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Abstract

Magnetic levitation offers unique advantages for industrial automation—frictionless ac-
tuation, silent operation, and fully decoupled multi-degree-of-freedom (DOF') motion—but
these benefits are often offset by practical challenges in real-world deployment. In partic-
ular, sensitivity due to misalignment in mover and stator magnetic fields, manufacturing
tolerances, and external disturbances from variable payloads. These limitations make it
difficult to deploy levitation platforms in dynamic environments where the mass and loca-
tion of transported objects cannot be tightly controlled. Motivated by a growing demand
for intelligent transport systems in flexible manufacturing lines and collaborative robotic
workcells, this research presents the development of an adaptive control strategy for planar
magnetic levitation systems capable of estimating unknown payload mass and center-of-
mass location data in real time. Performance in the face of variable payloads maintains
stability and preserves control performance across a wide range of operating scenarios.

An adaptive linear quadratic regulator (ALQR) framework was implemented on two
planar Halbach-array-based mover units—one with a 6-pole configuration and another
with a 5-pole layout. The control architecture incorporates online parameter estimation
to recover payload characteristics from force and torque measurements without requiring
extensive prior calibration or external measurements of the load. This enables the system
to dynamically compensate for mass disturbances and maintain control accuracy across
varying operating conditions.

Experimental validation shows that the 5-pole array achieves an average payload mass
estimation error of less than 2% of the true value, with the payload’s center of mass localized
within 1:9 cm. For the 6-pole mover array, the average mass estimation error is below 4%,
and the location estimation error is within 0:5 cm. These results varied across multiple
stator locations and mover configurations. A series of experiments—including sequential
payload loading, off-center placement, and mid-trajectory dynamic loading—demonstrated
the estimator’s robustness and its resilience to transient noise and visual occlusion artifacts.
To support consistent estimator performance across the stator, a compensation method was
developed to account for geometric deviations in the stator. This included a payload mass
offset profile derived through iterative calibration, which enables accurate levitation and
estimation throughout the workspace without relying on predefined lookup tables. When
tracking motion trajectories, the adaptive controller and mass offset profile significantly
reduced steady-state error in the payload mass estimation following load application—
from 25% to below 3%—and improved vertical and yaw response times when compared to
a fixed-parameter LQR control scheme.
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Together, these contributions demonstrate a magnetic levitation platform suitable for
collaborative and flexible automation tasks. The system adapts to unknown payloads
in real time, estimates key inertial parameters during operation, and maintains perfor-
mance without requiring redesign or calibration for each payload. These capabilities form
a foundation for future research in multi-agent manipulation, intelligent load sharing, and
sensorless coordination in levitated transport systems.
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Chapter 1

Introduction

1.1 Introduction to Magnetic Levitation

From the hoverboards oBack to the Futureto high-speed bullet trains, the idea of objects
oating freely above the ground has long captured the imagination. What once belonged to
science ction is now a eld of active engineering research: magnetic levitation. Since the
1970s, magnetic levitation|or simply Maglev|has been a focal point in e orts to reduce

the friction inherent in mechanical systems. Modern Maglev systems rely on various com-
binations of magnetic components|such as electromagnets and permanent magnets|and
materials like superconductors and non-ferromagnetic metals to generate the electromag-
netic forces needed to achieve stable, controllable levitation. This seamless control over
contactless motion now underpins a growing class of advanced mechanical systems, from
high-speed transit to next-generation motion platforms.

Magnetic levitation represents a groundbreaking technology due to its capability to fa-
cilitate friction-free movement. This technology eliminates contact forces between moving
surfaces, thereby minimizing or completely preventing wear and tear on mechanical com-
ponents. As a result, the durability of these components is signi cantly enhanced, leading
to reduced maintenance and repair costs over time. The friction-free environment created
by magnetic levitation also plays a crucial role in reducing the generation of particulate
matter caused by mechanical rubbing, making it particularly suitable for applications re-
quiring a clean room environment. The absence of friction enables higher speeds to be
achieved with lower energy consumption|as exempli ed by magnetically levitated trains.
Additionally, the reduced wear on components contributes to increased safety and reliabil-
ity, as it minimizes the likelihood of mechanical failures. Compared to traditional systems,
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1.1. Introduction to Magnetic Levitation

magnetically levitated systems also exhibit lower noise levels, thereby positively impacting
the health and safety of individuals working in proximity to these systems.

This technology has demonstrated transformative impacts across a spectrum of appli-
cations, ranging from small-scale manufacturing, such as in the semiconductor industry,
to large-scale transportation systems like railways. In small-scale manufacturing, mag-
netic levitation has revolutionized photolithography in semiconductor manufacturing by
enabling precise handling and positioning of delicate materials, leading to advancements
in manufacturing e ciency, reliability, and product quality. On a larger scale, magnetic
levitation has signi cantly in uenced transportation systems, particularly in the devel-
opment of high-speed Maglev trains. These trains utilize magnetic levitation to achieve
ultra-smooth and e cient movement without physical contact with rails, o ering faster
travel speeds and reduced operational costs compared to conventional rail systems. The
adoption of magnetic levitation in both small and large-scale applications underscores its
versatility and transformative potential across various industries.

While magnetic levitation systems span a wide range of scales and applications, this
research targets an intermediate class: motion platforms that can transport objects pre-
cisely, repeatedly, and autonomously across a at workspace, such as those found on fac-
tory oors. Speci cally, this research focuses on macro-scale magnetically levitated planar
motors (MLPMs) employing repulsive-type electromagnetic levitation. This technology
involves a at planar stator composed of square electromagnetic solenoids with rounded
corners, accompanied by movers embedded with an array of permanent magnets. The
movers are actuated by the stator coils and can achieve six degrees of freedom (DOF)
motion: translational motion described by (x, y, z) coordinates, and rotational motion
described by (, , ) angles.

Within the Maglev Microrobotics Laboratory at the University of Waterloo, two MLPM
platforms are operational. The rstlknown as TestBenchlisa 2 ° 2°rapid development
platform containing a stator module with 64 electromagnetic coils covered by an aluminum
sheet. Various movers can be positioned on this platform and sensing of the mover's
position and orientation is facilitated by four infrared motion tracking cameras. The second
platform is a larger & 8° system comprising eight stator modules that are similar to the
module in TestBench. This platform, named "Maglev Floor", or simply MagFloor, houses
nearly 800 electromagnets and can be lowered to oor level through the built-in hydraulic
lift. The larger footprint of MagFloor enables the execution of multi-mover trajectories
and collaborative robotics tasks. Both platforms use the same four-camera motion capture
tracking systems and reduce the temperature of the electromagnetic coils by passing air
across them. All electronics are housed in the base of the support structures to avoid
interference with the magnetic eld generated by the coils, keeping the working area free
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1.1. Introduction to Magnetic Levitation

of obstructions.

These platforms within the laboratory are instrumental in investigating and advancing
the capabilities of macro-scale magnetically levitated planar motors. These motors can
form the basis of larger manufacturing systems that require the precise manipulation of
large payloads, making them invaluable for improving the control, automation, and ex-
ibility of existing systems. MLPMs o er unique opportunities for research in optimizing
manufacturing techniques, expanding collaborative robotics tasks, and mitigating the im-
pact of friction in existing systems. By leveraging the wide range of con gurations and
numerous capabilities of MLPMs, researchers can design, test, and deploy systems that
push the boundaries of current robotic technologies, such as autonomous assembly lines
and multi-robot cooperation in shared environments.

Figure 1.1: Existing magnetically levitated planar motor platforms at the University of

Waterloo. (Left) Small-scale planar motor platform, TestBench containing 64 electromag-
netic coils with four motion capture cameras(Right) Large-scale planar motor platform,

MagFloor, lifted to the highest position. The height of the MagFloor can be lowered to
match the level of the surrounding oor.
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1.2 Industrial Applications

1.2.1 General Applications

Extending far beyond academic research, magnetic levitation has profoundly impacted
various industries ranging from aerospace to medicine. In aeronautical and aerospace ap-
plications, magnetically levitated bearings have replaced traditional bearings in turbines
and attitude control reaction wheels|such as those used in the rst three SPOT satellites

in the mid-1980s and later in the ERS satellites in the early 1990s [1, 2]. When compared
to traditional rolling or sleeve bearings, these magnetically levitated systems eliminate the
need for lubrication, maintain functionality at extreme temperature conditions, and enable
active control of the bearing position [3]. Moreover, companies such lslgaglLev Aero have
proposed rotor systems that utilize magnetic suspension to improve energy delivery, in-
crease thrust e ciency, and reduce noise throughout the operation of rotary-wing aircrafts
[4]. In the medical eld, magnetic levitation is advancing biomedical research by levitat-
ing cells to measure their density and establish unique levitation pro les for di erent cell
types [5, 6]. This technology holds great promise for advancing diagnostic capabilities,
potentially leading to the development of low-cost, rapid, and portable diagnostic tools [5].
Particularly in regions where traditional imaging methods are impractical or prohibitively
expensive, magnetic levitation can help improve healthcare accessibility and a ordability.

In the category of long-range transportation, magnetic levitation technology has be-
come a key driver in the development of high-speed trains|colloquially known aslaglev
Trains. Over large distances, Maglev trains achieve frictionless movement at remarkable
speeds to produce e cient and environmentally friendly transportation solutions [7]. With
a maximum commercial speed of 460 km/hShanghai Maglevcurrently holds the speed
record among public transportation systems using such technoldgj]. At a much smaller
scale, however, magnetic levitation also plays a critical role in advanced semiconductor
manufacturing processes. The precise positioning and control enabled by magnetic levita-
tion are essential for the rapid and accurate movements required in photolithography [9].
This facilitates the production of increasingly smaller-scale transistors required in modern-
day processors. While magnetic levitation has proven e ective at both large and small
scales, current research increasingly focuses on its potential to enhance the exibility and
expandability of intermediate-scale systems in broader manufacturing contexts.

LWhile there have been demonstrations and proposals for faster trains, China operates the most widely
used magnetically levitated train system. Covering a distance of 30 kmShanghai Maglevshuttles passen-
gers from Shanghai Pudong International Airport directly to the city center (Longyang Road station) in
just about eight minutes!
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1.2.2 Application to Flexible Manufacturing

Historically, manufacturing layouts have been largely dominated by systems that are highly
specialized and rigid; such specialized work ows excel at producing a limited range of prod-
ucts in a single factory. Products typically move along conveyor belts to dedicated, spe-
cialized equipment in a largely linear sequence. Consequently, equipment failures, evolving
market demands, and changing business objectives make existing manufacturing set-ups
extremely di cult and time consuming to modify. Incorporating exible manufacturing
principles early in the process design can be pivotal for companies to address these chal-
lenges in a timely and cost-e ective manner. The concept of exible manufacturing involves
creating systems that rapidly adjust to disruptions and shifting production requirements

to reduce factory downtime and increase product variety.

Traditional mechanical conveyor belt systems in modern-day manufacturing are plagued
by issues such as excessive vibrations, noise, high maintenance costs, and limited adjusta-
bility. In the era of exible manufacturing, these shortcomings severely hinder the adapt-
ability of production systems to meet the diverse and complex needs of modern companies.
A crucial aspect of successful exible manufacturing lies in routing exibility, expansion
exibility, and material handling exibility [10]. Routing exibility involves allowing prod-
ucts to take alternative routes in the manufacturing process without signi cantly a ecting
performance outcomes [11]. Expansion exibility refers to the ease of system expansion
in a modular manner [12]. Material handling exibility pertains to e ciently positioning
and moving di erent process components within the manufacturing facility [13]. Convey-
ing systems that can incorporate these aspects into a manufacturing process would allow
companies to be more agile in meeting their objectives.

Current solutions aimed at achieving these exibility aspects often utilize omnidirec-
tional conveying platforms, such as those shown in Figure 1.2. These platforms typi-
cally feature omnidirectional wheels|wheels capable of moving forward, backward, and
laterally|integrated into manufacturing tables. Each wheel contained in the table can be
independently powered, enabling translational and rotational positioning of objects within
the plane. This provides a straightforward solution that can be incorporated through-
out existing conveyor belt systems. Omnidirectional platforms are characterized by their
lightweight design, cost-e ectiveness, and inherent modularity, making them superior al-
ternatives to traditional conveyor belt systems. If the objects to be moved are sensitive
to friction-induced wear or require cleanroom standards, contact-based solutions such as
omnidirectional tables, however, are wholly inadequate. Replacing these omnidirectional
conveyors with MLPMs, similar to those used in this research, combines the advantages of
omnidirectional platforms with the transformative bene ts of Maglev technology.



1.2. Industrial Applications

Figure 1.2: Omni-directional conveying solution produced by Omnia Wheel Ltd.. Image
from [14].

Industrial systems that incorporate Maglev planar motors would provide friction-free
motion throughout the conveying of objects, signi cantly reducing the wear and tear on
equipment. They would reduce the noise produced when compared to traditional conveyor
belts. As well, these platforms would o er full six DOF motion, allowing precise control
and manipulation of objects in all translational and rotational axes. This level of precision
control makes magnetically actuated platforms suitable for advanced machining opera-
tions, akin to photolithography, on a larger scale. Figure 1.3 highlights some magnetically
levitated planar motors currently produced throughout industry.

Magnetically levitated planar motors o er a compelling foundation for designing exible
manufacturing systems that minimize production downtime, increase operational e ciency,
and deliver greater precision in handling materials for modern manufacturing. Building on
these capabilities, this thesis addresses key limitations in existing MLPMs through novel
design and control structures aimed at increasing the adaptability of systems utilizing these
motors, with the ultimate goal of establishing a framework for broader adoption of Maglev
technology in exible manufacturing contexts.
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