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SAMMANFATTNING 

I detta examensarbete så undersöks ifall att det finns en induktionsmotor konfiguration som 

kan fungera i ett flyghjul energy lagrningsystem som använder sig av supraledande 

magnetiska kullager. 

Konfigurationen skall gå att designa med hjälp av färdiga byggsatser som går att införskaffas 

komerciellt. 

Metoden som användes för att undersöka ifall en sådan induktionsmotor existerar var att 

simulera olika konfigurationer med hjälp av finite element mjukvaran COMSOL. 

Simuleringarna visade att när luftgapen i induktionsmotorn är större än vad som används i 

komersiella induktionsmotorer, så var det möjligt att använda supraledande kullager. Fördelen 

med att använda supraledande kullager är att man kan lagra energy utan motståndförluster, då 

ett material som är supraledande ej har någon resistans. Med hjälp av simuleringarna så såg 

man att en induktionsmotor som använder denna typ av kullager ej genererade lika mycket 

effect som komerciella enheter. 
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Chapter 1  Introduction 

 
1.1 Background 

 

Electrical machines are widely used for a range of different applications. They can be found 

in everything from household appliances to industrial machines. The type of bearings used in 

the machine varies depending on the application. This thesis will cover the study of 

asynchronous electrical machines or induction machines as they are more commonly known.  

The popularity of induction machines due to its simple and robust design. When it comes to 

reliability in small electrical machines, there is no other rotating machine that can compete 

with the induction machine. 

There has been an increase in the interest for magnetic bearings in certain applications where 

the capabilities of ball bearings are not sufficient. The reason is because in energy storage 

systems such as flywheels, ball bearings are rarely if ever used.  High speed machines, motors 

in explosive environments or where there is a risk of oil contamination are all areas in which 

Magnetic Bearings are preferred.  

Universidade Federal do Rio de Janeiro (UFRJ) in Brazil and Uppsala University have a joint 

research project based on Superconducting Magnetic Bearings (SMB). A superconducting 

material is a material that has zero resistance and no magnetic fields surrounding it when the 

material is cooled or heated to a certain temperature. 

In the joint project mentioned above a passive magnetic bearing energy storage system 

(PMBSS) using superconductive bearings is analyzed. This magnetic bearing system is 

intended to be used with a flywheel. A flywheel is a rotating mechanical device used to store 

rotational energy, which is a form of kinetic energy. A flywheel is usually a heavy disk  

attached to a rotating shaft. 

Passive magnetic bearings have low energy consumption because it achieves contact free 

levitation of an object, which means less energy losses to friction. This makes it more 

attractive in a flywheel set up as opposed to traditional rolling bearings.  

The reason for this is because energy is stored in a flywheel by applying a torque to the 

flywheel, which increases its rotational speed, which in turn increases the stored energy.  If 

there is little friction, which can be achieved by using good bearings then the flywheel can 

rotate for a longer time with the same input and in turn store more energy. 

UFRJ have tested a set up to use with a flywheel that are using SMBs. SMBs present different 

properties than that of rolling bearings or active magnetic bearings. Their force density is 

lower which presents limitations regarding the weight of the flywheel and the air gap of the to 

motor/generator used to achieve rotation.  

 

 

 

 



See Fig 1 below for a schematic representation of the setup used in the research project.  

 

Fig1. Schematic representation of the passive magnetic bearing system. (Fig from [5]) 

 

The lower bearing is a SMB which uses melt textured Y1Ba2Cu3O7-delta superconductor 

(YBCO) in the stator and a rotor that is composed of permanent magnets and steel.This 

schematic representation and more info on this passive magnetic bearing setup and its 

properties can be found in [5]. 

Flywheels are environmentally friendly since they do not use oil or other harmful chemicals 

in order to operate. A cost effective and efficient flywheel system would be beneficial in 

many applications as opposed to a system using harmful chemicals.  Which from an ethical 

standpoint is a good thing since we could store and release energy without harming the 

environment. If we use SMBs in the setup we have no resistance and superconductivity which 

means that we have less loss in rotational energy due to friction. 

 

Goals of this thesis 

The main goal of this thesis is to investigate if there is an electrical machine configuration, 

that can be used with the passive magnetic bearing system described above. The current 

configuration used by UFRJ has very low stiffness, which makes the rotor wobble which in 

turn causes an unstable system. The analysis of the PMBs done in the research project gave us 

the condition needed to achieve a stable system.  D 

The purpose of the simulations is to find a configuration of the electrical machine that can 

mount the SMBs since the current configuration is too stiff. 

The goal will be achieved by simulating different induction machine configurations with 

finite element analysis software, and adapting the configuration based on the information 

found while analyzing the PMB set-up mentioned above. To reduce both costs and 

development time of the machine, it will be designed with as many standard components as 

possible. 



1.2 Thesis Outline 
The second chapter of this thesis will cover electromagnetic field theory fundamentals. The 

theory behind the workings of electrical machines will be covered. The Finite Element 

Analysis (FEA) software and how it works are also studied.  

The third chapter presents the FEM, and the building of the model. 

The fourth chapter analyzes the simulation results, mainly forces from stator on rotor, allowed 

currents in order to satisfy bearing requirements and a power analysis. 

The fifth chapter summarizes the results and gives recommendations on further work in this 

area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 Theory 
The following section is based on : 

 Chapter 4 in a compendium compiled for the course Rotating Electrical Machines 

given at Uppsala University by Hans Bernoff [1] 

  Electric Machinery Fundamentals by Stephen J Chapman [2] (Chapter 7),  

 Electrical Engineering – Principles and Applications by Allan R. Hambley [3]  

 The Induction Machine Handbook by Ion Boldea and Syed Nasar [4].  

 Collabirative article called: Analysis of passive magnetic bearings for kinetic energy 

storage systems by Elkin Rodriguez, Juan de Santiago, J. José Pérez-Loya, Felipe S. 

Costa, Guilherme G. Sotelo, Janaína G. Oliveira, Richard M. Stephan [5]. 

 

2.1 Introduction 
There are a lot of different types of electrical motors out there. We will talk about the 

Induction, the same design principles are valid for other types of electrical motors as well. An 

induction motor (IM) can also be referred to as an asynchronous machine. Induction Motors 

are widely used because of their simple rugged construction and operating characteristics. 

Some products that use IMs are power pumps, fans, compressors and other industrial 

applications.  

The asynchronous machine or induction machine (IM) is based on the principle of rotating 

magnetic fields. With the use of a poly phase current, a rotating magnetic field is induced. The 

main characteristic of an induction motor is that no dc field-current is required to run the 

machine. For a more complete introduction into the subject see [1]. 

2.2 Design and construction 
The induction motor is built up of a stationary part the stator and a rotating part called the 

rotor. The rotor is connected to a shaft that connects the machine to its mechanical load. The 

rotor is supported by bearings so that it can rotate without obstruction. The stator of an 

induction machine contains current-carrying conductors that are configured into coils. The 

stator is designed in such a way that there are cuts made into it to contain the set of windings.  

The current that flows through the windings is what causes a rotating magnetic field to be set 

up, which in turn interacts with the rotor magnetic field and produces a torque. More on 

windings for IMs can be found in [3]. Stator and rotor are often made up of iron to intensify 

the magnetic field properties. 

We already mentioned that the induction machine consists of sets of windings. There are 

different kinds of windings; the purpose of the field winding is to produce a magnetic field 

that is needed to produce a torque. The armature windings however carry current that changes 

depending on mechanical load. If we use an IM with armature windings as a generator, the 

output of this machine would be taken from the armature windings. 

All IMs consists of the following components: stator slotted magnetic core, stator electric 

winding, rotor slotted magnetic core, rotor electric winding or a rotor that consists of a 

aluminum bare cage, rotor shaft, stator frame including bearings, cooling system and the 

terminal box. For a more detailed look at the different components see [4]. 

 



 

Different Induction Motor Designs 

All induction motors are made up of a stator and a rotor. The stator is made up of laminated 

metal plates, which is wound with wire in a 3-phase configuration. The rotor construction is 

actually what separates the different types of IMs from each other.   

There are two kinds of rotors that can be placed inside the stator, they are called cage rotor 

and wound rotor. The cage rotor comes in different varieties with everything from one cage to 

four cages. Wound-rotor IMs are more expensive than cage induction motors and require 

more maintenance because the slip rings and brushes get worn out.  

As a result of high maintenance and unnecessary costs the wound rotor is scarcely used. The 

cage rotor is often referred to as a squirrel-cage rotor, since it has a similar design to that of a 

squirrel-cage.  

 

 The two main types of IM rotors are depicted in Fig 2.1 below. For a more detailed 

discussion regarding the different types of IMs see section 4.2 in [1]. 

 

Fig 2.1. Wound cage and Squirell-cage rotor. 

 

 

 

 

 

 

 

 

 

 



 

2.3 Operation principles 
If a three-phase set of voltages is applied to the stator, then there will be a set of three-phase 

currents flowing through the stator.  The currents produce a rotating magnetic field Bs that 

originates from the stator (which is denoted by using the index s). The rotation speed of the 

magnetic field is denoted as nsync. in revolutions per minute or rpm for short. 

 

𝑛𝑠𝑦𝑛𝑐 =
120𝑓𝑒

𝑃
,     (Eq 2.1) 

 

where fe is the system frequency in Hz and P is the number of poles in the machine. 

 

A voltage is induced in the rotor bar by Bs , the voltage is given by the following equation: 

𝑒𝑖𝑛𝑑 = (𝒗𝒙𝑩) ∙ 𝒍,     (Eq 2.2) 

Where v = bar velocity relative to the magnetic field, [m/s] 

B = magnetic flux density vector      [T] 

l = length of the conductor in the magnetic field.   [m]  

 

The voltage in the rotor bars is induced because of the relative motion of the rotor compared 

to that of the stator magnetic field. The induced voltage also creates a current flow out of the 

upper bars into the lower ones. The current flow that is a result of the induced voltage 

produces a rotor magnetic field Br. The induced torque in the machine becomes: 

𝜏𝑖𝑛𝑑 = 𝑘𝑩𝒓𝒙𝑩𝒔,    (Eq 2.3) 

where k is a machine constant. 

The rotor will rotate in the same direction as the resulting torque.  

The motor cannot rotate at synchronous speed relative to the rotating magnetic field. The 

reason for this is that the rotor bars would appear to be stationary in relation to the rotating 

magnetic field. This would lead to no induced voltage in the rotor bars, which in turn would 

lead to no torque. An induction motor can rotate near synchronous speed, but never reach it.  

 

 

2.4 Electric Machinery Basics 

Rotational motion, torque, power relationships etc. 

Most electrical machines rotate about an axis which is referred to as the shaft of the machine. 

Since we are looking at machines using rotational motion, it is important to go through the 

basics of rotational motion. In this section an overview of the concept of rotational motion 

will be covered, also how to apply power formula to rotating machinery is presented. A 3d 

vector is required to describe the rotation of an object in space completely. But machines 

usually turn on a fixed shaft so their rotation is restricted to just one angular degree of 

freedoom. Explanation and formulas for the following concepts are based on [2]. 

 



Angular Position θ 

The angle at which an object is oriented from some arbitrary reference point is called the 

angular position, and is denoted as θ.  

Angular velocity ω 

The rate of change in angular position with respect to time is called the angular velocity/ 

angular speed, and is denoted as ω .  

ω = 
𝑑θ

𝑑𝑡
     (Eq 2.4) 

In electric machine textbooks the unit radians per second (rad/s) is used for angular velocity, 

which is used to describe the shaft speed. 

The rate of change of a displacement along a line r with respect to time is the velocity, which 

is usually denoted as v. The unit is meters per second (m/s). 

v =
dr

dt
.     (Eq 2.5) 

The speed is often given in different units. We will use different symbols for the different 

types of speed, to minimize confusion. 

 

ωm is the angular velocity in radians per second (rad/s). 

fm is the angular velocity expressed in revolutions per second (rps). 

nm is the angular velocity expressed in revolutions per minute (rpm). 

 

The subscript m is used to indicate that we are talking about a mechanical quantity as opposed 

to an electrical quantity. 

These equations relate the different ways to write speed to each other. 

𝑛𝑚 = 60𝑓𝑚. 

𝑓𝑚 =
ω

2𝜋
. 

Angular acceleration α 

The rate of change in angular velocity with respect to time is the angular acceleration and is 

denoted as α. The unit is given in rad/s2 if the angular velocity was given in rad/s. 

𝛼 =  
𝑑ω

𝑑𝑡
.      (Eq 2.6) 

Torque τ 

A rotating object has a constant angular velocity if no torque acts on it. If there is no torque 

acting on the object then the angular velocity remains constant. As the torque increases, so 

does the rate of change in angular velocity of the object. Torque can simply put be called 

“twisting force”.  

The torque depends on two parameters: magnitude of the applied force and the distance 

between the axis of rotation and the line of action of the force applied on the object. 



τ = rFsinΘ.     (Eq 2.7) 

 

Where F is the force applied on the object, r is the length of a vector pointing from the axis of 

rotation to the point of application of the force and F is the force that is applied on the object. 

The unit for torque in SI units is newton-meters or Nm for short. 

 

Newton’s Law of Rotation or Euler’s 1st law. 

For an object moving along a straight line, there is a relationship between the force acting on 

the object and its acceleration. This relationship is given by the following equation: 

F = ma.     (Eq 2.8) 

Where F is the net force applied on the object, m is the mass of the object and a is the 

resulting acceleration.  

The angular counterpart of Eulers 1st law is called Newton’s law of rotation given by Eq 2.9 

below: 

τ=Jα      (Eq 2.9) 

where J is the moment of inertia of an object which has the unit kgm2, and α is its angular 

acceleration. 

Work 

Application of force over some distance is the definition of work for linear motion.  It can be 

written as the following equation. 

𝑊 = ∫ 𝐹𝑑𝑟      (Eq 2.10) 

We assume that the force is collinear with the direction of motion. When the force is constant  

and collinear with the motion then the equation above becomes.  

𝑊 = 𝐹𝑟      (Eq 2.11) 

And for rotational motion, the corresponding equation becomes: 

𝑊 = ∫ 𝜏 𝑑θ.      (Eq 2.12) 

If τ is constant this simplifies to:  

𝑊 = 𝜏𝜃.      (Eq 2.13)     

 

Power P 

The equation for power is given as the derivative of work over time. 

𝑃 =  
𝑑W

𝑑𝑡
.      (Eq 2.14) 

Work is measured in in joules/second or watts, but it can also be measured in horsepower. If 

we assume that the force is constant and collinear with the direction of the motion, then we 

have that power is given by the following equation: 

𝑃 =  
𝑑W

𝑑𝑡
=

𝑑

𝑑𝑡
(𝐹𝑟) = 𝐹

𝑑𝑟

𝑑𝑡
= 𝐹𝑣    (Eq 2.15) 



For rotational motion, we get a similar expression when τ is constant: 

𝑃 =  
𝑑W

𝑑𝑡
=

𝑑

𝑑𝑡
(𝜏𝜃) = 𝜏

𝑑𝜃

𝑑𝑡
= 𝜏𝜔    (Eq 2.16) 

The equation above is one of the most important equations when it comes to the study of 

electrical machinery, since it can describe the power generated by the shaft of a motor or a 

generator. The unit for power is mostly given in W or J/s, and the angular velocity is given in 

rad/s. 

Calculation of power in induction machines 

In order to generate any kind of power in an induction machine there has to be a slip between 

the rotation speed of the stator magnetic field and that of the rotating rotor since this is what 

causes the induced current in the rotor and makes it rotate. If there is no slip between stator 

and rotor we would have a synchronous machine which would mean that we have to use a DC 

current instead of an AC current. The slip is defined as: 

𝑠 =
𝑛𝑠−𝑛𝑟

𝑛𝑠
, 

ns
 is the rotational speed of the stator magnetic field, and nr is rotor rotational speed. Both 

have the unit revolutions per minute (rpm). The slip is given in %. 

We use: 

 𝑛 = 2𝜋
𝑅𝑃𝑀

60
 to convert a rotational speed from rad/s to rpm. 

And finally we use the slip instead 𝜔 of in rad/s as a parameter in: 

𝑃 = 𝜏𝜔, 

This works for when the torque is constant which it is for the machines discussed in this 

thesis. 

Magnetic Field 

Magnetic fields are necessary when we want to convert energy from one form to another in 

motors, transformers and generators. There are four fundamental principles of how magnetic 

fields are used in electrical machinery. 

1. A wire carrying current will produce a magnetic field in a volume around the wire. 

2. A magnetic field that changes over time induces voltage in a coil of wire if it goes 

through the coil. 

3. The idea behind motor action is that a current carrying wire in the proximity of a 

magnetic field has a force that acts on the wire. 

4. The idea behind generator action is that a moving wire in the presence of a magnetic 

field will induce a voltage in the wire. 

 

 



 

 

Magnetic field production 

The production of a magnetic field follows Ampere’s law: 

∮ 𝑯 ∙ 𝑑𝒍 = 𝐼𝑛𝑒𝑡.    (Eq 2.17) 

Where we have that the magnetic field intensity produced by the current Inet is denoted as H, 

and dl is a differential element of length along the path of integration. The unit H is A 

·turns/m and I in Amperes.  

The magnetic field intensity H can be seen as the effort that a current is putting into 

establishing a magnetic field. The magnetic field flux produced in the core depends on the 

material of the core. There is a relationship between the magnetic field intensity H and the 

magnetic flux density B produced within a material.  

The relationship is given by the following equation: 

𝑩 = µ𝑯  

Where: 

B is the resulting magnetic flux density produced 

µ is the magnetic permeability of a material  

H is the magnetic field intensity. 

The permeability for free space is called µ0. µ0=4π·10-7 H/m. Permeability of other materials 

compared to that of free space is called the relative permeability and is denoted as below. 

µ𝑟 =
µ

µ0
. 

 

Relative permeability is used to compare the magnetizability of materials. 

Rotating Magnetic Field 

In a three-phase IM there is a set of windings to which the three-phase current is applied by 

the means of a three-phase power source. 

The windings in turn produce a rotating magnetic field in the air gap. The air gap is the gap 

between stator and rotor. The stator field can be seen as a set of poles that are rotating around 

the stator boundaries.  

The north poles of the stator are where magnetic flux lines leave the stator and the south poles 

is where magnetic flux lines enter the stator. North and south poles always occur in pairs, so 

the total number of poles will always be even.  

We have three currents ia, ib, ic that flows through the windings of the IM. The currents are 

spaced 120° or 2π/3 in radians. The magnitude of the currents ia, ib, ic   are given by the 

following equations: 

 



𝑖𝑎 = 𝐼 cos( 𝜔𝑡),     (Eq 2.20) 

𝑖𝑏 = 𝐼 cos( 𝜔𝑡 −
2𝜋

3
),    (Eq 2.21) 

 𝑖𝑐 = 𝐼 cos( 𝜔𝑡 −
4𝜋

3
),    (Eq 2.22) 

 

Where ω is given in rad/s and both ia,b,c and I in ampere 

Magnetic Circuits 

A coil of wire that is wrapped around a metal core produces a flux in the core. This can be 

compared with voltage in an electric circuit that is producing a current flow. Magnetic circuit 

models are often used when designing electric machines and transformers to simplify the 

design process. 

 

For a simple electric circuit consisting of a power source and a resistance in series with a 

current flowing through the circuit we have that it is controlled by the relationship we know 

as Ohm’s law. 

 𝑉 = 𝐼𝑅.     (Eq 2.23) 

In the case of the electric circuit it is the voltage or electromotive force (emf) that regulates 

the current flow. The corresponding magnetic force is called the magneto motive force (mmf), 

the equation for the mmf is given below by (Eq 2.24). 

ℱ = 𝑁𝑖.     (Eq 2.24) 

Where N is the number of turns of the coil wrapped around the core, and i is the effective 

current flow applied to the core. Mmf is measured in the unit ampere-turns.  

When looking at the mmf of a magnetic circuit we have to consider polarity, which is also the 

case for electric circuits. The positive end of an mmf source is the end from which we have 

flux exiting, and at the negative end of the mmf we have flux reentering. 

We can use a modified version of the right hand rule to determine the polarity of a magnetic 

circuit. If the fingers of the right hand curl in the same direction as the current flow in a coil of 

wire, then we will have that the thumb will point in the same direction as the positive mmf.  

When an mmf is applied to a magnetic circuit it causes flux ϕ to produced, similarly for a 

electic circuit an applied voltage causes a current I to flow. 

In the case of the electric circuit the relationship between voltage and current is given by 

Ohm’s law which was stated above (Eq 2.23). .For the magnetic circuit case we have similar 

scenario here the mmf is dependent on the flux ϕ and the reluctance ℛ of the circuit. The 

equation is given as: 

ℱ = 𝜙ℛ.     (Eq 2.25) 

 

 



Behavior of Ferromagnetic Materials 

Magnetic permeability was defined earlier as 

𝑩 = µ𝑯.     (Eq 2.26) 

The permeability of ferromagnetic materials and space are very different. In the free space 

case we can assume that the permeability is constant and not dependent on the mmf applied 

on the material.  

The behavior of magnetic permeability in a ferromagnetic material can be illustrated by 

applying a direct current (DC) to a simple rectangular core with wire wrapped around one leg 

of the core N times. See the sketch of a simple magnetic core in Fig 2.2 below. 

 

Fig 2.2. Sketch of a magnetic core. 

We start by applying 0 A and slowly working our way up to the maximum permissible 

current.  When the flux produced in the core is plotted vs the mmf producing it, we have a 

saturation curve or a magnetization curve.  

At first when there is a small increase in the mmf, there is a massive increase in the resulting 

flux. But after a certain point is reached, the changes in mmf after this point will produce 

relatively smaller increases in the flux.  

After a while we reach the saturation region, and the core is what we call saturated. At this 

stage an increase in mmf causes basically no change in flux.  

The opposite region where the flux changes very fast is called the unsaturated region. The 

transition region between the saturated and the unsaturated region is called the knee of the 

curve.  

A plot that is closely related to the saturation curve is the magnetic flux density B vs 

magnetizing intensity H. the so called B-H curve or B vs H curve.  

For the following set of equations: 

𝐻 =
𝑁𝑖

𝑙𝑐
=

ℱ

𝑙𝑐
.      (Eq 2.27) 

𝜙 = 𝐵𝐴.     (Eq 2.28) 

The magnetizing intensity is directly proportional to the mmf and magnetic flux density is 

proportional directly to the flux for any given core. The variable lc is the mean path length. 



 An example of a B-H curve can be seen below. 

 

Fig 2.3. BH curve for iron. 

The benefit of using a ferromagnetic material as the core in electric machines and 

transformers is that one gets many times more flux for any given mmf. Motors and generators 

are designed in such a way that they are supposed to produce the highest amount of flux. This 

is because they both depend on a magnetic flux to produce voltage and torque.  

A result of this is that most electrical machines operate near the knee of the magnetization 

curve, and the mmf and the flux has no linear dependency.  

Faraday’s Law 

Faraday’s law states that if there is flux passing through a turn of coil of wire, then a voltage 

will be induced in the turn of the wire, which is directly proportional to the rate of change in 

flux with respect to time. Represented by (Eq 2.29) 

𝑒 = −𝑁
𝑑𝜙

𝑑𝑡
,      (Eq 2.29) 

where e is the induced voltage, N the number of turns of wire in the coil, and dϕ is the change 

in flux. The minus sign in front of the expression is side effect of Lenz’s law, which basically 

states that the direction of the voltage buildup in a coil is such that if the coil were short 

circuited, it would produce a current that causes a flux which opposes the original flux 

change. Since that induced voltage opposes the change that causes it, a minus sign is included 

in the equation above. 

Superconductivity 

Superconductivity is a physical phenomenon when there is zero electrical resistance and 

expulsion of magnetic fields appearing in some materials when cooled to a certain 

temperature called the critical temperature. Superconductors can maintain a current when no 

voltage is applied, which is a property that is used in superconducting electromagnets. See [8] 

for more information on superconductors and superconductivity. 

 

 



 

Chapter 3 Simulations 
In this chapter of the thesis we will talk about how the necessary simulations were set up in 

COMSOL, and the different parts involved in this process, as mentioned in chapter 1. 

3.1 Introduction 

All simulations that were created and used in this thesis, were done using the finite element 

software COMSOL. COMSOL Multiphysics is an interactive environment for modelling and 

solving scientific and engineering problems.  

COMSOL have a lot of useful features, including the built in physics interface and the support 

for different materials and their properties.It is possible to build models without defining the 

underlying equations for the physics of the model. It is possible to define physical quantities 

such as sources, fluxes, loads, constraint and so on. 

The finite element analysis method (FEA) is used for the analysis of models. Finite element 

analysis can be combined with adaptive meshing if selected. Adaptive meshing can help to 

make a solution converge faster, which is done by choosing a wider mesh. Usually larger 

meshes converge faster than small ones because there are a lot of more elements to consider 

in the small case. There is also an error control feature for different types of numerical 

solvers. 

The Finite Element Analysis (FEA) method is used for solving partial differential equations 

(PDE´s). A mathematical model is needed to describe the behavior of the system. The created 

models can have equations with difficult exact solutions. When that is the case using FEA is 

advantageous, because the problem is broken down to smaller elements that are connected to 

each other. 

Approximate solutions can be found with FEA for many problems that have no exact solution. 

FEA is widely used amongst engineers today. FEA is a great tool for engineers to develop 

computational models of real world problems. The laws of physics and science are formed by 

using PDE’s as earlier mentioned, which provides the building blocks to model a wide range 

of problems. 

Real world problems and applications require simultaneous couplings in a system of PDE’s, 

this is the definition of multiphysics. In the next subsection we will discuss the set up 

procedure for a model and also talk about the models used in this thesis. 

3.2 Modelling in COMSOL 

3.2.1 Introduction 
There are a couple of general steps in building a model in COMSOL. 

1. First step is to model the geometry. And apply a mesh to it. The geometry can be 

modelled in 1D, 2D or 3D. 

2. Apply physics to the geometry. The physics menu contains two different settings 

which are the subdomain and boundary settings. The subdomain settings are used for 

setting the material properties of the different domains of the geometry. The boundary 



settings are for settings boundary conditions on the different materials but also to set 

boundaries between materials and their surroundings.  

3. The last step is solving the model that has been set up. The user can select different 

settings for the solver such as solving it for time dependent equations or for stationary 

equations. 

There are different submenus in the Comsol simulation environment. Brief descriptions of 

these are given below:  

The global definitions submenu is used to define the relevant parameters and variables 

needed in order to create a simulation, in the case of an induction motor: nominal current; 

number of winding turns;current phase;frequencies and poles.  Under the definitions submenu 

one can do different operations and assign them variables, and also chose the relevant 

coordinate system needed.  

The geometry submenu is used to create the geometry that the finite element analysis is 

applied on.  

The materials submenu is used to apply different materials (or properties) to different parts 

of the geometry.  

Magnetic Fields submenu contains the different equations and boundary conditions used in 

order to simulate an IM.  

The study submenu is used to choose what type of solver that is going to be used.  

The results submenu is used to derive information and results from the finite element 

analysis. 

The mesh submenu is used to choose what type of mesh that is going to be applied on the 

geometry. More on mesh in the next subsection. 

Fig 3.2.1 is a snapshot from the COMSOL model builder environment. There are lots of 

parameters that can be defined. The blocks under each menu are different operations that can 

be done.  The red rectangle to the right marks the different submenus. 

 

 

 

 

 

 

 

 

 

Fig 3.2.1. Snapshot of the Comsol environment with submenus highlighted in red. 



Module 

There are different modules in COMSOL that solves certain sets of differential equations. 

Rotating machinery physics package within the AC/DC module was tested at first but it was 

not possible to achieve a working module that could do the test required in order to satisfy our 

requirements.  

To simulate an IM we used the Magnetic Fields physics package within the AC/DC module in 

COMSOL.We used Amperes Law, a force calculation and external current densities to model 

a rotating magnetic field. 

Within the AC/DC module there is an integrated environment for simulating electromagnetics 

in 2D or 3D. The module is used as a tool to analyze different types of electromagnetic 

problems such as analyzing capacitors, coils and electrical machinery. The easy to use 

graphical user interface (GUI) makes it possible to run time-harmonic, transient, quasi-static 

and static simulations. The physics that is integrated into the module cover different types of 

electromagnetic field simulations.  

The simulation possibilities include electrostatics and magneto statics and low frequency 

electromagnetics. A lot of different material properties have also been included in this 

module. Some of these material properties are inhomogeneous and anisotropic materials with 

and without losses. By using infinite elements it is possible to model unbounded domains 

The module supports computation of lumped parameters such as capacitances, inductances 

and electromagnetic forces directly. It is also possible to combine modules with each other 

whenever certain type of physics is required. 

3.2.2 Creation of the induction motor simulations 
The first thing that had to be done was to model the geometry. The geometry used is a 

modified version of that used by Nicola Bianchi in [7]. Bianchi had modeled a section of the 

IM geometry. Bianchis model was used to create a complete model of the IM by using the 

different tools in the geometry subsection. The only thing that differed in setting up the 

different models was the proportions between the stator and rotor, or in other words the air-

gap. 

Geometry, materials and properties 

An IM that can be built with induction motor building blocks. That can be bought 

commercially, was needed. The reason for this is that it saves time and money to build the 

motor from scratch. So a catalogue of different stator rotor configurations was used in order to 

modify the geometry to the desired size. 

It was found that with these commercially available building blocks it was possible to build 

IMs with: 4mm, 3mm and 2mm air gaps. These are all larger than commercially available 

induction motor units.  

Configurations with larger air gaps are used because of their lower force density. The rotor 

stiffness problem from the initial configuration used by UFRJs flywheel set-up might be 

solved by using machines with larger air-gaps. This will be investigated in the next chapter. 

The simulated IM is a 3-phase squirrel-cage induction motor. The different configurations 

used have different sizes of rotor and stator in order to create the different air-gaps. The 

number of poles (4 poles) is the same for all configurations since it is the geometry used is the 



same but scaled differently. The number of stator slots and cage bars are also the same 

because of the same reason stated above. Also number of windings in the slots and the 

frequency of the stator magnetic field were kept constant. 

 Fig 3.2.2 shows the geometry that was used where stator, rotor, cage and bars are all marked. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.2.2. IM geometry with poles, rotor (cage+bars),stator and poles are marked. 

As can be seen by Fig 3.2 the geometries used all have 36 stator slots (Qs = 36) and the 

number of slots per pole is qs=3. And the number of bars is Qr=28.  Stator and rotor cage is 

made out of a modified version of steel, where we set the conductivity to zero. The material is 

called soft iron in the COMSOL library. The stator slots are made out of modified copper 

where conductivity has been set to zero in order to simulate windings. The rotor cage bars are 

made out of aluminum with the electrical conductivity 2.326*107 [S/m].  The reason for the 

unit being S/m is because we use a 2D model and depth is not represented. 

 Mesh 

The meshing of the air-gaps for the different versions of our model was very important to get 

a solution that converges. 

The reason that the mesh is so important is because it is the whole foundation for the solution 

to the model. If we have a mesh that is to detailed then the solutions to the PDE’s for the 

model might take a really long time to converge or they might not converge at all. 

Different mesh sizes were tried in order to simulate the IM. It was found that when using a 

smaller mesh it took the solver more time to find a solution but did not deviate significantly 

from a wider mesh solution. Because of this we used a wider mesh which made the solution 

given by the solver converge at half the time than that of the finer mesh.   

 

 



In Fig 3.2.3 below the geometry with the applied mesh (modified normal mesh) is shown. 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.2.3 2D geometry of three-phase IM with applied mesh 

Module, conditions and solver. 
As we mentioned earlier in the introduction to this chapter we used the Magnetic Fields physics 

package that can be found within the AC/DC module in the COMSOL library in order to simulate the 

IM. The magnetic field physics package is well suited for the modelling of electrical machines; it 

solves magnetic Ampère’s law for the magnetic vector potential. 

We used the initial condition that we have no magnetic vector potential in any direction at the 

beginning. Amperes law was applied to the whole geometry. Also to simulate a 3-phase current we 

used external current densities on the different poles. The external current densities are based on the 

following equation in the z-direction: ±I*sin(ωt-phase) defined as a variable, where the phases used 

were 0,120,240 degrees, and I was also set as a variable. As a boundary condition we used magnetic 

insulation which can be seen in Fig 3.2.4 below. The boundary over which the condition is applied is 

marked in blue. 

 

 

 

 

 

 

Fig 3.2.4. Magnetic insulation condition 

This was used so that no current would be flowing in the air-gap, because an IM operates by inducing 

a current in the rotor bars with help from the stator magnetic field. The solver used was COMSOLs 

standard solver for stationary and time dependent studies. The time dependent study was modified so 

that it used initial conditions given by the stationary solver in order to converge faster. 



 

3.3 Verification process 
The verification process was used to look at the behavior of the model and confirm that it is actually 

behaving like an induction motor. In the sections below every step and the reasoning behind it will be 

described.  

The first thing that had to be done was to verify that we actually had a three phase current in the stator. 

Next step was to look at the magnetic field vector potential and see if it changed, to confirm that a 

rotating magnetic field was successfully created.  

The torque over time was also analyzed. (The verification process was done for the basis of all 

simulations. So this process was not done for all different air gaps since the method used to create the 

different machines was the same). We started by analyzing the norm of the B-field, vector potential 

and the induced current in the z-direction of the magnetic field. This was done by looking at what 

happens in time for these to quantities.  

The simulations below were done with the frequency 50Hz and a current density in the stator slots 

according to the following equation: 

(Winding_Turns∗Nominal Current)

Area of stator slot
, (Eq 3.1) 

Where the area of the stator slot was calculated by a surface integral over the stator slots since 

we are using a 2D model. We used winding with 100 turns and a nominal current of 5A in the 

verification simulations below. The slip used was 6.7% (1500rpm-1400rpm/1500rpm). 

 Step 1. Analyze the B- norm in time. 

First we analyzed the B-norm for different times. As seen in the pictures below the norm changes in 

time.  

 

 

 

 

 

Fig 3.3. Norm of the magnetic field changing over time. 

Step 2.Analyze the vector potential in the z direction over time, to see if the current reaches the bars. 

Here we set up the model. And created a time dependent study, as mentioned above this was done to 

see if the vector potential changes in time.  

 

 

 

 

 

Fig 3.4. Vector potential changing over time 



It can be seen in Fig 3.4 that the current is reaching the bars which means that a current is successfully 

induced there. 

 

Step 3. Analyze the induced current over time. 

A time dependent study was used here as well. The induced current z-component was observed over 

time. This was done to see if a current is actually induced in the bars of the rotor. 

 

 

 

 

 

 

 

Fig 3.5. Induced current in aluminum bars changing over time. 

 

The figures above tell us that a viable model was successfully simulated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4  Results and Discussion. 

4.1 Introduction 
This chapter will cover what tests were done to see that we have a system that is fulfilling the 

requirements of forces from stator on rotor being less than or equal 10 N when the rotor is displaced 1 

mm in either direction. Why it had to be 10 N will be discussed in the section below. 

Satisfying conditions 
In the UFRJ project that was described in Chapter 1. The magnetic rotor was moved in a quasi-static 

movement in steps of 1 mm. With each movement the system remains static during one second in 

order for the flux to relax inside the superconductor. So we now that the superconducting bearings are 

actually superconducting at 1 mm displacement. 

It can be seen by analyzing Fig 4.1 which was taken from [5] that the force that is measured changes 

slightly due to displacements in orthogonal directions. In the radial direction there is positive stiffness, 

but the stiffness is negative in the axial direction and the radial permanent magnetic bearing (RPMB) 

is therefore unstable in the axial direction. To solve this problem the RPMB requires either active 

control or a stabilizing lower bearing. We will only look at the radial displacement curve from [5] 

since we are using a 2D model. 

 

 

 

 

 

 

 

 

Fig 4.1. Radial forces when rotor is displaced from the original UFRJ set-up analysis 

We see that the rotor is radially displaced 1 mm we have a radial force of 10 N. 

A detailed description of the whole IM simulation process has been given in the previous chapter. In 

order for the IM to fulfill the requirements given by the analysis done in the original project we started 

by simulating a test to verify what kind of relationship we had from stator magnetic field on rotor. 

A test was done to see how much current is needed as input to get a stable system. We first observed 

what forces were generated by the rotating magnetic field acting on the rotor generated when the rotor 

was centered, and when it had been displaced for a random current.  

The number of turns of the copper windings was held constant at 100, The length of the machine was 

set to 1 m. Stator magnetic field was rotating at 1500 rpm and the rotor at 1400 rpm. The geometry 

used has been described in the previous chapter. 

 

 

 



Eq 3.1 gives the relationship used for the current.  

We set the nominal current parameter to 3 A, and ran the simulation for different 

displacements.  

We evaluated the results from the forces from stator on rotor when it had been displaced in x 

(or y-direction). This test was done in the exact same way for all geometries. But we will just 

take the 2 mm air-gap machine as an example. And summarize the results for the other 

configurations. 

Fig 4.2 below shows the stator forces on rotor vs displacement for the 2 mm air-gap IM with a 

nominal current parameter of 3 A. 0 displacement means that the rotor is centered. A schematic sketch 

of the test that shows the test can be seen in Fig 4.3. 

 

 

 

 

 

 

 

 

 

Fig 4.2. Stator forces on rotor vs displacement. (2mm air gap, Nom_I = 3A) 

 

 

 

 

 

 

 

 

 

Fig 4.3.Schematic sketch of the test. 

What the sketch on the previous page is illustrating is that when rotor is when the system is in 

equilibrium (that is when rotor is centered). The forces acting on the system cancel each other 

out. But when rotor is closer to the stator on one side, the force gets bigger on that side and 

smaller on the other side. Because it was observed earlier that the B-field is low, we know that 

we have no saturation. This lead to the assumption that the force should follow: 



F=kI2 (Eq 4.1) 

This was verified by using the result from the simulation presented in Fig 4.2 and inserting it (Eq 4.2). 

Using nominal current as the I parameter. Since the force depends on displacement we have the 

following results: 

I=3A gives us F(1)=230.5 N which can be seen in Fig 4.2. Eq 4.1 with the know parameters as input 

can be written in the following way: 

F(1)=230.5=k*(3)2 . 

We now have to solve for k. k=230.5/9 =25.6.  Now that we know k we can use the same equation 

with the condition that F(1)=10 N and solve for the current since k and F(1) are known. 

F(1)=10 = 25.6*I2  𝐼 = √
10

25.6
= 0.625 𝐴 . As seen by the calculation above it was found analytically 

that the current needed as input in the 2mm air gap IM is 0.625 A to fulfill the requirements (forces 

not exceeding 10 N).  This was verified with the same type of simulation that was described above. 

This can be seen in Fig 4.4 below. 

 

  

 

 

 

 

 

 

Fig. 4.4.Stator forces on rotor vs displacement. (2 mm air gap, Nom_I = 0.625 A) 

So we now know that for a machine that has a 2 mm air-gap it has to have a nominal current parameter 

of 0.625 A, in order to not have forces from stator on rotor exceeding 10 N at 1 mm displacement. As 

mentioned earlier the same type of calculation and simulations were done for all machines.  

The case when -1 mm to 1 mm displacement corresponds to forces of -10 N to 10 N for IM 

with 2 mm air gap is presented in Fig 4.4 above 

Summaries of the results are stated in Table 4.1 below. A power analysis for the different IMs 

with their respective optimal current will be covered in the next section of this chapter. 

Air-gap of the IM Nominal current parameter to satisfy bearing 

requirements. 

4 mm  2 A 

3 mm 1.2669 A 

2 mm 0.625 A 

Table 4.1 Different machine configurations and the currents needed to satisfy the conditions. 



Below the verification that forces are not exceeding 10 N for 1 mm displacement (in either direction) 

for all machines can be seen in  Fig 4.5-Fig6 

One thing that can be observed by studying Fig 4.5-4.6 is that the forces from the stator 

magnetic field on the rotor increases with increasing displacement of the rotor. The reason for 

this is that by increasing the displacement of the rotor we move it closer to the magnetic field 

of the stator. By having a reduced distance between stator and rotor we make it easier for the 

magnetic field to act on the rotor.  

Which is logical since the forces follow an inverse-square relationship, which means that by 

reducing the distance between two objects the intensity of the force acting on them will get 

larger. This can be compared to Newton’s law of Gravity or Couloumb’s law in electrostatics 

which works in a similar way. 

 

  

 

 

 

 

 

 

 

Fig 4.5. Stator forces on rotor vs displacement. (4 mm air gap, Nom_I = 2 A) 

As seen by Fig 4.5 for the Nominal Current parameter of 2A the current given by Eq 4.1 

gives us -10 N – 10N for -1 mm to 1 mm displacement. As mentioned earlier this is the force 

needed so that we have a rotor in equilibrium for this displacement.  

The case when -1 mm to 1 mm displacement corresponds to forces of -10 N to 10 N for IM 

with 3 mm air gap is seen in the graph below. 

 

 

 

 

 

 

 

 

 

Fig 4.4. Stator forces on rotor vs displacement. (3 mm air gap, Nom_I = 1.2669 A) 



We see that the current is smaller than for the 4 mm case. As mentioned earlier Eq 4.1 

describes the expression for the current.  

However the reason that a smaller current is used is because to get -10 N to 10 N for -1 mm to 

1 mm displacement is because of the decreased distance between stator and rotor due to the 

geometry used. 

The case when -1 mm to 1 mm displacement corresponds to forces of -10 N to 10 N for IM 

with 2 mm air gap is seen in the graph below. 

 

 

 

 

 

 

 

 

 

Fig 4.6. Stator forces on rotor vs displacement. (2 mm air gap, Nom_I = 0.625 A) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4.2 Power Analysis 
During the power analysis of the different machines we looked at the power generated for a 

constant torque and different slips. It was observed that with high air gaps we do not obtain 

large torques. The equations used to calculate the power are given below. 

𝑠 =
𝑛𝑠−𝑛𝑟

𝑛𝑠
,        (Eq 4.3) 

𝑛 = 2𝜋
𝑅𝑃𝑀

60
,        (Eq 4.4) 

𝑃 = 𝜏𝜔, (        (Eq 4.5) 

 (Eq 4.3) and (Eq 4.4) were used to get the slip in terms of rad/s, since that is the required unit 

for ω. RPM is an abbreviation of revolutions per minute. The torque parameter in (Eq 4.5) is 

assumed to be constant, a “constant” torque was calculated by interpolating the fluctuations 

between its highest and lowest value for all machines. 

In the figures below all the different power vs slip plots will be presented for the currents used 

to obtain a stable system, as was described in the section above. 

 

 

 

 

 

 

 

 

Fig 4.7. Power vs slip for IM with 4 mm air gap. 

 

 

 

 

 

 

 

 

 

Fig 4.8. Power vs slip for IM with 3 mm air gap. 



 

 

 

 

 

 

 

 

 

Fig 4.9. Power vs slip for IM with 2 mm air gap. 

 

By studying Fig 4.7-Fig4.9 we see that all machines keep increasing until a maximum value 

for a certain slip.  

The 4mm machine reaches its maximum value which was 183 W at a slip value of 45 % as 

can be seen by Fig 4.7.  

The 3 mm machine had a maximum value of 211 W at a slip value of 40% which is seen in 

Fig 4.8. For the machine with 2 mm air gap a maximum value of 93 W was obtained at 40 % 

slip. 

We see that the machine with the lowest air gap also yields the lowest effect. This is not 

strange since the 2 mm air gap machine is the one, which is closest to commercial unit 

designs and also the one using the least amount of current. Why the 3 mm machine generates 

most power is not clear.  

We see that the power curve is smooth for the 4mm and 3mm machines but not as smooth for 

the 2 mm machine. The reason for this is probably because the bearings work better with 

larger air gaps.  

None of these machines generate that much power if you compare it to running things like 

house appliances or computers, but are still better than the current configuration that is used 

with the superconductive bearings. 

The current configuration is powered by a drill with a maximum power value of 80 W. 

Some other tests were done to see what happens when some parameters change. These tests 

are described in the figures on the next page. 

 

 

 

 



A simulation to see what happens when rotor is displaced with 1 mm is described by the 

graph below. 

 

 

 

 

 

 

 

 

 

Fig 4.10. Power vs slip for IM with 4mm air gap with 1mm displacement of rotor. 

By observing Fig 4.10 we see that the maximum value of the power increases a little with this 

adjustment to the rotor. We see that the lowest value for this configuration is larger than the 

lowest value for a centered machine (25 W vs 31 W). The maximum value when the rotor is 

displaced is 204 W instead of 183 W. 

The reason for this is because we do not get an even torque on both sides of the stator because 

the distance between rotor and air gap are different which was discussed in the section on 

forces from stator on rotor for different displacements. We would however not use a machine 

with a displaced rotor because this can prove not to be stable in the long run.  

A study of what would happen if the number of turns in the windings placed in the stator slots 

were changed was also done. Instead of 100 turns we doubled the value to 200 turns.   

 

Fig 4.11. a) IM with 4 mm air gap and 100 turns         b) IM with 4 mm air gap and 200 turns 

We see that there is a slight difference in maximum power between 100 and 200 turns. But it is almost 

as by using more windings we need half the amount of current to get the same power.   



 

The power analysis results for the different machines are summarized in Table 4.2 below. 

Air-gap of the IM Nominal current 

parameter to satisfy 

bearing requirements. 

Maximum power 

generated 

Slip for maximum 

power 

4 mm 2 A 183 W 45% 

3 mm 1.2669 A 211 W 40% 

2 mm 0.625 A 93 W 40 % 

Table 4.2 Summarized power analysis for the different machine configurations. 

Discussion 

The static simulations to satisfy the SMB bearing requirements and the power analysis tells us 

that IMs with 4 mm, 3 mm and 2 mm air-gaps can be used instead of the motor/generator used 

in the UFRJ set-up. However an IM might not be the optimal machine to be used in a 

flywheel set up since there are other electrical machines that have lower radial forces on rotor. 

But the goal of the thesis was to see if there was a machine that could be used with the SMBs, 

which the results above clearly show is possible. 

The original UFRJ set-up used an electrical drill to run the flywheel, and the maximum power 

generated by this system was approximately 80 W. All of the configurations tested above 

generated more power than the original set-up and satisfies the SMB requirements. The 

operating range in normal IM units is around 6-7% slip , however in a configuration using 

SMBs it would be higher because the stable region is larger in these kinds of machines. 

Information on the stable region or operating point for IMs can be found in [2],[1] and [3]. 

This just shows that it is possible to use SMBs in this kind of set-up. But the power generated 

is too low to be used in any kind of commercial set-up. But they are ok in a test or laboratory 

environment.  

Maybe if another type of electrical machine was used to run the flywheel set-up used in the 

UFRJ project, the power generated might have been higher because higher currents would 

have been permitted by the bearing requirements. The reason for this is as because there are 

other electrical machines that are designed to have lower radial forces acting on the rotor. 

In the future SMBs might be the new standard used in flywheel set-ups. But as it is today 

other bearings would be preferred because of the low power generated. The low power does 

not compensate for the friction losses or resistance that would have been the case if ball 

bearings or normal magnetic bearings would have been used. 

 

 

 
 



Chapter 5 Conclusions and Future Work. 

5.1 Conclusions 
The main goal of this thesis was to investigate if there is an electrical machine configuration 

that could be used with a passive magnetic bearing system (PMBs) for energy storage i.e. a 

flywheel configuration, which was described in Chapter 1. 

Based on the PMBs analysis done by UFRJ, conditions to satisfy a stable system were found. 

Forces from stator on rotor should not exceed 10 N when rotor is displaced 1mm in either 

direction. 

It was found that it is possible to use induction motors with 4 mm, 3 mm and 2 mm air-gaps. 

The power analysis simulations done for these different IM configurations showed that IMs 

with large air-gaps can be used in order to run an PMBs , however it is not recommended that 

this kind of set-up should be used in a commercial capacity since the power generated is too 

low to power anything of significance. 

 

5.2 Future Work 
All the configurations tested in this thesis are based on commercial building blocks that are 

used to build electrical machines. By reading this thesis someone could build these machines 

and try them with superconductive magnetic bearings. This in turn could advance the field of 

electrical machines. If the mounting to the bearings prove successful in reality, then we could 

use these kinds of bearings as an alternative to the traditional ones.  

It is also possible to use this thesis as an insight into the field of simulating electrical 

machines. 
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