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Abstract

This project aimed to design and build a low-cost magnetic levitation system based on attraction,
using a single coil. The materials and components were carefully selected to keep the cost of
the system as low as possible, making it suitable for educational purposes such as laboratory
demonstrations or science classes.

The system consists of a base made of aluminium and PLA onto which a single coil has been
screwed. The intention of the project is to levitate a neodymium magnet underneath the coil
by constructing a levitator that works by attraction, i.e. that compensates the force of gravity
that the magnet su ers to keep the magnet oating in the air. A PID control algorithm has been
implemented using an Arduino microcontroller to regulate the levitation distance between the
magnet and the coil.

The design and construction of the system were performed with an emphasis on simplicity and

a ordability. The use of a single coil and inexpensive materials made it possible to achieve
a functional prototype at a low cost. The system was tested and the performance of the PID
controller was evaluated.

The results showed that the system was able to achieve stable magnetic levitation. However, the
tuning of the PID parameters was found to be challenging due to the non-linear behavior of the
system and an unexpected behavior of the sensor that was expected to give measurements of
the magnet position. The sensitivity of the system to external disturbances and noise was also
observed.

Therefore, alow-cost attraction-based magnetic levitation system was successfully designed and
implemented using a single coil, a hall e ect sensor and an Arduino microcontroller with a PID
control algorithm. The system provides a valuable educational tool for teaching principles of
electromagnetics and control engineering. Future work could focus on further improving the
system's performance through the use of more advanced control strategies, such as a sliding
mode or fuzzy-logic control.
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Chapter 1

Introduction

The following chapter introduces a project on magnetic levitation, including its objectives and
scope, as well as the motivation behind its development.

1.1 Project Objectives

The primary objective of this project is to develop a functional prototype of a magnetic levitation
system that can levitate a magnet in a stable manner using di erent control methods. More
speci cally, this has resulted in the following objectives:

Design a functional magnetic levitation prototype that can stably levitate a magnet. A
structure to mount and assemble the necessary hardware components will be needed.
The system will consist of a controller, a power stage to drive an electromagnet, the elec-
tromagnet and some type of sensor that can provide position feedback of the levitating
magnet.

Design and implement a PID controller to regulate the position of the levitated magnet.
The controller will be tuned to optimize the system's stability.

Identify areas for improvement in the magnetic levitation system based on the perfor-
mance analysis.

1.2 Project Scope

The scope of this project is to design, build and evaluate the performance of a magnetic levita-
tion system that can stably levitate a magnet using control theory. The project will involve the
manufacturing of a functional prototype consisting of an Arduino board, an electromagnet, a
sensor to provide position feedback and a power stage to drive the electromagnet.

The project aims to implement a control loop for the levitator system. The idea is to optimize
its stability. Furthermore, the limitations of the system are going to be identi ed and further
improvements to enhance its performance will be proposed. These improvements may include
optimizing the system's hardware or implementing more advanced control techniques.



Construction and control of a magnetic levitation system pag. 7

Overall, this project aims to provide insights into the design and control of magnetic levitation
systems.



Chapter 2

Theoretical Background

This chapter introduces readers to the science of magnetic levitation. The chapter starts with
an overview of the historical development of electromagnetic theory, laying the groundwork
for understanding the principles of magnetic levitation. The next section focuses on the current
state of the art in magnetic levitation applications. This section covers various real-world ap-
plications of magnetic levitation. Finally, the chapter explores the existing low-cost magnetic
levitation prototypes available in the market for educational purposes. This section provides
a useful foundation and serves as a guide for the project's levitator design and development
process.

2.1 History and Discovery of Electromagnetism

Electromagnetism discovery and understanding have been crucial to the development of physics
and technology. Below is a brief history of electromagnetism, which dates back to the early ex-
periments of the 18th century and continues to the modern advances in theory and practical
application.

The study of electromagnetism began in earnest in the 18th century when scientists started
to investigate the properties of electricity and magnetism independently. The French physicist
Charles-Augustin de Coulomb was one of the rstto conduct rigorous experiments on electrical
and magnetic forces, establishing the fundamental laws of electrostatics and magnetostatics in
the 1780s. As the theory developed, it was discovered that the two forces were closely related,
leading scientists to investigate the possibility that electricity could produce magnetism and
vice versa[l].

In 1820, the Danish physicist Hans Christian Oersted carried out a crucial experiment that
demonstrated the connection between electricity and magnetism. Oersted noticed that a nearby
compass needle was de ected from its normal position when an electric current was passed
through a wire, indicating the presence of a magnetic eld generated by the current. This dis-
covery laid the groundwork for the theory of electromagnetism[2].

In 1821 André-Marie Ampére made a signi cant contribution to the eld of electromagnetism.
He formulated Ampere's law, which describes the relationship between the current owing
through a conductor and the magnetic eld produced by that current. Ampere's work laid the
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foundation for the development of the telegraph and other electrical communication systems][3].

The connection between electricity and magnetism was further explored by the British physi-
cist Michael Faraday in the 1830s. Faraday demonstrated that a changing magnetic eld could
produce an electric current in a circuit, a process known as electromagnetic induction. This dis-
covery led to the creation of the rst electric generator, which converts mechanical energy into
electrical energy by rotating a magnet inside a coil of wire[1].

The work of Faraday and Oersted laid the foundation for the theory of electromagnetism, which
was further developed by the Scottish physicist James Clerk Maxwell in the 1860s. Maxwell for-
mulated a series of mathematical equations that described the interaction of electric and mag-
netic elds and showed that electromagnetic waves could propagate through empty space at
the speed of light. This discovery was crucial to the understanding of light as a form of elec-
tromagnetic radiation and led to the uni cation of electric and magnetic theories into a single
theory of electromagnetism[2]. Moreover, this led to another signi cant milestone which was
the foundation for the development of radio communication and other wireless technologies[1].

Overall, the discoveries and developments in electromagnetism during the 19th century rev-
olutionized the world and paved the way for the development of modern technology. The
applications of electromagnetism today are vast and varied, including power generation and
transmission, telecommunications, medical equipment and many more.

In conclusion, the contributions of many scientists over several decades have led to signi cant
technological advancements that are enjoyed today. The journey began with the initial discov-
ery of the relationship between electricity and magnetism, which opened up new avenues for
exploration. Subsequent research and experimentation by scientists such as Faraday, Ampere
and Maxwell further advanced the understanding of electromagnetism, culminating in the uni-
cation of these two elds.

2.2 State of the art: existing magnetic levitation applications

Magnetic levitation, also known as magley, is a technology that uses magnetic elds to levitate
objects and transport them without physical contact. This concept has been around for over a
century, but it wasn't until the 1970s that it was successfully applied to transportation systems.
The basic principle of magnetic levitation is to create a repulsive force between two objects with
the same polarity in order to overcome the force of gravity, allowing objects to oat in mid-air.
This force can be created by using permanent magnets or by using electromagnets that can be
switched onand o .

Magnetic levitation technology has been applied in various elds such as transportation, robotics
and even in the medical industry. In the following subsections, several current applications of
magnetic levitation will be discussed in more detail. Each of these applications takes advantage
of the unique properties of magnetic levitation to achieve their speci c goals.

2.2.1 Maglev for transportation

Maglev technology has shown great promise in the eld of transportation, o ering advantages
such as high speed, low noise and reduced maintenance costs. This technology utilizes magnetic
elds to levitate and propel vehicles without the need for physical contact between the vehicle
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and the guideway. The principle behind it is the use of superconducting magnets to generate
a magnetic eld that repels the magnets on the vehicle, lifting it up and allowing it to glide
smoothly along the guidewayl[4].

The concept of maglev transportation has been around for many years, with early experiments
dating back to the 1930s. However, it was not until the 1970s that maglev technology began to
be developed, with the rst commercial maglev system opening in Birmingham, UK, in 1984.
Since then, several countries have developed and implemented maglev transportation systems,
including Japan, Germany and China. These systems have demonstrated the potential for ma-
glev technology to revolutionize transportation, o ering high speeds and reduced environmen-
tal impact compared to traditional transportation systems|5].

One of the key advantages of maglev in transportation is its ability to operate at high speeds
with minimal noise. Maglev trains are expected to travel at speeds of up to 600 km/h, reducing
travel time and increasing e ciency(see Figure 2.1). Additionally, the lack of physical con-
tact between the vehicle and the guideway means that maglev trains produce signi cantly less
noise than traditional trains, making them a more attractive option for urban areas. This has
been demonstrated in the case of the maglev system in Shanghai, China, which operates at a
maximum speed of 430 km/h and produces noise levels of only 65 decibels [5].

Figure 2.1: Japanese superconducting maglev system LO expected to be in service in 2027 [4]

Another advantage of maglev technology in transportation is its reduced maintenance costs.
Traditional transportation systems such as trains require regular maintenance of tracks, wheels
and other components, which can be expensive and time-consuming. Maglev technology, on
the other hand, has fewer moving parts and requires less maintenance, resulting in lower costs
over the long term [4]. This has been demonstrated in the case of the maglev system in Japan,
which has experienced minimal downtime and maintenance costs since its opening in 1997 [5].

Although magnetic levitation has many advantages over conventional transportation systems, it
also has some drawbacks. One of the main concerns is the high initial cost of building a maglev
system, which can be a barrier to entry for many countries and cities. Additionally, the need for
specialized infrastructure and maintenance can also add to the overall cost. Another potential
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issue is the limited load capacity of maglev trains, which can be a disadvantage for transporting
heavy goods. Finally, the lack of compatibility with existing rail networks and regulations can
also pose a challenge for implementing maglev technology on a large scale.

2.2.2 Maglev in microrobotics

The use of magnetic levitation in microrobotics has become a popular research area in recent
years, as it provides a non-contact and highly controllable method for manipulating tiny ob-
jects. Magnetic levitation has been used in a variety of microrobotic applications, including
micromanipulation and biomedical applications.

One of the key advantages of magnetic levitation in microrobotics is the ability to manipulate
objects with high precision and without physical contact. This makes it an ideal method for
applications such as micromanipulation, where even a small amount of physical contact can
cause damage to delicate structures. Khamesee et al. demonstrate this in [6] by using their mi-
crorobatic system to pick up and manipulate tiny objects such as metal beads and microspheres.

Another potential application of magnetic levitation in microrobotics is inthe eld of biomedical
engineering. In [7], several examples of microrobotic systems that have been developed for
biomedical applications are described. Some of them are drug delivery, cell manipulation and
tissue engineering, as is speci ed in Subsection 2.2.3. Magnetic levitation allows for precise and
non-invasive manipulation of biological samples, which can be especially useful for applications
where contact with the sample needs to be minimized.

One of the challenges in designing microrobotic systems using magnetic levitation is the need
for precise control over the magnetic elds used to levitate and manipulate objects. As research
in this eld continues, new designs and control strategies will likely be developed to further
improve the precision and versatility of microrobotic systems.

2.2.3 Maglev in healthcare

As can be seenin [8], magnetic levitation has many potential applications in the eld of medicine.
One such application is the separation of biological cells, which can be accomplished using mag-
netic levitation techniques: by applying a magnetic eld to a solution containing cells, the cells
can be separated based on their magnetic susceptibility. This technique has been used in various
medical applications, such as isolating cancer cells for analysis and diagnosis.

Magnetic levitation can also be used in drug delivery systems. In [8], it is noted that magnetic
levitation can be used to guide drug-delivering nanoparticles to speci ¢ areas in the body. By
using an external magnetic eld to control the position of the nanoparticles, they can be directed
tothe target area, increasing the e cacy of the treatment while minimizing potential side e ects.

Furthermore, magnetic levitation has also been explored for the development of tissue engineer-
ing techniques. Magnetic levitation can be used to control the position and orientation of cells
in a three-dimensional environment, which is critical for the development of functional tissues.
By using magnetic levitation to guide the cells, it is possible to create engineered tissues with
speci ¢ structures and functions. These tissues can be used for a variety of applications, includ-
ing drug testing, disease modeling, regenerative medicine and even transplantation. They allow
researchers to study the e ects of drugs and diseases on tissues in a controlled environment,
which can lead to the development of more e ective treatments. In some cases, engineered tis-
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sues may even be suitable for transplantation, although more research is needed in this area

[8].

2.2.4 Maglev in magnetic bearings

Magnetic levitation technology has found various applications in the eld of bearings. Mag-
netic bearings o er several advantages over traditional mechanical bearings, including reduced
wear and tear, high-speed rotation capabilities and increased energy e ciency. While magnetic
bearings were once considered exotic and only used in high-end applications, advancements in
magnetic levitation technology have made them more practical and cost-e ective. The levitation
of rotors using magnetic bearings is achieved by controlling the magnetic elds generated by a
set of permanent magnets and electromagnets. This method enables the rotors to rotate without
making contact with any physical surfaces, allowing for a stable and e cient operation[5].

Apart from improved e ciency, magnetic bearings also o er reduced maintenance costs, noise
reduction and increased durability. They are more resistant to external vibrations and shocks,
making them suitable for use in sensitive equipment such as spacecraft and satellites. Despite
their bene ts, magnetic bearings do come with their set of challenges. Their complexity and
high costs can pose di culties in maintenance and repair and they may require specialized
knowledge and equipment for installation and operation.

Figure 2.2: Magnetic bearing [9]

2.2.5 Maglev in education

Magnetic levitation technology has proven to be a valuable tool in education, o ering a unique
and engaging way for students to learn about electromagnetism, control systems and mechan-
ics. Through Maglev experiments, students can explore and demonstrate various theories and
concepts related to these elds. With modern Maglev technology becoming more a ordable
and accessible, there are now opportunities to create low-cost Maglev systems that can be used
as educational prototypes. Such systems can be used in classrooms or as a platform for students
to gain hands-on experience in designing and controlling Maglev systems.

This project aims to develop a low-cost Maglev prototype system that can be used as an edu-
cational tool. The prototype will serve as a model for exploring electromagnetism and testing
control loops, making it an excellent tool for teaching students about the fundamentals of mag-
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netic levitation technology. The focus will be on designing a system that is simple, a ordable
and accessible.

2.3 Existing low-cost magnetic levitation systems

As has been seen, magnetic levitation is a very interesting technology due to its wide range of
applications. However, magnetic levitation can be expensive due to the need for sophisticated
equipment and components. For this reason, low-cost magnetic levitation prototypes have been
developed using accessible technology and inexpensive materials.

One of the most important aspects to consider in these prototypes is the type of sensor used to
measure the position of the levitating magnet, as this sensor is in charge of providing the nec-
essary information to control the magnetic eld and keep the magnet in its levitation position.
Furthermore, two other relevant aspects to bear in mind are, on the one hand, the type of levita-
tion i.e. if it works either by attraction or repulsion and, on the other hand, the microcontrollers
or computers used to implement and apply the system controller.

Figure 2.3: Magnetic levitator prototype from [10]

In this section, some of the existing low-cost magnetic levitation prototypes will be brie y pre-
sented, highlighting their di erences and similarities in terms of technology, materials and
structure. In particular, four prototypes that represent the most commonly used possibilities
in low-cost prototypes will be described.

The rst prototype seenin Figure 2.3 is built using a metal structure and utilizes three Hall-e ect
sensors as feedback sensors to measure the position of the levitating magnet. The levitating
magnet oats between these sensors and the electromagnet and a PC is used to implement the
control loop. It is worth noting that a Hall-e ect sensor measures the intensity of the magnetic
eld, so the levitating object in this case is a magnet. The sensor reading is proportional to the
distance between the magnet and the sensor. This prototype uses attraction as the levitation
force [10].

The second prototype (Fig. 2.4) uses repulsion as the levitation force and requires 12 coils and
3 optical sensors, speci cally photodiodes. Photodiodes can detect changes in light intensity
and they are used to detect the position and orientation of the levitating object. If the object
starts to move away from its desired levitation height, the amount of light hitting the photo-
diode changes, causing a di erent electrical response. This change in response can be used to
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Figure 2.4: Magnetic levitator prototype from [11]

signal the controller that the levitating object has moved from its desired position and requires
adjustment, providing feedback to the control system. Moreover, a PC with a Core i5 processor
with four cores and Linux operating system is used to implement the control loop [11].

Figure 2.5: Magnetic levitator prototype from [12]

The third prototype is a very simple design (see Fig. 2.5) that uses an infrared sensor to detect
the object to be levitated. It uses a PIC microcontroller, which switches current to the electro-
magnet ON or OFF based on whether the sensor detects the presence of an object or not. This
prototype also uses attraction as the levitation force and has a structure similar to the rst pro-
totype but it is made of wood [12].

The fourth and nal representative prototype (see Figure 2.6) also uses attraction as the levi-



Construction and control of a magnetic levitation system pag. 15

Figure 2.6: Magnetic levitator prototype from [13]

tation force and utilizes a copy of the Arduino Mega 2560 microcontroller to generate a PWM

signal based on the current it wants to send to the coil and the magnetic eld it wants to gener-

ate in it. It uses a Hall-e ect sensor to provide feedback of the levitating magnet position and

a MOSFET to energize the electromagnet, as the Arduino alone would not be able to provide
enough current to the coil [13].

This gives an idea of structures, sensors and controllers that can be used to develop this project.
The speci ¢ decisions made on the design of this project's levitator are made in the following
chapter.



Chapter 3

Design and construction of the
magnetic levitation prototype

This chapter provides a comprehensive overview of the design process for creating a low-cost
and e cient levitator. Each component was carefully considered to ensure cost-e ectiveness.
Following this criteria, the use of a repulsion-based levitator was quickly discarded due to the
higher cost associated with using multiple coils. Consequently, the nal decision was to con-
struct an attraction-based structure to minimize costs.

Regarding the sensor selection, a Hall e ect sensor was chosen. The decision to use a Hall e ect
sensor was primarily based on the need to study the system using a magnet as the levitating
object. This introduces an additional force with respect to a non-magnetic levitating object as
well as complexity to the system. For a non-magnetic object, optical or infrared sensors can be
used to measure position. However, considering a magnet as the levitating object introduces
the possibility f using a Hall-e ect sensor. This sensor measures the intensity of the magnetic
eld, which is directly proportional to the magnet's position. The Hall e ect is more suitable

for this application as it is more reliable to sense the position of a magnet. Optical sensors are
a ected by ambient light and infrared ones are a ected by the re ection of light in other surfaces

di erent from the levitating object. Thus, understanding the system's requirements, the nal
decision was to use a Hall e ect sensor.

In choosing a microcontroller for the levitator, an Arduino Uno was selected. This decision was
made after considering several factors, including cost, accessibility, and ease of use. One of the
reasons was to ensure that the levitator could function independently of a large computer, mak-
ing it more convenient and portable for laboratory settings or educational environments. The
Arduino Uno is a ordable, widely available, and comes with an abundance of documentation
and open-source code. Moreover, it is a versatile microcontroller that can be used to build a
wide range of projects, making it an excellent tool for educational purposes.

The following sections delve into the details of each component to understand their role in the
overall system.

16
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3.1 Fabrication of the structure

To build the structure of the prototype, taking into account that the intention was to manufacture

a levitator based on attraction, a similar design to the one shown in gure 2.6 was chosen, given
its simplicity. Basically, the structure had to ful | two functions; on the one hand, it had to
include a box containing the electronic boards used, that was also close to the sensor and the
electromagnet so as not to have to use long cables. On the other hand, a piece that would allow
the electromagnet to be supported at a certain height so that the permanent magnet could be
suspended underneath.

A 3D design program called Solidworks was used to manufacture the levitator structure. Each
of the parts of the prototype has been designed in this program, including the container box and
an L-shaped support consisting of a mast and a bridge to hold the electromagnet (see Figure
3.1) at a height of 150mm to allow its action by attraction.

Figure 3.1: Solidworks design of the levitator prototype

The mast and support bridge are made from a calibrated aluminium handrail (a material that
does not give problems with respect to the electromagnetic phenomena of the system), which
has been machined in a CNC milling machine to make metric 4 drills with countersunk holes
to assemble the parts, i.e. to screw the electromagnet to the support bridge and to screw the
aluminium L structure to the Arduino container box. This structure allows the boards (Arduino
and Motorshield) to be close to the electromagnet and does not require long cables to make the
necessary connections.

The box, on the other hand, was made in PLA because of its size and since 3D printing would
allow a second modi ed copy to be printed if necessary. In any case, its size already o ers the
necessary stability and weight to the prototype, so it was not necessary to make it in aluminium.
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The box being printed can be seen in the following Figure:

Figure 3.2: Arduino container box being 3D printed

In summary, the levitator structure was manufactured by designing each of the parts in Solid-
works, machining the aluminium handrail on a CNC milling machine, 3D printing the PLA
container box and assembling the mast, the support bridge and the box containing the boards.
The resulting prototype can be seen in Figure 3.3.
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Figure 3.3: Constructed structure

3.2 Arduino Uno

The Arduino Uno is an open source electronic prototyping platform based on an ATmega328P
microcontroller. It was developed in 2005 by Massimo Banzi's team at the Interaction Design
Institute Ivrea (Italy) as an easy-to-use and low-cost tool for programming and controlling elec-
tronic devices [14].

The Arduino Uno board is small and features a series of input and output pins that allow
the connection of sensors, actuators and other electronic components. These pins can be pro-
grammed to perform a variety of tasks, such as reading data from sensors, controlling motors
and lights, among other functions [15].

Figure 3.4: Arduino board [15]
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The Arduino Uno board includes a USB port that allows communication with a computer to
upload programs and receive data. In addition, it has a built-in voltage regulator that allows
the board to be powered by an external power supply [15].

One of the main advantages of the Arduino Uno is its ease of use. No prior knowledge of elec-
tronics or programming is required to get started. The software used to program the Arduino
Uno is free and open source, allowing the creation of a wide variety of electronics and robotics
projects.

In conclusion, the Arduino Uno is a versatile, easy-to-use and low-cost electronic prototyping
platform that allows the programming and control of electronic devices in a simple way.

For the particular case of the prototype of this project, the Arduino has been connected to a 12V
power supply through the jack connector as this is the voltage required by the electromagnet to

operate and has also been used to program the di erent algorithms to control the system in a

closed loop.

3.3 Hall-e ect sensor

For this prototype a 49E Hall e ect sensor has been chosen. It is a low-cost, widely available
device commonly used for detecting magnetic elds. It operates on the principle of the Hall
e ect, which produces a voltage proportional to the strength and direction of the applied mag-
netic eld. The sensor is small and lightweight, making it suitable for use in compact systems
like this prototype [16].

Figure 3.5: Hall e ect sensor pinout [16]

The 49E Hall E ect sensor is used in the magnetic levitation system to measure the position of
the levitating magnet. To do so, it has been positioned just below the center of the electromagnet
at a distance of 5mm. The sensor provides an analog voltage signal that is proportional to the
strength of the magnetic eld generated by the magnet. Thisinformation is used by the feedback
control algorithm to adjust the current supplied to the electromagnet, maintaining the levitation
of the magnet at a xed position.

Overall, the 49E Hall e ect sensor is a practical and cost-e ective solution for magnetic eld
sensing applications such as this one.






	Introduction
	Project Objectives
	Project Scope

	Theoretical Background
	History and Discovery of Electromagnetism
	State of the art: existing magnetic levitation applications
	Maglev for transportation
	Maglev in microrobotics
	Maglev in healthcare
	Maglev in magnetic bearings
	Maglev in education

	Existing low-cost magnetic levitation systems

	Design and construction of the magnetic levitation prototype
	Fabrication of the structure
	Arduino Uno
	Hall-effect sensor
	Levitator electromagnet
	Arduino motorshield
	Complete system

	Dynamic modeling of the Magnetic Levitation System
	Dynamic equations of the system
	Mechanical part
	Electrical part

	State space representation of the system
	Linearization of the system
	Parameter Estimation
	Transfer function analysis

	System control through a PID
	PID control theory
	PID simulation
	Simulation of the plant without controller
	Simulation of the closed loop system with PD

	Implementation of the controller and real-time system operation
	Sensor calibration
	PID controller


	Project planning
	Gantt chart

	Project related costs
	Cost of the prototype
	Electricity costs

	Project impact
	Environmental impact
	Impact on gender equality
	Conclusions: discussion of limitations and future improvements
	Acknowledgments
	Bibliography
	Annexes


