6,7].

Another product is autonomous mobile robots. The mobile robot is one of the popular
industrial robotic solutions due to its easy installation and use. The robot shown on the
right side in Fig. 1.1 is an LD-series mobile robot with a roller conveyor top module from
OMRON [8]. The advantages of mobile robots are easy integration into production lines
with few or no factory layout modi�cations, 
exible path planning, and high payload.

Even though the aforementioned systems and commercial products are applicable for
several manufacturing systems, it is di�cult to use in some applications such as clean room
manufacturing, which controls the amount of small particles. Since the aforementioned
products are a contact-type transfer line system, the particles can arise from the wearing
between the object and actuator or inside the actuator mechanism.

Figure 1.1: Examples of products for 
exible manufacturing.
(left) Cellular conveyor, Celluveyor, by cellumation GmbH [5].
(right) Autonomous mobile robot, LD series, by OMRON [8].
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Nowadays, magnetic levitation (maglev) technology is applicable in various �elds. This
technology can untethered levitate a magnetized object by manipulating the outputs of the
actuator to provide an attractive or repulsive force on the levitating object. Hence, maglev
has the advantages of low friction and contactless motion. High-speed transportation, such
as maglev trains [9] and hyperloop [10], is one of the well-known maglev applications. For
example, an L0-series maglev train by JR Central in Japan could have a speed of over
500 km/h in 2015 [11].

For robotics, magnetics technology can be applied in several applications as reviewed in
[12]. It can be used for delicate operations such as micromanipulators [13{15], microrobots
[16{19], and medical tools [20], haptics [21{23], and bilateral teleoperation [24]. Meanwhile,
it can also be utilized for industrial applications. For example, magnetic bearing [25] for
high speed electrical machines, metal melting [26], clutch [27, 28], metal 3-D printing or
additive manufacturing [29], and sensor using eddy-current e�ect [30].

Another industrial application of maglev systems is for manufacturing systems. Since
the suspended object can be controlled for multiple degree-of-freedom (DOF) motions, the
maglev system is a promising technology to improve the 
exibility of the machining or
material handling tasks in the production line. For these tasks, the repulsive-type planar
maglev system, which has the mover levitated on top of the stator, is more suitable than
the attractive-type system because it enables the system to work with other automation
systems such as CNC machines and industrial robots.

Another application of the maglev is for positioning system which uses the combination
of electromagnets and permanent magnets. With the advantages of the maglev system in
non-contact motion between an object and maglev actuators, the system 
exibility can
be increased from planar motion to the form of 3D motion with precision motion [31]. In
addition, the system can be used in the dust-control area due to frictionless transportation
from micro-scale factory [32] to large-scale factory [33{36].

Since smart manufacturing is now required to be more intelligent and 
exible to support
mass customization, maglev technology has great potential to increase the 
exibility of
material handling tasks in modern manufacturing. With two aforementioned promising
industrial applications of maglev which are planar motors and precision stages, the planar
maglev system can perform as a conveyor and positioning stage in production lines.

However, two challenges in the development of maglev-based omnidirectional conveyors
in modern smart manufacturing systems must be addressed. First, the design of the planar
maglev system must be suitable for modern manufacturing. Next, the cross-coupling e�ect
in levitation due to the magnetic �eld interaction can cause force and torque in other
degrees of freedom.
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1.2 Research Objectives

Magnetic levitation technology has advantages in contactless, dustless, and low-friction
motion. Hence, a high-
exibility conveyor system using magnetic levitation technology is
a potential solution to the problems of traditional conveyor systems.

The main goal of this research is to design a novel modular planar magnetic levitation
system and implement it for omnidirectional conveying applications. To achieve this goal,
the following research objectives must be ful�lled:

1. To design a modular planar magnetic levitation system for achieving high levitation
performance

ˆ Develop the magnetic levitation model of magnetic force and torque between
electromagnets and disc magnets

ˆ Design and analyze the modular planar electromagnet stator using an array of
square coils

ˆ Design and analyze the permanent magnet movers to achieve multi-degree-of-
freedom motion

ˆ Design the Magnetic Levitation Floor, the modular planar magnetic levitation
system in RoboHub, Engineering 7, University of Waterloo

2. To develop maglev prototypes for omnidirectional conveyor system

ˆ 10-Coil Testbed

ˆ Magnetic Levitation Floor Prototype (Proto-MagFloor)

3. To implement and evaluate the modular planar maglev system for omnidirectional
conveying application

ˆ Develop the levitation model and implement for wrench{current decoupling with
lookup table method

ˆ Implement multi-degree-of-freedom linear interpolation to enhance the wrench{
current decoupling performance

ˆ Develop the strategy for wrench{ current decoupling using small-range lookup
data for long-range motion

ˆ Test and evaluate the developed control strategies on the maglev systems
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1.3 Research Contributions

In this thesis, a novel planar magnetic levitation system is developed. The levitation
performance of the system is evaluated through experiments. With research works and
experiments presented in the thesis, the main contributions of this thesis are as follows:

C.1 Design and analysis of a novel modular planar maglev system

The �rst contribution of this work is the design and analysis of a novel modular planar mag-
netic levitation system, namely, Magnetic Levitation Floor (Maglev Floor or MagFloor).
With a modular structure, this design enables the system to be expandable and customiz-
able for the speci�c space. The system is designed by considering magnetic, mechanical,
and electrical design aspects. To the best of my knowledge, this system is distinct from
previous research works and commercial products.

C.2 Design and optimization of the multiple-disc magnet mover

After the electromagnet stator of the planar maglev platform has been designed, the second
contribution is the design and optimization of a permanent magnet mover. The disc magnet
is used in this research. With a single-disc magnet mover, only �ve degrees-of-freedom
motion can be controlled except yaw rotation. The mover with a combination of multiple-
disc magnets is designed to achieve six degrees-of-freedom motion. The speci�cations and
the arrangement of disc magnets are determined by de�ning the levitation and payload
capability.

C.3 Wrench{current decoupling enhancement using multivariate
linear interpolation

The cross-coupling e�ect is a major control problem of the magnetic levitation system.
The decoupling solution using a wrench{ current decoupling matrix is used in this work.
The wrench matrices for the mover with a speci�c range of motion are pre-calculated and
stored in the lookup table. However, the levitation performance can deteriorate at some
mover pose due to discrete lookup data. Therefore, multivariate linear interpolation is
used to enhance the decoupling by estimating the data at no-data poses.
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C.4 Wrench{current decoupling strategy for long-range planar
motion with small lookup data

Since levitation control in this work relies on wrench{ current decoupling using the lookup
table approach, the levitation range is limited by the data range. To enable unlimited
horizontal motion range for conveying applications, in this work, a strategy to extend the
use of small lookup data for long-range planar motion is developed. The data is generated
with a horizontal range of a quarter area of the square coil in the �rst quadrant 16-coil
array. For other quadrants, the mover pose is transformed to lookup for data in the �rst
quadrant and then transformed back to its original quadrant.

1.4 Thesis Outline

This thesis consists of eight chapters, and each chapter is outlined as follows:

ˆ Chapter 1 introduces the motivation of this research. Then, objectives and scopes
are given with research contributions.

ˆ Chapter 2 provides a comprehensive review of previous related research works on the
design, modeling, and control of planar maglev systems. The preliminary study on
the planar maglev prototype, MagTable, is presented in this chapter.

The rest of this thesis is divided into two parts as highlighted in Fig. 1.2.Part I presents
the design of the planar maglev systems and permanent magnet movers using disc magnets.

ˆ Chapter 3 presents the Lorentz force-based magnetic levitation model for wrench,
forces and torques, computation. The model is further used in the system design
process. Then, the implementation of the wrench model for real-time wrench{ current
decoupling in the control system is described.

ˆ Chapter 4 presents the design of the planar coil array stator. The process begins
with the conceptual design, the design of a square coil, coil array arrangement, and
modular support structure. Two planar maglev prototypes, 10-Coil Testbed and
Maglev Floor Prototype (Proto-MagFloor) are designed and built for pilot testing.
Next, the design of the Maglev Floor system is detailed.

ˆ Chapter 5 presents an analysis and design of permanent magnet movers using disc
magnets. Magnet movers range from a single-disc magnet mover with 5-DOF motion
to a multiple-disc magnet mover with 6-DOF motion.
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Part II presents the implementation of the designed modular planar maglev systems for
omnidirectional conveying applications.

ˆ Chapter 6 presents the 5-DOF levitation experiment results on the maglev prototype,
10-Coil Testbed, with a single-disc magnet mover. A 5-DOF linear interpolation is
used to solve the existing problems of lookup table approach.

ˆ The decoupling strategy for long-range planar motion is implemented on the maglev
prototype, Proto-MagFloor system. The experiment results with a single-disc and a
multiple-disc magnet mover are reported in Chapter 7.

ˆ Finally, conclusions, discussions, and future works are presented in Chapter 8.

Figure 1.2: Graphical diagram highlighting the research progress.
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Chapter 2

Background and Preliminary Study

This chapter provides a comprehensive review of previous related research works on the
design, modeling, and control of planar maglev systems. Next, the preliminary study on
the planar maglev prototype, MagTable, is presented in this chapter.

2.1 Magnetic Levitation Technology

Magnetic levitation or maglev is the phenomenon that an object is freely levitated in space
without any support but only from the force when it experiences an external magnetic �eld.
Typically, the magnetic force is produced to counter the e�ect of the gravitational force and
move the object. The di�erence between suspension and levitation can be observed from
the resultant force on the object which is the attractive or repulsive force, respectively.

Figure 2.1 represents ten types of maglev techniques. The �rst nine types were reported
by Jayawant in [37]. Each technique uses di�erent types of stators and levitating objects.
However, most of the techniques are not practical for real-world applications. One of the
existing application is a magnetic bearing that uses the concept ofvii ) electromagnet and
ferromagnetic body with tuned RLC circuit.

The tenth technique, \Lorentz Levitation", was introduced in [38]. This technique uses
the Lorentz force principle for levitation or suspension of the current-carrying conductor
immersed in a magnetic �eld. The levitation force is directly proportional to the current.
A bi-directional force can be provided by inverting the current. Most of the research works
on planar maglev systems are based on this Lorentz Levitation technique.
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Figure 2.1: Types of magnetic levitation techniques [37,38].

Regarding the force between the stator and mover, there are two types of magnetic
levitation systems called attractive- and repulsive-type levitation. For material handling
or conveying applications, repulsive-type levitation is more suitable for this application.
The repulsive levitation system structure has the mover levitating above the stator. The
system can be installed on the factory 
oor, which resembles the conveyor system.

However, several challenges of repulsive-type levitation must be addressed. First, the
system control of the repulsive type is more complicated than the attractive type since it
resembles the inverted pendulum problem. The challenge of this system lies in stabilizing
the levitating object in the air. Meanwhile, the orientation of the object must be controlled
which increases the di�culty in levitation control.

Moreover, the cross-coupling e�ect is another major problem of this system. The
repulsive-type maglev systems usually have a number of coils more than the degrees of
freedom of the levitating object. The system is a multiple-input-multiple-output (MIMO)
system and has a strong coupling e�ect due to each coil providing forces and torques in all
axes. Hence, the decoupling solution must be provided.

With the advantages and challenges of repulsive-type levitation, the rest of this chapter
presents a review of previous research works on planar maglev systems including design,
modeling, and proposed solutions to the aforementioned challenges.
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2.2 Research on Magnetic Levitation Stages

This section presents a review of previous research on the magnetic levitation stages.
Table 2.1 represents research works on maglev stages from several research groups by
timeline. The photos of their systems are shown in Fig. 2.2.

In 1998, a high-precision magnetic levitation stage was developed by Kim and Trumper
at MIT for photolithography [39] in semiconductor manufacturing. The stator has four
horizontal windings arranged perpendicular to each other. The mover has four 1-D Halbach
arrays at each corner as shown in Fig. 2.2a. The system is equipped with three laser
interferometers for planar motions and three capacitance probes for vertical motions. The
system can provide 6-DOF motion in a planar area of 50 mm� 50 mm, 400� m height.
The motion error is 5 nm rms in X and Y-axis, 10 nm rms in Z-axis.

Dr. Kim continued his research on the nano-positioning planar maglev stage at Texas
A&M University. Figure 2.2d shows the system developed in [42, 59]. The system has a
moving coil mover and a magnet array stator. The triangular mover has 3-phase windings
to control 6-DOF motions. Three aerostatic bearings were used to support vertical force.
The stator is a 2-D Halbach array consisting of magnets with conventional vertical and
diagonal horizontal magnetization. The laser interferometers and proximity sensors were
used to detect the motion in the horizontal range of 160 mm.

Figure 2.2e presents the �-stage developed in [43,60]. The mover is a triangular aluminum
plate mounted with three horizontal and three vertical cylindrical magnetic actuators. The
actuator has a cylindrical magnet on the mover inserted in a cylindrical coil mounted on
the stator as described in [61]. The mover motions are detected by capacitance sensors.
The motion range is 300� m in all translations and 3 mrad for rotations.

The next generation maglev stage was presented in [45]. The stage shown in Fig. 2.2g has
a Y-shaped mover with a magnet at each end with its corresponding coil pair on the stator
for horizontal and vertical motion control. The interferometers and capacitance probes
were used to detect the horizontal and vertical motions respectively. Compared to the
�-stage, the Y-stage provides a larger planar motion range of 5 mm with vertical motion
of 500� m, and small rotations of 0.1 deg due to sensor speci�cations.

The Ohio State University developed a 6-DOF maglev stage as presented in [40, 62].
The system depicted in Fig. 2.2b has a mover con�ned in the stator case. The mover has
ten iron plates mounted on top and four sides. Ten electromagnets are installed in the
stator surrounding the mover and paired with iron plates. The motion of the mover is
detected by laser interferometers. Due to the design, the system has small motion ranges
of 4 mm in planar motion, 2 mm in the vertical direction, and 1 degree of rotation.
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Table 2.1: Review of previous research works on planar maglev stages.

Year Stator Mover Sensor Motion range

1998 [39] Four horizontal Four 1-D Halbach Laser interferometers, XY: 50 mm, Z: 400� m
(2.2a) windings arrays Capacitance probes 1 g acceleration

2002 [40] 3-D surround Floater with Laser interferometers XY: 4 mm, Z: 2 mm
(2.2b) electromagnets iron plates with retro-re
ectors Rx,y,z: 1 deg

2004 [41] 2-D Halbach Four horizontal Inductive sensor N/A
(2.2c) magnet array coils

2004 [42] 2-D Halbach 3-phase coils and Laser interferometers XY: 160 mm
(2.2d) array aerostatic bearings Proximity sensors

2005 [43] Three horiz./vert. Triangular plate � Laser interferometers XYZ: 300 � m
(2.2e) cylindrical coils with cyl. magnets Capacitance sensors Rx,y,z: 3 mrad

2007 [44] Cylindrical coil Rectangular and LED & eddy current XY: 1 mm, Z: 2 mm
(2.2f) array cylindrical magnets displacement sensors Rx,y,z: 0.1 deg

2007 [45] Three pairs Y-shape frame Laser interferometers XY: 5 mm, Z: 500� m
(2.2g) of coils with magnets Capacitance probes Rx,y,z: 0.1 deg

2008 [46] Long rect. coils 2-D Halbach array Eddy current XY: 230 mm, Z: 1.5 mm
(2.2h) in herringbone sensing probes Rx,y,z: 6 mrad

2008 [47] Planar array of Single disc magnet Optical motion X,Y,Z: 30,90,12 mm
(2.2i) cylindrical coils tracking sensors Rx,y: 1 deg

2012 [48] Multi-layer PCB Four 1-D Halbach Stereo-vision based X: 260 mm, Y: 60 mm
(2.2j) conductors array position sensor Z: 2.5 mm

2013 [49] Planar array of Two disc magnets Optical motion XY: 80 mm, Z: 25 mm
(2.2k) cylindrical coils tracking sensors Rx,y,z: 80,30,unlimited

2014 [50] Planar array of Ball shape with Optical motion Z: 4 mm, Rx,y: � 100 deg
(2.2l) cylindrical coils six disc magnets tracking sensors Rz: unlimited

2016 [51] Three pairs of Three 1-D Halbach Capacitive sensors XY: 100 mm, Z: 100� m
(2.2m) long coils arrays Optical sensors Rx,y,z: 0.5� ,0.5� ,200 � rad

2016 [52] Vert. & Horiz. Platen with Laser sensors XYZ: 2 mm
(2.2n) cylindrical coils cylindrical magnets Eddy gauges Rx,y,z: 80,80,40 mrad

2017 [53] Four coil arrays Four 1-D Halbach Laser interferometers XY: 30 mm, Z: 1 mm
(2.2o) arrays Capacitive sensors Rx,y,z: 6,6,10 mrad

2017 [54] Circular PCB Circular Halbach Capacitive proves Rz: unlimited
(2.2p) conductor array Optical encoders

2019 [55] Four pairs of Four 1-D Halbach Laser sensors and N/A
(2.2q) long coils arrays Eddy gauges

2019 [56] 3-phase coil arrays 1-D Halbach arrays Laser interferometers XY: 2 mm, Z: 1 mm
(2.2r) 1-phase coil arrays Magnet pairs Capacitive sensors

2020 [57] Coil PCB board Four pairs of 1-D Optical inc. sensors N/A
(2.2s) Halbach arrays Hall sensors

2020 [58] Coils and magnets Magnets and yokes Interferometers XY: 200 mm
(2.2t) arranged in grid arranged in grid Capacitance sensors
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Figure 2.2: Planar maglev stages from previous works.(a) MIT maglev stage for Photolithography [39].
(b) Ohio State Univ. maglev stage [40].(c) TU/e moving coil stage [41]. (d) Texus A&M Univ.

moving-coil triangular stage [42]. (e) Texus A&M Univ. �-stage [43]. (f ) National Taiwan Univ. mixed
magnet stage [44].(g) Texus A&M Univ. Y-stage [45]. (h) TU/e herringbone-pattern stage [46].

(i) UH Manoa single-disc mover [47].(j) UBC PCB stage [48]. (k) UH Manoa two-disc mover [49].
(l) UH Manoa ball-shape mover [50].(m) PiMag 6D [51]. (n) Wuhan Univ. cylindrical actuators [52].

(o) SIMTech-NUS four-array stage [53]. (p) UBC rotary table [54]. (q) Wuhan Univ. four-pair
actuators [55]. (r) SIMTech-NUS Maglev-PAD [56]. (s) MAG-6D [57]. (t) Hitachi coarse-�ne stage [58].
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