
The application of electrodynamic 

levitation in magnetic bearings 

A dissertation presented to 

The School of Electrical, Electronic and Computer Engineering 

North-West University 

In partial hlfilment of the requirements for the degree 

Magister Ingeneriae 

in Electrical and Electronic Engineering 

by 

Markus E. Storm 

Supervisor: Prof. G. van Schoor 

June 2006 

Potchefstroom Campus 



Summary 

DECALRA TZON 

I hereby declare that all the material incorporated in this thesis is my own original unaided work 

except where specific reference is made by name or in the form of a numbered reference. The 

work herein has not been submitted for a degree at another university. 

Signed: -Jks-- 
- 

Markus E. Storm 



Summary 

SUMMARY 

Currently the MBMC (Magnetic Bearing, Modelling and Control) research group in the School 

of Electrical, Electronic and Computer Engineering of the North-West University is developing a 

Magnetic Bearing research laboratory. The aim is to ascertain a proper knowledge and 

understanding of magnetic bearings for development and implementation in industry. Magnetic 

levitation can be realised through using either EMS (Electromagnetic Suspension) which 

functions on attracting forces or EDS (Electrodynamic Suspension) that functions on repulsive 

forces. Since all the research done by the MBMC research group were until now focused on 

EMS AMBs (Active Magnetic bearings) there was a need to also explore the possibilities of an 

EDS implementation. 

The project objectives are the design and verification of a vertically suspended EDS magnetic 

bearing laboratory model. Different possible methods of EDS exist and by studying each the 

most promising alternative was selected, the Inductrack technique. A combination of a special 

high grade permanent magnet arrangement, the Halbach array, and a unique conducting track 

construction forms the Inductrack concept. This method uses electrodynamic interaction between 

a moving Halbach array and a close-packed array of coils consisting of shorted electrical circuits 

to attain levitation. The lnductrack technique must be revised into a circular implementation to 

realize a functioning magnetic bearing since the method was developed for magnetically 

levitated trains. 

This involves altering the linear Halbach array and conducting track into circular elements with 

the same levitation characteristics. Since exceptionally little literature could be found on this 

specific implementation it was decided that the project will not entail the physical building of a 

demonstration model. However, the focus of the project was to create a sound design foundation 

and to veri@ the applicability of the design in magnetic bearings. Attaining this knowledge 

involved the all the design phases of a laboratory demonstration model except that the model was 

not physically built and implemented. 



Summary 

The revised design was verified by analytical calculations, MATLAB@ simulations and 

comparing the system parameters with a linear Inductrack scale model. The circular Halbach 

array implementation was verified by using two different FEM (Finite Element Method) 

software packages and performing several 2D and 3D simulations. The magnets should be 

specially assembled into the circular array through a complex process due to the immense 

strength of the magnets. Since no information is available on this, the process was uniquely 

developed through using a FEM analysis to determine the forces present between the permanent 

magnets within the array during the assembly process. An assembly model was developed and 

the assembly process simulated in the CAD software package SOLIDWORKS@ to eliminate 

any interference. 

A mechanical design was performed on the different model parts and was used to combine the 

assembly and demonstration model. This was done by using analytical calculations and 

incorporating a stress and strain analysis with SOLIDWORKS@ and COSMOSX~~~SS@.  After the 

different design sections of the project were completed a design review board meeting was held. 

The purpose of this meeting was to evaluate and verify the different aspects of the project and to 

obtain inputs where possible improvements could be made. Due to the diversity of the project 

(including electrical to mechanical aspects) members from both disciplines constituted the 

review panel. The design was approved by the review panel with minor implementation 

recommendations. 



Opsomming 

OPSOMMING 

Huidiglik is die MBMC (Magnetic Bearing, Modelling and Control) navorsingsgroep in die 

Skool vir Elektriese, Elektroniese en Rekenaaringenieurswese van die Noordwes Universiteit 

besig met die ontwikkeling van 'n Magnetiese Laer navorsingslaboratorium. Die doe1 hiervan is 

om kennis te verkry oor magnetiese laers vir die ontwikkeling en implementering daarvan in die 

industrie. Magnetiese levitasie kan bewerkstellig word deur EMS (Elektromagnetiese 

Suspendering) wat met aantrekkingskragte funksioneer of EDS (Elektrodinamiese Suspendering) 

wat op afstotingskragte funksioneer, te gebruik. Aangesien a1 die navorsing wat tot dusver dew 

die MBMC groep gedoen is net gefokus het op EMS Aktiewe Magnetiese Laers (AMLs), was dit 

nodig om ook die EDS moontlikheid te ondersoek. 

Die doe1 van die projek is die ontwikkeling, ontwerp en verifiering van 'n vertikaal- 

gesuspendeerde EDS magnetiese laer laboratoriummodel. Verskillende EDS tegnieke bestaan en 

nadat elkeen bestudeer is, is die Inductrack tegniek aangewys as die beste altematief. Die 

Inductrack konsep bestaan uit 'n kombinasie van 'n baie sterk hoe-graad permanente magneet 

Halbach rangskikking, en 'n unieke geleidende spoor konstruksie. Die tegniek gebruik 

Elektrodinamiese interaksie tussen 'n bewegende Halbach rangskikking en die geleidende spoor 

wat bestaan uit 'n diggepakte ry van kortgeslote spoele om levitasie te bewerkstellig. Omdat die 

Inductrack tegniek eintlik ontwikkel was vir magneties gesuspendeerde treine, moet die tegniek 

aangepas word om ook te hnksioneer vir magnetiese laers. 

Die verandering behels die aanpassing van die Halbach rangskikking en die geleidende spoor na 

sirkelvormige elemente met dieselfde levitasie karakteristieke. Omdat daar uitsonderlik min 

literatuur oor die onderwerp beskikbaar is, is daar besluit dat die projek nie die fisiese bou van 

die laboratoriummodel sou insluit nie. Die projek het eerder daarop gefokus om 'n deeglike 

ontwerpfondasie te skep asook om die toepaslikheid van die ontwerp in magnetiese laers te 

verifieer. Die kennis is opgedoen deur al die ontwerpsfases van 'n laboratoriumdemonstrasie 

model te deurloop, alhoewel dit nie fisies gebou is nie. 

Die veranderde ontwerp is geverifieer deur analitiese berekeninge, MATLAB@-simulasies en 

deur die stelselparameters te vergelyk met die van 'n bestaande lineere Inductrack skaalmodel. 

Die sirkelvormige Halbach magneetrangskikking is geverifieer deur twee verskillende Eindige 
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Element Metode (EEM) sagtewarepakkette te gebruik en verskeie 2D en 3D simulasies uit te 

voer. As gevolg van die uiters sterk kragte tussen die magnete, moet daar 'n spesiale tegniek 

ontwikkel word om die magnete in die sirkelvormige rangskikking te plaas. Omdat daar geen 

inligting oor die komplekse ondenverp beskikbaar is nie, is daar 'n unieke proses ontwikkel deur 

die kragte tussen die magnete in die Halbach rangskikking met EEM te ondersoek. 'n 

Integrasieproses is ontwikkel en die intergrasie rekenaargesteunde (RG) sagteware pakket 

SOLIDWORKS@ is gebruik om enige obstruksies te elimineer. 

'n Meganiese ontwerp is uitgevoer op die afsonderlike onderdele en is gebruik in die 

kombinering van die integrasie en demonstrasie model. Dit is verrig deur analitiese berekeninge 

te doen en deur 'n stresanalise met SOLIDWORKS@ en C O S M O S X ~ ~ ~ S S @  uit te voer. Nadat a1 

die ontwerpafdelings van die projek afgehandel is, is daar 'n ontwerphersiening gehou. Die doe1 

van die hersiening was om die algehele ontwerp te beoordeel en insette te kry op moontlike 

verbeteringe. As gevolg van die diversiteit van die projek (elektriese en meganiese aspekte), het 

die komitee bestaan uit ingenieurs van beide dissiplines. Die ontwerp is goedgekeur deur die 

komitee met klein implementeringsaanbevelings. 
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CHAPTER 

INTRODUCTION 

The beneJits and limitations of magnetic bearings are described in the beginning of this chapter 

to give background on the topic and to introduce the alternative of implementing electrodynamic 

levitation. The project objective, the application of electrodynamic levitation in magnetic 

bearings, is defmed and the problems involved with this design are outlined. A plausible design 

path is given to eflectively utilize existing system methods to realize a demonstration model that 

can validate the proposed technique. The demonstration model will however not be physically 

implemented due to time, cost and design constraints. The design is verz3ed by Finite Element 

Analysis and CAD software. 
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1 .  Background 

Currently the MBMC (Magnetic Bearing, Modelling and Control) research group in the School 

of Electrical, Electronic and Computer Engineering of the North-West University is developing a 

Magnetic Bearing research laboratory. The aim is to ascertain a proper knowledge and 

understanding of magnetic bearings for development and implementation in the industry. 

Two fbndamental concepts exist to effectively realize magnetic levitation. The first is based on 

active technology EMS (Electromagnetic Suspension) which functions on attracting forces while 

the second is passive EDS (Electrodynamic Suspension) that is attained by repulsive forces [ I ] .  

Since all the research done by the MBMC research group was until now focused on EMS AMBs 

(Active Magnetic bearings) there was a need to also explore the possibilities of an EDS 

implementation. 

1.1.1 Magnetic Bearings 

Magnetic bearings are superior in various aspects when compared with conventional mechanical 

bearings. Higher reliability, insignificant friction loss and no necessity for oil lubricants are some 

of the aspects that make the implementation of magnetic bearings promising for several 

industrial applications. One such an application is the semiconductor development process that 

take place in vacuum chambers and are sensitive to contamination. The use of magnetic bearings 

also enables higher surface speeds that were not possible in the past. Table 1 - 1  describes some of 

the advantages and limitations of magnetic bearings. [2] 

1.1.2 EMS and EDS Systems 

Electromagnetic suspension is realized by carefully controlling the magnetic attractive forces 

generated by electromagnets on a body typically made of iron. These attractive forces must 

appose gravitational and other forces to keep the body in a fixed position. Magnetic attractive 

forces are inherently unstable and an EMS system thus requires a precise control system and 

expensive amplifiers to drive the electromagnets. 

By using the magnetic repelling forces between two objects, Electrodynamic Suspension can be 

realised. The simplest form having the same effect as EDS is two permanent magnets with 
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repelling pole orientation. These forces are, however, also unstable due to Earnshaw's criteria 

and certain limitations needs to be introduced to maintain stability. Different methods exist for 

the implementation of EDS with most functioning on the principle of a moving magnetic source 

inducing currents in some type of coil array or body. 

The induced currents generate a magnetic field that opposes the field of the magnetic source 

resulting in repelling forces between the magnetic source and the coils. Once the magnitude of 

these repelling forces exceeds the weight of the magnetic source, magnetic suspension is 

realised. These methods are developed to enable functioning without any levitation control 

systems. 

Table 1-1: Benefits and limitations of magnetic bearings [3] 

( drive circuitry since no contact exists between I I 

BENEFITS 

High Reliability 
Failures are mainly restricted to control and 

the stationaj and rotating parts resulting in a 
greater design life expectancy. [2] 

: 

Clean Environments 
Contamination of the environment is 
prevented since no lubrication is needed due 
to the absence of particle wear generation. [5] 

Extreme Conditions 
Temperature 
Magnetic bearings are able to function 
through wider temperature ranges than 
conventional bearings. [6] 

! 

I 

High Speed Applications 
Minimized drag forces enable high speed by a 
contactless spinning rotor. 

Corrosive fluids 
Canned Encapsulated magnetic 
bearings can function in corrosive 
environments. 

I 

Pressure 
Magnetic bearings are virtually 
insensitive to pressure. [7] 

LIMITATIONS 

Larger Bearings 
Due to lower load capacity than 
conventional bearings magnetic bearings are 
larger in physical dimensions. [4] 

Requires Electrical Power 
Power is required to drive the control 
systems, sensors and electromagnets. [2] 

Material yield strength 
Specific material yield strength properties 
limit the obtainable rotor rotational speed. 

Higher Complexity 
Conventional bearings are substantially 
more cost effective regarding the initial 
purchase price compared to magnetic 
bearings due to the higher complexity. The 
life cycle cost of magnetic bearings can 
however be less than normal bearings. [8] 
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1.2 Problem Statement

The project objectives are the design and verification of a vertically suspended EDS magnetic

bearing laboratory model. This involves all the design phases except that the model will not

physically be built and implemented. Different possible methods of EDS exist and by studying

each, the most promising alternative was selected,the InductrackTechnique.

A combination of a special permanent magnet arrangement, the Halbach array, and a unique

conducting track construction forms the Inductrack concept. This method uses electrodynamic

interaction between a moving Halbach array and a close-packed array of coils consisting of

shorted electrical circuits. The Halbach arrangement optimally employs permanent magnets to

produce beneath the array a sinusoidal periodic and spatially concentrated cushion like magnetic

field that greatly enhances the attainable levitation force. [9]

Moving magnet and
housing assembly

Rotating stator

StationaryMotor

Moving

Stationary

Figure 1-1: Proposed laboratory demonstrationmodel
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The Inductrack technique must be devised into a circular implementation to realize a functioning 

magnetic bearing since the method was developed for magnetic levitated trains. This involves 

altering the linear Halbach array and conducting track into circular elements with the same 

levitation characteristics. 

Figure 1 - 1 illustrates the proposed laboratory demonstration model for a design development and 

verification. The model consists of a stationary motor driving a levitation rotor that magnetically 

suspends the magnet assembly that is able to freely move up and down. The design process 

include multiple processes and stages: 

1.  Theoretical analysis 

2. Design formulation 

3. Mathematical calculations of system parameters 

4. Verification of calculations 

5. Finite element analysis and verification 

6. Magnet assembly process development 

7. Mechanical design 

8. Complete design verification 

1.3 Issues to be addressed and methodology 

The process of realising a system devised from a technique intended and optimised for another 

implementation needs a comprehensive analysis of the method to determine if it is applicable as 

a magnetic bearing. A design process must be developed to serve as guideline and the system 

parameters allocated for evaluation. The following sections describe the issues to be addressed in 

this project. 

1.3.1 Literature study 

A literature study constituting all aspects regarding the project objective must first be done to 

form a theoretical foundation on which a proper design can be developed. The literature study 

will begin by examining and classifying the different types of magnetic bearings. All the material 

needed to explain the Inductrack technique will be given to attain proper knowledge on the 

subject. The theoretical foundation will be broadened by also including material needed in the 

different designing phases to understand the concepts involved. 
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1.3.2 Design process 

The design process starts by first examining all the possible EDS techniques and choosing the 

most promising one. Characteristics include the attainable levitation force, levitation speed, 

transition speed, method applicability and system failure safety. The Inductrack Technique was 

selected on its unique properties and the potential it has for this project. The next step is the 

development of a method devising the lnductrack concept for application in magnetic bearings. 

This method will then be used to design a laboratory demonstration model that encapsulates all 

the designing parameters of the devised lnductrack implementation. Through the development 

process, the system parameters will mathematically be analysed and altered to enhance the total 

system performance. 

1.3.3 System specification 

The design process is followed by a comprehensive design analysis on the different project 

sub-components from which all the system parameters and physical model size will effectively 

be determined. These parameters are then used to establish a realistic but flexible operating area 

system specification. 

However, it should be remembered that most the system parameters are interdependent; if one 

parameter is altered the entire system is influenced. Parallel to this, the desired system 

specification is stipulated and, from this, a suitable operating area will be determined with the 

parameters adjusted correspondingly. The most important and prominent specifications are the 

system operation levitation height and the desired load capacity the vertically suspended bearing 

should be able to sustain. With these specifications defined the other system parameters can then 

appropriately be derived. 

1.3.4 Detailed design 

The process of devising the Inductrack technique for an appropriate implementation as magnetic 

bearing influences a variety of system characteristic aspects and design considerations. With a 

thorough evaluation of the systems principle of operation, the plausible areas for alteration must 

be identified and the criteria regarding the alteration should be identified. In the following 

sections the issues concerned with the different design components are addressed. 
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a) Halbach array design 

The Halbach array consisting of permanent magnets with alternating pole directions have several 

important design parameters. Due to the Halbach arrays characteristics, all of these parameters 

must be addressed simultaneously. The size of the magnets is decided upon by the desired 

surface flux density and other important array properties. 

Since smaller magnet volumes can have the same surface flux density due to a shape formation, 

the size of the magnets is variable in accordance with the surface flux density. There exist 

several permanent magnet materials with each having different properties. All of these must be 

examined and the most appropriate permanent magnet material for the application must be 

selected. A Halbach array with unique properties optimised for this project must be developed 

and its functionality verified by using finite element analysis software. 

b) Coil design 

The coil array responsible for the magnetic levitation can be utilised by different possible array 

design formations. Each of these possibilities must be characteristically and mathematically 

examined to find the best alternative. Although a specific design might be feasible for the 

Inductrack technique itself, the devised method for a magnetic bearing brings other problems not 

normally encountered in the Inductrack paradigm. Thus, certain coil array designs might not be 

applicable for a magnetic bearing implementation. 

Various effects contributing to the coil parameters need evaluation and optimisation to finally 

realize a feasible coil design. The coil array must be able to satisfl the demanding parameter 

specifications due to the coil effects and still give promising magnetic levitation properties to be 

considered for a magnetic bearing application. 

c) Magnet assembly method 

AAer a proper optimisation of the Halbach array a method needs to be developed to assemble the 

permanent magnets forming the Halbach array. This process involves a mathematical analysis of 

the array characteristics and a detailed description of the forces present by incorporating a finite 

element analysis software evaluation. Exceptionally strong attractive and repulsive forces 

between neighbouring magnets complicate the assembly process and require a unique method to 
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safely insert the magnets into the Halbach array. Except for the strong forces between the 

magnets, each individual magnet is also subjected to internal pressure. 

d) Magnet assembly model 

The magnet assembly method requires a model specially developed to perform the process of 

inserting and securing the magnets into position. This model has to satisfL tight specifications 

and be able to withstand the strong forces exerted by the magnets. 

It is mandatory that the assembly model and the magnet housings be fabricated from non- 

magnetic materials. This will avoid undesired flux paths suppressing the surface current density 

and prevent the parts from being attracted towards the magnets. Undesired induced eddy currents 

in neighbouring parts will also be reduced and attracting forces that can reduce the system 

performance, are eliminated. 

e) Demonstration model 

The practicality of the proposed method devising the Inductrack technique must be verified by 

developing a laboratory demonstration model that houses all the design parameters. However, 

this model will not be physically constructed but implemented as a simulation model of a real 

operational magnetic bearing. The model must encapsulate the drive and levitation elements and 

should not give any hindrance impairing the flexibility of the system. 

An impractical design will prevent the possibility of a later feasible technique implementation 

within the industrial environment. Through this model, the system performance and all the 

measurable attributes have to undergo thorough investigation to validate the concept's validity. 

fl Combining the demonstration and assembly model 

Using non-magnetic materials makes the planned assembly and demonstration models very 

expensive. Re-evaluation and creative redesign allows combing the two models into a single unit 

capable of effectively completing both tasks. This implies that all the parts used for the 

demonstration model will also be used for the assembly process. 
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1.3.5 Design verification 

a) Assembly process 

The mathematically verifiable parameters in the assembly process require analysis and must be 

compared with the results of a FEM (Finite Element Method) system implementation. The FEM 

analysis of the assembly process must then be verified by evaluation with different software 

FEM packages and also a three dimensional FEM examination. 

The assembly process must be verified by implementing and designing the assembly model in 

the CAD software package SOLIDWORKS@. Through this, an accurate and realistic simulation 

of the assembly model and assembly process can be viewed, wherein the model can be precisely 

evaluated and its possible applicability verified. 

The movements of the individual parts can be simulated and possible obstructions identified and 

removed by a careful design. The mechanical properties and the mechanical behaviour of the 

different parts of the assembly model need to be verified. Materials react differently when 

subjected to stress and strain. 

The crucial parts as well as the material its machined of, must undergo a FEM stress and strain 

analysis. This can be done be implementing each part in the software package C O S M O S X ~ ~ ~ S S @  

which evaluates the part's characteristics and determines the FOS (Factor of Safety) of the part. 

6) Demonstration model 

All the system parameters concerning the demonstration model need to be verified through 

mathematical analysis. Essential to this, is a MATLAB@ system design verification process 

through which optimum parameter values are attained by plotting the parameters as variables. 

This can also be used to test and verifjl the total design and give mathematical performance 

predictions of the physical system. 

The mathematical calculations concerning the flux density parameters must be verified by a 

FEM Halbach analysis. This is also the case with the optimisation of the Halbach array. Finally 

all the calculated and simulated results must be compared to existing implemented lnductrack 

MAGLEV systems and Halbach stabilizers to evaluate the feasibility of the chosen 

parameter values. 
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1.3.6 Safety aspects 

Due to the extremely large magnitudes of the flux density and the attracting and repulsive forces 

dealt with when managing high grade permanent magnets, dedicated attention to all the safety 

aspects concerning the transport, unpacking and physical handling of the magnets is required. 

These safety aspects must be followed in the assembly process of a physical system and the 

design of a real demonstration model. A strict set of rules regarding the handling of the magnets 

must be listed and directly obeyed. The magnets not only hold danger of personal injury but 

electronic instruments and apparatus can also be damaged by the mere presence of the magnets. 

1.4 Summary 

Chapter 1 serve as introduction to this report and contains valuable preliminary specifications. 

The benefits and limitations of magnetic bearings were described to give background on the 

topic and to introduce the alternative of implementing electrodynamic levitation in magnetic 

bearings. The problem statement defined the objective of this project and stated the difficulties 

that need to be addressed. These were divided into subsections under the issues to be addressed 

by stating the difficulties involved with the proposed design. 

Each subsection contains information regarding the problems with this specific design and 

further presents a plausible design path to follow for effectively utilizing existing system 

methods, to realize a laboratory demonstration model. Although the model will not physically be 

built, the system parameters need to be verified. 
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CHAPTER 

LITERATURE STUDY 

The literature study begins by a section categorically summarising the classijkation of the 

different existing types of magnetic bearings. A thorough mathematical analysis of the 

Inductrack method is described using a lumped circuit parameter approach. This forms the 

foundation on which the project design will be developed. Another implementation of the 

Inductrack technique and Halbach stabilizers are 'discussed and light is shed on the problems 

involved with Earnshaw 's instability theorem. 

Background on permanent magnet materials is given and how to make an appropriate selection 

for this project. Thereafter force distribution calculations are evaluated to serve as background 

for implementation in FEM software. The last section describes methods to model permanent 

magnets in FEM software and gives a hand tool to effectively reduce simulation time. 
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2.1 Classification of magnetic bearings 

This section summarises the classification of magnetic bearings in different types under diverse 

categories. The material discussed in this section forms part of a magnetic bearings classification 

taken from [I 01 unless where specifically otherwise referenced. 

There exist several methods to produce field forces to support or suspend a body without any 

contact. If a body cannot hover in a stable or free way, the hovering however can be achieved to 

at least a certain degree of freedom. Figure 2-1 represents a possible classification of the 

different types of magnetic bearings and the magnetic forces present [I I]. 

The Active and Passive denotations in Figure 2-1 refer to bearing stability with or without 

control methods implemented. Bearings that need active control for stability are commonly 

referred to as AMBs (Active Magnetic Bearings) while bearings that can stably levitate 

independently, is referred to as being passive. 

Two main groups of known types of magnetic bearings can be distinguished by the method used 

to calculate and represent the magnetic forces present. However, the basic principle, the cause of 

the magnetic effect in moving electric charges of operation in both groups is the same. 

2.1.1 Group A: Reluctance force dependent bearings [I 01 

This category deals with magnetic bearings consisting of materials subjected to the reluctance 

force derived from the energy stored in a magnetic field that can be converted to mechanical 

energy. Equation (2- 1) gives the principle of virtual work, described in section 2.6.3, from which 

the reluctance force is attained. 

Here W denotes the field energy while the levitated body's displacement is denoted by&. This 

kind of magnetic force always occurs at the surfaces of materials that can have different relative 

permeabilities. A larger difference in permeability augments the magnitude of the force acting 

perpendicular to the material's surface. When using ferromagnetic materials withp, >> l the 

magnitude of the forces present can become very large. The following four types of magnetic 

bearings are dependent on the reluctance force for levitation. 
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Type I :  Active reluctance force bearings 

Within this group different forms of active reluctance bearings exist, as the methods vary for 

realizing the active control. Forms of control differ from the specific parameter that is controlled, 

with the following possibilities: 

=Magnetic field 

.Magnetic flux 

.Distance between stator and rotor 

=Inductance (for self sensing bearings) 

Type 2: Tuned LCR circuit bearings 

The inductance of the electromagnetic bearing coil and capacitor forms the LC circuit while the 

electromagnet inductance is changed by the mechanical displacement of the rotor. Stable 

stiffness properties are achieved by exciting an LC circuit slightly off resonance. 

As the rotor shifts away from the electromagnet, the LC circuit approaches resonance since the 

circuit is operated near resonance and tuned to act in this manner. The rotor is then retracted 

back into nominal position by an augmented current from the A C  voltage source. Being stable 

without a control loop, this method is classified as a passive magnetic bearing type. 

Although the forces present and the stiffness aren't very large, the bearing system is adequate for 

certain instrumentation applications. A major drawback is that this system employs no damping 

whatsoever and lacking additional damping, these systems has the tendency to be unstable. 

Type 3: Ferromagnetic permanent magnetic bearings 

Due to Earnshaw's instability criteria, described in section 2.4.2, ferromagnetic permanent 

magnet bearings cannot keep a suspended body's position stable in all degrees of freedom 

without the implementation of a superconductor, according to [12]. However, permanent 

magnets can still be applied for support to reduce the load acting on an implemented normal 

bearing, but only in one direction. 

There are several applications for this type of magnet bearings including household electric 

energy counters and in combination with AMBs forming a hybrid bearing for high vacuum 

turbo-molecular pumps. 
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Type 4: Diamagnetic effect bearings 

The diamagnetic effect constitutes the base of magnetic levitation for these types of devices. 

Superconductor's diamagnetic effect, the Meissner-Ochsenfeld effect, is the only feasible 

alternative able to deliver enough levitation force for technical interest. 

At very low temperatures, electric resistance vanishes and the current in a super-conducting coil 

will continue to flow even without a driving voltage, a property of superconductivity. Through 

the Meissner-Ochsenfeld effect the whole magnetic field will be squeezed from the 

superconductor and thus allow, by means of permanent magnets, stable suspension. 

2.1.2 Group B: Electrodynamic bearings 

This group is characterised on the property of being dependant on the Lorentz-force law. This 

force law is given by (2-2) where, FL represents the force, E the electric field and Q an electric 

charge travelling at a velocity v in a magnetic flux density B. 

FL = Q ( E + v x B )  (2 - 2) 

The electrostatic term in (2-2) can be neglected due to its small magnitude regarding the energy 

density although it may be important when working on micro scale. The product of charge and 

velocity can be substituted by the current i, that gives: 

FL = i x B  (2 - 3) 

The force is orthogonal to the flux lines, linearly dependent on the current and independent of the 

air gap. It is assumed that the flux is not current dependent. In the following sections, the four 

basic groups under the electrodynamic bearing category are described. 

Type 5: Electrodynamic levitation bearings 

With a suitable relative motion between the stator and a conducting moving body, high eddy 

currents are induced in the body, which in turn produce repulsive forces and effectively result in 

electrodynamic levitation. Thus, the high flux densities required for implementing such a bearing 

normally made superconductors mandatory. 

This requirement makes the method uneconomical and not a feasible choice. The 

electromagnetic levitation method of Type 1 is consequently favoured for such MAGLEV 
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implementations. The two types, 1 and 5, are the best known in the magnetic suspension area and 

it is often wrongly assumed that electromagnetic bearings are specifically active while 

electrodynamic bearings are passive. 'This assumption is false since several other alternatives 

exist as seen in Figure 2-1. 

Type 6: AC magnetic bearings 

This category is much the same as the previous except for two factors; 

.The dependency on the interaction between AC source currents and induced currents to 

produce passive levitation. 

.The AC current creates an alternating flux that replaces the need for movement. 

Such a bearing system has poor damping characteristics and the levitation force delivered by the 

induced eddy currents is weak when compared with the power losses. 

Type 7: AC magnetic bearings utilizing tangential forces 

The interaction between an AC current and the induced current can also be realised by utilising 

an active system. This method uses the Lorentz force law to produce levitation for a magnetic 

bearing and except for the forces present acting in the radial direction attaining rotor support, this 

method is much similar to the operation of an induction motor. The stator has two different sets 

of windings with the first similar to the windings of an asynchronous drive creating couple for 

driving the rotor. Current in the second winding delivers a radial force component. 

When the current through the second winding is controlled, with feedback air gap sensors and 

synchronous with the rotating flux field, stabilization of the rotor suspension can be effectively 

incorporated. This accomplishes a drive and magnetic suspension combination and even though 

the control system is complex this combination has promising possibilities. Applications include: 

.Resonance dampers 

.Particularly short magnetic bearingldrive arrangements 

Type 8: Permanently magnetised rotor bearings utilizing tangential forces 

This category is the same as Type 7 bearings described previously, except that the induced 

current of the rotor is substituted with a permanently magnetised rotor. Bichsel [13] devised a 

Lorentz-force synchronous motorlactive bearing combination. 
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Proposed type: Devised Inductrack method 

The objective of this project is to introduce another type of magnetic bearing, also functioning on 

Lorenz's force law with the advantage of operating at low velocities and possibly have medium 

or even low loss characteristics. However, this can only be determined through a comprehensive 

system design. 

The proposed bearing is based on a new method, the Inductrack technique, which was actually 

intended for a MAGLEV train implementation but other applications thereof also exist, such as 

the Halbach stabilizers discussed in section 2.4. In the next section, the Inductrack technique is 

described and thoroughly evaluated. 

2.2 The Inductrack technique 

Research on passive magnetic bearings at the Lawrence Livermore National Laboratory gave 

rise to Inductrack, a new approach to magnetic levitation. A combination of a special magnet 

arrangement, the Halbach array, and a unique conducting track construction, forms the 

Inductrack concept. This technique uses electrodynamic interaction between a moving array of 

permanent magnets and a close-packed array of coils consisting of shorted electrical circuits [9]. 

This section examines the Inductrack method through a study on the principle of operation and 

an analytical analysis of the complete concept. 

2.2.1 EDS using the Inductrack technique [9] 

When placing identical magnets in a row and consecutively changing the magnetic north pole 

directions of the magnets as depicted in Figure 2-2, a special magnet formation named the 

Halbach array is formed. Examining Figure 2-3, it is evident that using magnets in the Halbach 

arrangement results in an optimally efficient approach employing magnets to produce beneath 

the array a sinusoidal periodic and spatially concentrated cushion like magnetic field. 

The magnet arrangement is made even more promising by the fact that, while the field beneath 

the array is summed, the field above the array is effectively cancelled. This can be verified and 

illustrated by implementing and simulating the magnet array concept with finite element analysis 

software as depicted in Figure 2-3. 
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Figure 2-2: Permanent magnets packed in the Halbach Array

When the Halbach array is moved faster than a certain transition speed above the conducting

track shown in Figure 2-4, levitation forces are generated. This is accomplished since currents

are induced in the track due to the movement and in turn generate a magnetic field opposing the

field ofthe array. The opposing fields lead to repulsive forces that effectively lift the magnets.
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Figure 2-3: Magnetic field lines showing flux distribution

The transition speed is defined as the speed where the levitation force reaches half its asymptotic

value. Inductive coupling between the moving Halbach arrays and the track is improved by

closely packing the coils consisting of window frame like shorted circuits as illustrated in Figure

2-4. Using this method, the active area responsible for the levitation force is maximized.

Implementing NdFeB magnets in a Halbach array with remanent magnetic flux densities higher

than 1.2 Tesla, together with the optimized conducting track levitation forces in the order of 40

tonnes per square meter of magnet array can be obtained. Using magnets weighingjust 2 percent

8

-------
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of the obtained levitation force attains this immense levitation force. This makes the Inductrack 

a very promising technique, both for implementation in MAGLEV trains and the possible 

application in magnetic bearings. 

Figure 2-4: Halbach array over shorted conductor circuit 

2.2.2 Inductrack theoretical analysis [9] 

This section and the material contained in section 2.5.3 describe a theoretical analysis of the 

Inductrack system as developed by the personnel of the Lawrence Livermore National 

Laboratory. Due to the immense importance of this project the information and mathematical 

equations contained in these two sections were partially taken from the article, "The Inductrack 

Approach to Magnetic Levitation" [9], except where otherwise specified. 

The process of forming a theoretical basis for the Inductrack method makes use of Maxwell's 

equations and standard electrical circuit theory. When the Halbach array moves over the 

conducting track in the longitudinal direction, a voltage and current are induced in the 

conducting coils. The induced voltage vi is given by (2-4) which serves as a starting point for the 

analysis. 
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The inductance L, consisting self inductance and mutual inductive coupling to adjacent circuits, 

and the circuit resistance R are shown with the current i in relation to the induced voltage in 

(2-4). The term @,resembles the peak flux linked by each coil due to the passing of the Halbach 

array over the circuit. The exciting frequency w given in (2-5) is defined by the speed v of the 

Halbach array, with wavelength A, moving in the longitudinal direction. 

w=kv  (2 - 5 )  

27T 
where k = - 

A 

The steady-state solution of (2-4) giving the induced current is shown in (2-7). In the limit 

w >> R/L (this appears when the speed of the Halbach array moving over the coils is 

significantly higher than the transition velocity) the induced current phase is delayed by nearly 

90" with respect to the induced voltage. 

a) b) c )  

Figure 2-5: a) Array of rectangular coils. b) Magnet array above coils with dimensions 

c) Schematic diagram of the Inductrack concept. 

Magnets r Variable flux enclosed acts 
as voltage source 

This phase shift causes the lift force to be maximized relative to the drag force. The levitation 

force increases to a constant value while the magnitude of the drag force varies inversely with 

velocity of the Halbach array. 

t 
h 

1 
L A  

A schematic representation of the Inductrack, showing a Halbach array moving above the close- 

packed conductors of the track is shown in Figure 2-5b). The associated magnetic flux links with 

-4 Lo I R 

A L  i(0 7 r 
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the circuit array shown in Figure 2-5a) producing currents that in turn interact with the horizontal 

component of the field to produce the levitating force. Figure 2-5c) shows a schematic diagram 

of the lnductrack concept with the variable flux enclosed in the circuit acting as alternating 

voltage source. 

2.2.3 Inductrack system analysis [9] 

The mathematic theory involved calculating the lift and drag forces can be found using the 

derived theory of the Halbach array [14]. The magnetic field of a planar Halbach array consists 

of two parts; a horizontal (x) and vertical (y) component given by the following equations: 

B, = B, sin(h)e~k"'l-J"l (2 - 8) 

The parameter y, shown in Figure 2-5b) is the distance between the Halbach array and the upper 

leg centre of rectangular window frame type coil. The peak strength of the magnetic field at the 

lower surface of the Halbach array is given by Bo. 

a) Evaluating the peak surface jlux density 

Equation (2-10) gives the expression of Bo where the remanent magnetic field's permanent 

magnet characteristic is denoted as B, while d and M represent the magnet array's vertical 

thickness and the number of magnets per wavelength in the Halbach array respectively. 

b) Evaluating the jlux linked by each conducting coil 

The forces present in the conducting track can be determined by using the dimensions assigned 

in Figure 2-5b). Multiplied, the dimensions give the area w x  hof a single conducting coil 

viewed from the front. Assuming that the thickness d, of the coil is much less than the 

wavelength as given in (2-1 1) and then integrating (2-8) over the coil area the flux linked by 

each individual coil can be evaluated with (2- 12). 

d, =<< k-' (2-11) 
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c) Finding the induced cu"ent

The assumption given in (2-11) is significant, since within that boundary the parameter

dependence of the currents follow the harmonic lawAcos(kx-ax) + Bsin(kx-ax). Within the

reference frame of the magnet with (kx-ax) constant, there is no hysteresis or other losses since

the currents in the track are not time variant. [15]

In the case where thickness of the coil would become large enough so that (2-11) is not satisfied

any more, it will give rise to two problems:

· The amplitude of the magnetic flux variations through each circuit will be reduced.

· A time varying magnetic field would appear in the Inductrack car frame causing losses

throughinducededdycurrents.[15]

t
Vt

DOl>

Inductance Ld

Phase lag between
voltage and
current

Figure 2-6: Halbach array over shorted conductor circuit

In (2-12) the exponential term in brackets, e(-kh), can normally be neglected since its

insignificantly small and only included for the correction of the field line flux linkage passing

underneath the coils. This expression can now be inserted into (2-7) and by replacing x = vI the

induced current in a single coil can be determined. Figure 2-6 illustrates the flow direction of the

induced currents in the conducting coils.

.
( )

ABoW

[

1

]
lz I =- (-kyl) .

21iL 1+(R/mL)2 e [sm(kx)+ (R/mL)cos(kx)]
(2 -13)
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4 Determining the lift and drag forces 

The induced currents interact with the horizontal component Bx of the magnetic field to produce 

the lift force while the interaction with the vertical component By results in drag forces as 

described by (2- 14) and (2- 1 5). The average levitation and drag forces given in (2- 16) and (2- 17) 

can be found by taking the average of Fy and Fx over the Halbach array wavelength. 

Fy = IzBxw [N 1 ( 2  - 14) 

Fx = I,B,w IN]  (2-15) 

e) Liji to drag ratio and system efficiency 

Equation (2-16) can be divided with (2-17) to evaluate the Lift/Drag ratio given in (2-18). 

Examining (2-18), it is seen that the ratio increases linearly with the speed the Halbach array is 

moving with respect to the conducting coils. 

Lijl - < F y >  - i u i - 2 n ~ [ i ]  - - - - - - - - 
Drag < Fx > R A R 

The system efficiency referred to as the levitation force per Watt of power dissipated in the 

conducting coils can be evaluated by using (2-19). Using (2-19) and the ratio of (2-18) the 

levitation efficiency K of the conductor circuits can be derived and is given by (2-20). 

<P>=v<F,> (2-19) 

When (2-20) and (2-1 6 )  are compared, it is evident that for a fixed circuit resistance R the degree 

of system efficiency can be improved by adding extra inductive loading. However in doing this, 

the maximum lifting force is correspondingly reduced. 
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fl Evaluating the transition speed 

The transition speed described in section 2.2.1 can be derived from the given equations since 

there is a direct relation between these parameters. The transition speed can mathematically be 

defined as the speed where: 
Kv=1 

With a MAGLEV train Inductrack implementation a value of K = 1.0 for the levitation efficiency 

is easily attainable and can even be improved with added inductive loading. Using (2-21) the 

transition speed at the specific system efficiency can be found as 1.0 m/sec or 3.6 kmhr 

corresponding to a slow walking speed. It is clear from (2-16) that the levitation force Fy 

reaches 80 percent of the limitation value at a speed just double the value of the transition speed. 

gj Attainable levitation force per unit area Halbach array 

At speeds much higher than the transition speed, the levitation force per unit of area of Halbach 

array can be found by computing (2-1 6) in the limit with the following conditions: 

The number of conducting coils per meter of track length is fixed to (I/d,). 

The area per metre of track length is equal to w. 

The inductive term L, the distributed inductance, consists only of self and mutual inductance 

since no inductive loading is added for this case. Equation (2-23) gives the expression for the 

distributed inductance with P, the circuit perimeter. By inserting the expression for Ld into (2-22) 

the levitation force per unit area can be found and is given by (2-24). 

Poe [HI Ld =- 
2 kd, 

The quantity ( ~ i e ' " " ' )  is equal to the square of the peak magnetic field when evaluated at the 

upper leg of the conducting coil. The resulting levitation force value is seen to be double than 

expected when derived from the electromagnetic stress tensor value, apart from the term 
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describing the coil width to perimeter ratio. This stress tensor, with value equal t o ~ ' / 2 ~ ,  , is 

related to the Halbach array peak magnetic field at a distance y~ from the centre of the top 

levitation coil leg. 

Since the conducting track coils are closely packed, it creates an "image" effect at the conductor 

from which the peak incident magnetic field is doubled, leading to the extra factor of two. A 

factor of four levitation force, increase is expected from the field doubling but it is reduced by a 

factor of two due to spatial averaging. 

With the magnet arrangement shown in Figure 2-4, with M = 4 and grade N48 NdFeB permanent 

magnets with B, = 1.4 1 T and d = U4, a value of Bo = 1.0 T is possible. Using this value for the 

peak surface magnetic field Bo the term B,?/~P, gives a levitation force of 80 tonnes per square 

metre of Halbach array of which half is possible for practical implementations. 

2.3 Halbach stabilizers 

Section 2.2 described the Inductrack technique as it was developed for MAGLEV train 

applications. However, this is not the only field where the Inductrack concept has proven its 

usefidness. This section focuses on another devised Inductrack application, Halbach stabilizers, 

which are used as passive dampers in magnetic bearings. 

A problem usually encountered in the development of passive magnetic bearings systems, is the 

difficulty of overcoming Earnshaw's stability criteria, discussed in section 2.3.2. Magnetic 

bearing systems need to be stably guarded against all possible vertical and horizontal 

displacements. 

To envision a passive magnetic bearing system, levitated by ambient temperature permanent 

magnets that are Earnshaw stable other guidance and damping elements must usually be 

incorporated. One such damping element is the Halbach stabilizer described in the following 

section. [ I  51 
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2.3.1 Implementation of Halbach stabilizers

Two different geometrically formed Halbach stabilizer implementations exist; the one

functioning as a transverse passive damper and the other as an axial passive damper [15]. Figure

2-7 gives the rotor and stator of a transverse Halbach stabilizer implemented by [16] in an

ambient temperature passive permanent magnet bearing system. On the inner surface of the

metal cylinder shown in Figure 2-7a), a Halbach array consisting of high order permanent

magnets is constructed to form the rotor [16].

-

Figure 2-7: Halbach stabilizer a) Rotor and b) Stator [15,16]

The stator consists of litz-wire wounded loops in a flux-cancelling configuration as shown in

Figure 2-7a). The litz-wire windings prevent to a large extent, parasitic eddy currents that reduce

performance. The stator conductors follow along the coil support and return at the opposing side

to be attached to a ring to create shorted circuits. When the rotor is rotating at centred position

equivalent voltages are induced in the opposing sides and effectively cancel as illustrated in

Figure 2-8.

Thus, there is no current flowing and virtually no drag forces or electrical losses present in this

position. However, if the rotor is shifted from the centre the opposing sides induced voltages

differs and a current is developed depending on the circuit parameters. Above the transition

speed, the induced currents experience a force directed to restoring the rotor to the centre

position. Halbach array stabilizers are consequentlynot subjected to the limitation of Earnshaw's

theorem in view of the fact that these stabilizers engage dynamic effects and utilize non-axially

symmetric fields [15].

16
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Magnetic Core - - 

Conductors / 
+ vi l 

Short Circuit Ring 

Figure 2-8: Schematic diagram of Halbach stabilizer stator, (Adapted from [16]) 

2.3.2 Earnshaw 's instability theorem 

This section gives a short description of Earnshaw's theorem and the problems it poses for 

passive magnetic bearing implementations. It forms part of Alexei Filatov's Dissertation 

presented to the Faculty of Engineering and Applied Science University of Virginia [17]. 

The limitations obligatory to Earnshaw's theorem [12] prevent the realization of permanent 

magnets being used for stable static non-contact magnetic levitation. Earnshaw's theorem was 

initially formulated for constant charges relating with fields that can be explained by a potential 

function obeying Laplace's equation. The constant charges can be electric, magnetic or 

gravitational of form while the fields can also be of the same form as the constant charges. 

The outcome of this scenario for Earnshaw's theorem is directly consequential of the maximum 

principle for Laplace's equation [ I  81 stating that the potential function's maximum or minimum 

never takes place in free space but always on the boundary. To incorporate materials with 

magnetic permeability and electrical permittivity greater than one Braunbek 119, 201 later 

extended Earnshaw's theorem: 

K s +  Key+ Kez 5 0  (2-25) 

Equation (2-25) formulates in 3D the theorem in terms of suspension stiffness Ke. Each of the 

diagonaI elements of the matrix must be positive, as this is an essential condition of the 
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suspension stability, thus implying that stability is impossible. However, no limitations on 

angular stiffness are imposed by Earnshaw's theorem and through an appropriate design, 

suspension stability about all angular degrees is attainable in a passive magnetic system. The 

lateral stability of the levitated body is consequently the key concern. 

2.4 Permanent magnets 

Since the permanent magnet Halbach array forms an imperative part of the Inductrack design it 

is important to examine the magnets forming the array. Different types of permanent magnets 

exist with unique material properties and magnetic characteristics. This section focuses on the 

different types of permanent magnet materials and gives background on which material can be 

selected depending on the application. Using this as foundation, a material will be selected to 

implement in the development process of this project. 

2.4.1 Permanent magnet theory 

A permanent magnet is defined as an object being able to sustain a magnetic field with no 

expenditure of power and is used to store or convert energy from one form to another. By storing 

the energy within the magnetic material or a region in space, like an air gap, energy can 

effectively be converted. Permanent magnets are broadly used in various industrial devices such 

as rotating electrical machines, acoustic transducers, imaging systems, equipment door latches 

and electron beams magnetically focused. [2 1,221 

Magnetic materials are characterized by its unique hysterias loop that describes the magnetizing 

cycle of the magnet. This cycle involves the process of bringing the magnet to full saturation, 

demagnetisation, and saturation in the negative direction and then the process can be 

repeated [2 1 1. 

This is realized by an externally applied magnetic field. The second quadrant of the B-H curve 

describes the demagnetisation curve of a permanent magnet and is used for characterisation. 

With fixed air gap dimensions and constant neighbouring fields a permanent magnet will have a 

distinctive static operating point. 12 1 ] 
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Two very important points on the demagnetisation curve are located on the intersections of the 

hysteresis loop with the x and y axes. The point of intersection with the x-axes is referred to as 

the coercive force Hc and is the demagnetising force needed to decrease the observed induction B 

to zero fiom the full-saturated point. The y-axes intersection point resembles the residual 

induction B, of the magnet that is the maximum flux density of the specific magnetic material in 

the absence of an external magnetic field. [23] 

2.4.2 Permanent magnet materials [22] 

Permanent magnets can commonly be divided into two groups; rare earth magnets and non-rare 

earth magnets. Non-rare earth magnets include Alnico (Aluminium-Nickel-Cobalt) and Ceramic 

(Strontium and Barium Ferrite) while the rare earth magnet range consists of SmCo (Samarium- 

Cobalt) and NdFeB (Neodymium-Iron-Boron) magnets. 

Though rare-earth magnets have distinctive properties non-rare earth magnets are used in the 

majority of applications due to economic factors. An ideal permanent magnet does not exist 

since each magnet material has certain advantages and disadvantages. A magnet should be 

selected on thoroughly prepared design specification since numerous factors influence the 

applicability of a certain material. 

a) NdFeB permanent magnets 

Compared to SmCo magnets NdFeB magnets have a higher maximum energy product and can 

substitute SmCo in the most applications except where operating temperatures are higher than 

80 OC. The magnetic strength properties of NdFeB magnets decrease rapidly above 180 "C 

whereas SmCo magnets are more temperature stable. 

Major Advantages: 

.Highest maximum energy product of all magnetic materials 

.More cost effective compared to SmCo magnets 

Major disadvantages: 

.Low corrosion and oxidation resistance 

=Temperature unstable, low curie temp 
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There are two possible ways to manufacture NdFeB magnets, with one being a sintering and the 

other a bonding process. In the case where accurate mechanical tolerances are desired sintered 

magnets need finishing comprising the final product. Compared to bonded magnets, the sintering 

process delivers magnets with superior magnetic characteristics. 

b) Sm-Co magnets 

Sm-Co magnets have two general compositions, SmlCo5 and Sm2Co17. These magnets are ideal 

for equipment operating in high temperature environments and areas where high corrosion and 

oxidation resistance is required. 

Major Advantages: 

.Highest operating temperature properties 

.Higher corrosion and oxidation resistance 

Major disadvantages: 

.Exceptionally expensive 

.Lower maximum energy product 

c) Alnico magnets 

Aluminium-Nickel-Cobalt magnets have outstanding temperature stability characteristics and 

high residual induction but the disadvantage of a low coercive force. The hard and brittle 

mechanical properties of the magnet makes it difficult to machine. When compound contoured 

magnets are necessary, the manufacturing process involves casting the magnets into the desired 

shape or form. 

Major Advantages: 

.Excellent operating temperatures 

.High residual induction 

.Lower in cost 

Major disadvantages: 

.Low coercive force 

=Difficult to machine 
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d) Hardferrite (ceramic) magnets

Ceramic magnets resort in the non-rare earth group and are a compound of iron oxide, barium

and strontium elements. Compared to other magnets in this group ceramic magnets have a higher

magnetic flux density, higher coercive force and better oxidation and demagnetisationresistance.

These magnets also have very hard and brittle mechanical properties and thus need special

machining methods. However, considering these disadvantageous Ceramic magnets are still

profoundly popular since it is exceptionally cost effective.

e) Flexible and plastic magnets

Magnets in this group are categorised as being either anisotropic or isotropic. Anisotropic

magnets are fabricated by injection or extrusion processes. Flexible and plastic magnets are

characterised by high elasticity, flexibility and ease of manufacturing and is thus ideal for

certain home appliances and industry applications.

2.4.3 Selecting apermanent magnet material

The choice of a permanent magnet material depends on the application, the design specifications

and the operating conditions. In section 2.5.2 the different types of magnet materials were

described. Some of the more important properties of the materials are summarised in Table 2-1.

The maximum energy product is expressed in MGOe (Mega Gauss Oersted) and the coerivity

He; in KOe(kiloOersted).Usingthisas a guideline,an appropriatematerialcanbe selectedthat

best fulfils the application requirements.

Table 2-1: Characteristicsofthe different magnet materials [22]

21

- - - - - - --

Cost Max. Energy (;orcivit)1 MWorking Mach.ine
Material Index ProduCtIMGoe] lIdlKOel TeinD.lOCI abllitv
NdFeB (sintered) 65% Up to 45 Up to 30 180 Fair

NdFeB (bonded) 50% Up to 10 Up to 11 150 Good

SmCo (sintered) 100% Up to 30 Up to 25 350 Difficult

SmCo (bonded) 85% Up to 12 Up to 10 150 Fair

Alnico 30% Up to 10 Up to 2 550 Difficult

Hard Ferrite 5% Up to 4 Up to 3 300 Fair

Flexible 2% Up to 2 Up to 3 100 Excellent
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Regarding this project the most import aspect when selecting a permanent magnet material, is 

the maximum attainable energy product to provide an efficient magnetic flux summation field 

below the Halbach array. Therefore, the highest grade N48 NdFeB sintered magnet material is 

selected. The material is moderate cost effective and fairly machineable, although care must be 

taken to avoid high operating temperatures. The magnets will be custom fabricated and 

machined by the suppliers with precise accuracy. 

2.5 Force distribution calculations of permanent magnets 

Force calculation is critical in the designing process of electromagnetic or electrodynamic 

devices. The global and local force distribution needs to be evaluated, as it is an essential 

procedure when designing these systems [24]. A correct and trustworthy technique is required to 

calculate the desired effects and properties. Important for this project is to exactly know the 

magnitude of the forces present between permanent magnets within the design. 

The different techniques used to compute electromagnetic force densities present in permanent 

magnets are described in the following sections. This serves as background for section 2.6 and 

Chapter 5 to understand the methods and problems involved when evaluating permanent 

magnets in finite element software. 

2.5.1 Equivalent source models [24] 

The equivalent source model method relies either on magnetic charges or magnetising currents, 

and function on the principle of replacing the permanent magnet by an equal volume and surface 

distribution of current or magnetic charges. [25,26] 

a) Equivalent magnetic charges 

Implementing this method involves replacing the permanent magnet with a volume charge 

density and a surface charge density. Equation (2-26) and (2-27) depict the relations present 

where pV and ps denotes the volume and surface charge density respectively. 

pv = -p,divM 
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The notation n represent the unit vector normal to the magnet surface and M denotes the 

magnetisation expressed in terms of the remanent induction B,. The value of M is determined by 

simply dividing the remanent induction by the permeability of vacuum po . The volume charge 

density is zero when M is constant and consequently the resulting force density is restricted to 

the magnet surface as given by (2-28) with H,  being the average magnetic field on the 

permanent magnet surface [25,26]. 

H' + H -  
where H ,  = 

2 

b) Equivalent magnetising current 

A nonmagnetic material with a volume current density and surface current density replaces the 

permanent magnet in this method. Equation (2-30) and (2-31) respectively represents the 

previously mentioned density parameters [25,26]. 

J ,  = rot M 

J ,  = -nxM 

The volume current density 

is then given by Lorentz's 

permanent magnet surface. 

vanishes with constant magnetisation and the resulting force density 

force in (2-32) where B, is the average magnetic induction on the 

where B, = 
B+ + B -  

2 

The interaction of (2-27) and (2-32) present the global magnetic force on the magnet surface. 

Unfortunately the resulting force densities of these methods have no physical reality and are only 

globally equal to the original permanent magnet since the method's foundation relies on 

equivalent models. Consequently the resulting force distributions of these equivalent models 

cannot be used for physical implementations. 

2.5.2 Maxwell stress tensor method 

Force calculations applying the Maxwell stress tensor can be realised by either using a surface 

integration or volume integration with each method having certain advantages with respect to the 
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other [25,27,28]. The advantages of the two alternatives concerning the implementation in finite 

element methods are described in the following section without the complex mathematics. 

a) Surface integration 

With certain terms defined, (2-34) and (2-35) with 8, the Kronecker delta, the force acting on 

the permanent magnet can be calculated by integrating the Maxwell stress tensor over a surface 

encapsulating the magnet [25,26,27]. 

The result of integration (2-35) over a random surface encapsulating the magnet, is the global 

force acting on the magnet. The chosen form of the surface theoretically shouldn't influence the 

result of the calculation. Although the force is attained from an approximate FEM solution the 

result is still dependent on the surface selection [25,26,27]. 

6) Volume integration 

The integration surface definition can be avoided by implementing a volume integration method 

[28]. The force in the direction ion the node k of the mesh is defined by (2-36) with a, being 

the nodal shape function [25,28]. 

F,, = - j58,a,dv (2 - 36) 
v 

The summation of the contributions of all elements neighbouring the node gives the force acting 

on the node while the summation of all the node forces provide the global force. It is beneficial 

that the same FEM mesh is used in this method for calculation of the force and the 

electromagnetic computation making the FEM code linearforward. 

Unfortunately, as with the equivalent source models, only the global interpretation of the forces 

given by the Maxwell stress tensor can be used since the obtained force densities are not real 

physical force distributions [25,29]. 
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2.5.3 Virtual work method 

This method is based on the physical principle of virtual work resulting in force densities with a 

physical meaning together with certain considerations [29]. In this method, the magnetic force is 

given by the derivation of the energy or the co-energy regarding virtual displacement [27,29,30]. 

The forces can either be calculated by implementing a vector or scalar potential formulation. 

According to the formulation used, deriving the energy at constant flux or deriving the co-energy 

at constant current calculates the force. 

2.6 Modelling permanent magnets in FEM software 

The previous section described the different methods used to calculate the forces between 

permanent magnets. These methods are implemented in FEM software packages to evaluate 

force distributions. Chapter 5 and 6 perform a FEM analysis to determine the magnitude of the 

forces present in an assembly of magnets. This section discusses how to use a BH curve in FEM 

simulations and give a handy tool to reduce simulation time. 

The demagnetisation curve of a magnet models the magnet behaviour when an MMF 

(Magnetomotive Force) with varying magnitude is applied to a magnet. The MMF is acting in 

the direction opposite to the field of the magnet. Continuing the process by increasing the MMF 

magnitude until the existing field is exactly cancelled, the applied MMF magnitude should be the 

same as the driving MMF of the magnet. Bringing the value of the magnet flux density to zero 

the BH profile traversed in the process appropriately defines the BH curve of the material the 

magnet consists of. [3 11 

Using this the coercive force Hc can also be defined as the MMF magnitude value to effectively 

cancel the existing field in a magnet. When working with nonlinear magnetic materials values 

for implementation in finite element software can be obtained by shifting the BH curve acquired 

from the manufacturer to the right by exactly the value of the given coercive force Hc. [3 11 

Figure 2-7 depicts that after this shift the point where B is zero lines up with the origin. This is 

done since FEM software packages normally don't use the demagnetisation quadrant of the 

hysteresis loop. Strong rare-earth permanent magnet materials have an almost linear 

demagnetisation curve at room temperature. [3 11 
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When a specific material's demagnetisation curve is of such form to assume linearity the 

permeability can be obtained from the demagnetisation curve slope by approximation. Normally 

rare earth materials have a permeability close to one and a linear model is adequate for 

modelling. [3 11 
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Figure 2-9: Shifting the BH curve for FEM modelling 

With only small incurring errors in modelling results, assuming a permeability of one can 

simulate these materials. Doing this usually simplifies the calculations performed by software 

FEM packages that make the computations less intensive and reduces the simulation time. This 

is useful when modelling is performed with 3D software requiring demanding calculations. [3 I] 
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2.7 Literature study summary 

A thorough mathematical analysis of the Inductrack method was described with the lumped 

circuit parameter approach forming the foundation on which the project design will be 

developed. Halbach stabilizers were also discussed and detail was given on the problems 

involved with Earnshaw's instability theorem. 

Background on permanent magnet materials was given and a discussion followed on selecting 

the appropriate magnetic material for this project. Force distribution calculations were evaluated 

to serve as background for implementing permanent magnets in FEM software. The last section 

described methods to model permanent magnets in FEM software and gave a tool to effectively 

reduce simulation time. 
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CHAPTER 

SYSTEM DESIGN 

This chapter contains the proposed alterations of the Inductrack technique to realize a functioning 

magnetic bearing. The main components aflected by the alteration process are the Halbach array 

and conducting coil track. This process implied a modzjkation to the Halbach array to realize a 

circular array with active flux summation area facing downward. 

Different possible conJgurations exist by which a circular Halbach array can be developed and 

each of these is properly discussed and the advantages and disadvantages of each given. A unique 

approach to implement electromagnets to form a circular Halbach array is proposed and the design 

criteria explained. 

The linear conducting coil array must also be devised into a circular form to accompany the 

circular Halbach array. Several coil array conJgurations exist for the Inductrack with each having 

certain advantageous and disadvantageous. These dzflerent conJgurations are individually 

examined and alterations are proposed for each to form a circular levitation array. 
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3.1 Inductrack implementation in a magnetic bearing 

The literature study of chapter 2 examined the Inductrack system's principle of operation and gave 

a mathematical analysis of the system parameters. Through this the plausible areas for alteration 

can be identified to produce a circular Inductrack implementation. The criteria regarding this 

alteration must also be determined to evaluate the applicability of the specific circular design. 

I Circular Inductrack 1 
implementation 

I-& 

Circular Halbach array I Circular coil array r---'-l 
conducting 
slab disc 

laminated 
levitation disc 

I I I 

Flat litz I 

Circular permanent magnet 
implementation 

Figure 3-1: Flow chart of possible design paths 

Circular electromagnet 
implementation 

Figure 3-1 gives a flow chart of the possible design paths to follow in devising a circular 

implementation. The main components affected by the alteration process are the Halbach array and 

conducting coil track. In the following section the issues concerned with the different design 

components are addressed. 

3.2 Circular Halbach array 

Cubical array 
configuration 

with 
nonmagnetic 

material 
spacing 

The uniqueness of this project is the special orientation of Halbach array through organising the 

permanent magnets in a circular form with the active magnetic flux summing area aligned 

downwards. The transverse Halbach stabilizers described in section 2.3 also use a circular Halbach 

array except that the magnetic field is not concentrated below the array but in the centre of the 

circular array. This section describes the different methods that can be used to produce a circular 

Halbach array. 

Cubical array 
configuration 
with magnetic 

material 
spacing 

- 

Cubical array 
configuration 
with wedge 

shaped 
magnets 

Window 
frame circular 

array 
wire cable 

track 
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3.2.1 Circular Halbach array implementation 

An important design consideration that should be remembered in this technique is the number of 

magnets used in the array. The number of magnets the array consists of must be multiples of four 

for the Halbach array to function properly in a circular array. 

Figure 3-2: Side and top view of Halbach array 

Figure 3-2 illustrates the side and top view respectively of a Halbach array with dots representing a 

magnet with the north-pole directed out of the page and a cross assigns a magnet with north-pole 

directed into the page. 

The bottom array of Figure 3-2 must be bent into the circular array of Figure 3-3. In the case where 

the number of magnets in the array are not a multiple of four, the flux lines of magnets allocated at 

the ends of the array shown in Figure 3-2 would not be able to link successfully when becoming 

neighbouring magnets, as the array is bent and closed into a circular array. This array configuration 

will create a sinusoidal periodic and spatially concentrated magnetic field below the array while the 

field above the array is effectively cancelled [15]. 

Figure 3-3: Circular Halbach array 
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3.2.2 Magnet configuration

The circular Halbach array and the linear array of the lnductrack method have two significant

differences; the shape and positioning of the magnets. Cubical magnets are ideal for the lnductrack

to complete an effective linear array however a circular array has certain complications. There are

different feasible options for utilizing magnets to produce a circular array.

aJ Cubical circular a"ay with non-magnetic material spacing

Cubical magnets can be arranged in a circular Halbach array order by correctly altering the pole

positions and effectively keeping the magnets apart and in position by separation with a non-

magnetic material like aluminium. The aluminium wedge shaped spacers must be especially thin at

the inner radius ends since the distance the magnets is apart should be kept as small as possible for

effective magnetic flux linkage.

Figure 3-4: Circular array using cubical magnets and non-magnetic material wedge spacers

The spacers can be individual parts or form part of the magnet housing as with the transverse

Halbach stabilizer rotor in Figure 2-7b). However, this is dependent on the assembly process

followed to fasten the magnets in position. This configuration has promising advantages but also

troublesome disadvantages.

Advantages:

-The magnets used will be more cost effective, since the shape is not complex, which

normally involves machining and certain sizes can be bought as standard stock.
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-Using non-magnetic spacers makes the assembly process easier since there is not the

problem of spacers snappingto the magnets.

Disadvantages:

-The separation distance between the magnets due the spacers reduces the obtainable

magnetic flux density below the array which is very crucial for this design.

-The spacers cause the magnetic flux to travel through non-magnetic material which reduces

the effectivity.

-Although the magnets are more cost effective, the machining of the spacers or the complete

spacer housing is complex and time consuming.

b) Cubical circular a"ay with magnetic material spacing

Similar to the previous configuration, cubical magnets can be arranged in the same manner except

that the separation spacers are fabricated from iron as shown in Figure 3-5. The same criteria are

however used to determine the shape of the spacers.

Figure 3-5: Circular array using cubical magnets and magnetic material wedge spacers

Using iron spacers forces the magnetic flux to follow a specifiedpath enhancing the obtainable flux

density below the array. This configuration has the same advantages and disadvantages than the

preceding non-magneticspacer method except for the following.

Advantage:

-Improved flux density below the array due to the flux paths

- -
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Disadvantage:

-The iron separation wedges complicates the assembly process since the wedges tend to snap

to the magnets. The attracting forces between the magnets and iron are very strong making

this approach dangerous.

c) Circular wedgeshaped magnet a"ay

Forming the magnets in wedge shapes instead of introducing wedge spacers further amplifies the

magnetic flux density below the array. The magnets are now positioned directly next to

neighbouring ones without any separation. The whole Halbach array volume is filled with

permanent magnet material which further contributes to an effective and a greater flux density

magnitude.

a)

Figure 3-6: a) Wedge shaped permanent magnet. b) Complete array

Figure 3-6a) illustrates a single magnet wedge and Figure 3-6b) the completed array. The

advantages and disadvantagesofthis method can be summarised as the following:

Advantages:

-Greatly enhanced magnetic flux density due to larger permanent magnet volume and

effective flux linkage to neighbouringmagnets.

-Fewer parts present make the assembly process less complicated.

-Reduced machining cost due to the absence of wedged spacers
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Disadvantages:

-Magnet shape is complicated requiring custom design by the supplier making the magnets

much more expensive

-The increase of permanent magnet volume in the array also increases the price of the

magnets.

3.3 Electromagnetic Halbach array

The Halbach array was specially devised by Klaus Halbach [14] to effectively utilize permanent

magnets to realize a concentrated magnetic field for electron accelerators. The personnel at the

Lawrence Livermore National Laboratory recognised the possibilities of the Halbach array and

implemented it by successfully developing a unique electrodynamic levitation method which they

named the Inductrack technique.

The question arises that if permanent magnets can be effectively used to such an extent, what is the

possibility that electromagnets can also be adjusted to form a Halbach array configuration. The

magnetic flux density below the array should be of such magnitude that it is still promising for an

EDS application. If an electromagnetic Halbach array proves to be feasible, it can be implemented

in the Inductrack technique by replacing the permanent magnets.

A thorough study of the electromagnet principle should be done to maximise the potential of the

design. An electromagnetic core material should be selected with the appropriate permeability

characteristics to give the largest field strength for a specified coil.

Figure 3-7: Two different sections of wedge shaped electromagnetcores

The number of turns, ampere rating and wire type of the coil is dependent on the required field

strength and core material capability. Figure 3-7 illustrates the shape of the proposed circular
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Halbach array electromagnet cores. The electromagnetcore acts both as core and bobbin for the coil

and is formed in a wedge shape like the permanent magnets for effective flux linkage.

Figure 3-8: Side view of assembledcircular array

The difference in magnetic pole direction found in a Halbach array constantly changes the

orientation of the individual magnets and consequently the structure of the magnet bobbins has to

be altered to implement electromagnets. Figure 3-7 shows the two different electromagnet bobbin

shapes while the completed assembly is shown in Figure 3-8.

By intensely examining this implementationwith FEM software the electromagnet core shapes can

be improved by redesigning to maximize the magnitude of the flux density below the array. The

FEM software will also be used to verify whether the electromagnetic alternative is feasible at all

for EDS implementation.

Ifthe electromagnetscan substitute the permanent magnets, it will have the followingbenefits:

-This will enable control over certain system parameters which is not possible with

permanent magnets. The intensityof the magnetic flux density will be variable.

- It will also broaden the field of measurable attributes by being able to test certain parameters

at different field intensities.

-The magnetic field of the electromagnets can be shut off thus eliminating the cumbersome

assembly process of a permanent magnet design.

-Permanent magnets are expensive and have to be imported where it is custom made by the

suppliers. The electromagnetbobbins can be machined locally.
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-The cost is further reduced since the electromagnets do not need a housing unit for each

magnet and can be assembled directly to a base plate without trouble.

3.4 Circular levitation coil configuration

The first Inductrack experimental levitation scale model used a conducting track consisting of

window frame like levitation coils stacked in a linear conducting array as shown in Figure 3-9.

Later, alternative methods of developing a levitation track were proposed and some implemented

with improved performance when compared to the window frame design.

Figure 3-9: Linear window frame type conducting coil array

Each of these designs has unique features which makes it more applicable depending on the area of

implementation. In the following sections the different alternatives are discussed and how these can

be devised to functionally operate as an integral part of a magnetic bearing system. This design

involves developing the levitation coil system in such a way that it effectively links with the

Halbach array flux density summationarea and thus maximizes the levitation force.

3.4.1 Windowframe circular array

This configuration consists of inserting the window frame shape conducting coils into a non-

magnetic coil housing or onto a centre housing ring as illustrated in Figure 3-10 and 3-11. Each of

these window frame type coils consists of multiple windings of Litz wire and each individual litz

wire conductor again consists of multiple insulated copper conductor strands. These litz wire
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strands are extremely thin and normally used for high frequency applications according to [32].

With each turn the litz wire winding is shorted on the bottom of the coil by soldering it to the

neighbouring conductors [33]. Depending on the application the system can be devised such that

either the levitationcoils or the magnet array is magnetically suspended.

Figure 3-10: Conducting coils inserted with bobbins in a non-magnetic housing

The soldering of each individual coil is a major disadvantage of the system since it can be

extremely time consuming. If a single coil has about fifty turns which should be soldered

individually and the total circular array holds thirty coils it becomes a very difficult task. Making

this task even more difficult is that each litz wire strand is insulated and should be cleaned before

soldering is attempted.

Figure 3-11: Conducting coils placed on a non-magneticcentre housing ring

Several other effects associated with coil designs also need to be evaluated. The possibility of

realizing a specific coil design depends on the influence these effects have on the system

parameters. Although the window frame design is proper for the Inductrack it might experience

problems when devised into the circular array. The difference between the linear Inductrack array

and circular array is that the levitation car only passes once by a specific coil when the levitation car
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moves down the coil array. However with the circular array implementationthe levitation coils and

the circular Halbach array keeps rotating within close proximity.

Since extremely large current is induced in the coils, the amount of heat generated within the coils

can be troublesome. The window ftame design must be evaluated and designed taking these effects

in account. A thorough design and evaluation is done in chapter 4.

3.4.2 Flat conducting slab disc

It is possible to replace the coil array configuration by a circular disc fabricated from a solid slab of

conducting material such as aluminium as shown in Figure 3-12. This disc is then implemented

without adding any coil windings. The problem with this approach is that the induced currents flow

only in a thin layer of the disc facing the Halbach array [15].

Figure 3-12: Flat conducting slab levitation disc

The litz wire windings of the window frame design, force the currents to flow deeper into the coil

and not only in the top skin layer. It is expected that, when using this solid disc in a physical

implementation,the disc's performance characteristicswould include a reduced lift to drag ratio and

significantlyhigh losses [15]. However this method has two major advantages:

- It will be exceptionally cost effective

-It will be easy to manufacture.

3.4.3 Flat litz wire cable track

The losses experienced by the solid slab configuration can be greatly reduced by introducing litz

wire into a flat track method. Using this method eliminates the need for a window frame design

which has some key advantages. Bulks of litz wire are pressed, using rolling and special tapping,

into square stainless steel tubes which function as structural support. These litz wire bulks, as
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shown in Figure 3-13, are manufactured in a transposing configuration such that all the wires reach

the surface at a certain point. The ends of these wire bulks are shorted by soldering the wire ends to

copper strips running alongside the wire bundle array. [15]

Figure 3-13: Flat litz wire cable track [34]

This method can also be altered to function in a circular array to produce a flat levitation conducting

disc for a magnetic bearing. The transposing process forces the current deeper into the conductors

creating a uniform current distribution throughout the conductor [34]. This is beneficial to

preventing losses and the problem of hot spots where certain parts of a conductor or coil experience

much higher temperature differences.

This method has promising properties for system performance and an effective implementation.An

aspect making it less attractive and troublesome is the soldering process which can be difficult and

time consuming.

3.4.4 Flat laminated levitation disc

Another alternative is to devise a levitation disc consisting of stacked thin conducting plates with

narrow cuts made into the disc as shown in Figure 3-14, leaving conducting edges on the inner and

outer radius ends. The distance between the cuts should be kept as small as possible since this will

enhance system effectivity by reducing parasitic eddy currents [9].

The cuts into the disc produces narrow conductors shorted at the ends with the conducting edges

creating the same effect as the litz wire flat track technique previously described. Depending on the
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system parameters several of these conducting discs are laminated for electrical isolation and then

stacked with the conductingedges and narrow shorted conductors aligning.

Figure 3-14: Fabrication of sheets for a flat-track version of the Inductrack

This conducting disc will be easier and faster to manufacture by water jet or laser cutting than the

litz wire approach. Making the conductors between the cuts very narrow reduces parasitic eddy

currents. However the current density is not uniformly distributed as with the previous method [9].

Implementation of this technique looks promising, although temperature effects should be

accounted for and might require that the design to be adjusted.

3.5 System design summary

The proposed alteration of the Inductrack technique to utilize a functioning magnetic bearing was

given and the process involved devising the Halbach array to realize a circular array was described.

Each of the different possible magnet configurations were properly discussed with the advantages

and disadvantagescorrespondinglygiven.

A unique approach to implement electromagnetsto form a circular Halbach array was proposed and

the design criteria explained. The permanent magnets must be replaced by wedge shaped

electromagnet cores acting both as core and coil bobbin.

The Inductrack conductingcoils must also be devised into a circular form to accompany the circular

Halbach array. The different coil array implementationswere examined and a proposed alteration to

form a circular conducting disc for each alternativewas given
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CHAPTER 

ANALYTICAL SYSTEM DESIGN 

The previous chapter described the methods involved to alter the Inductrack technique to realise a 

magnetic bearing conJguration. Dzflerent possibilities exist to implement the magnets and 

construct a levitation coil disc. This chapter describes an analytical design of the proposed wedge 

shaped permanent magnet Halbach array and mathematically evaluates two possible levitation coil 

designs. The physical sizes of the magnet array and levitation coils are set andfiom this the design 

parameters are calculated. 
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4.1 Halbach array system design 

The process of performing an analytical design on the model proposed for implementation as a 

magnetic bearing starts by first clearly specifj4ng the system dimensions and parameters. Much of 

the system analysis is performed with the mathematical equations used specifically for the linear 

Inductrack array, because the proposed design is devised from the Inductrack technique. 

Figure 4-1: Linear Halbach array intended for the Inductrack technique 

The devised design is effectively a closed loop linear array Inductrack implementation. It can be 

decided upon, depending on the desired implementation, if the circular Halbach array or the circular 

conducting track would be the rotating part. 

4.1.1 Circular Halbach array dimensions 

The same cubical blocks as shown in Figure 4-1 that are used for the Inductrack implementation, 

can also be used for a circular array. Wedge shaped blocks filling the whole available volume with 

magnetic material is preferred for improved system performance. A realizable and optimal size for 

the cubical magnets considered for the first implementation, section 3.2.2 a), was a magnet with 

sides 30 mm in length. The following criteria were considered in determining size: 

Effective flux density improves with the increase of magnet volume 

.The increase in magnet volume however also greatly increases the magnet cost 

The transformation of the Halbach magnets, described in section 3.2.2 c), to wedge shaped blocks is 

depicted in Figure 4-2 with some of the important dimensions given to determine certain immediate 
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parameters. To create an efficient magnetic flux density summationarea, the number of magnets the

circular array will consist of was estimated to be sixteen.

It was decided to keep the magnet inner face and depth still 30 mm like the cubical magnet and

from there derive the other array dimensions. The mean radius of the circular array can be seen in

Figure 4-2. It is necessary to find the mean radius because during one revolution of the array, the

inner and outer magnet faces travel different distances.

Magnet inner face

Magnet outer face

Figure 4-2: Dimensions of the circular Halbach array

Also it should be noticed that 1j and r2 differ slightly in lengthjust as the distances from the centre

position to points A and B differ. This is a result of the form of the wedge shape magnets where the

centre inner face is closer to array circle centre than the face ends are.

Taking the average of the involved radius distances, the mean magnet array radius can be

computed. When a wheel is rotating at a constant speed, a point on the wheel that is located at a

distance from the centre will travel at different speeds if the distance is varied.

This is also true for the magnet faces. With respect to the average radius, centrifugal forces must be

considered. A safe speed would be 50 km/h that gives 1454rpm. Table 4-1 gives the values of the

respective dimensions. The mean wavelength of the circular Halbach array can also be found in

Figure 4-2.
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4.1.2 Halbach array parameters 

Employing magnets in the Halbach arrangement results in an optimally efficient approach to utilize 

magnets to produce beneath the array a sinusoidal periodic and spatially concentrated cushion like 

magnetic field. Making the arrangement more promising is the fact that the field beneath the array 

is summed while the field above the array is effectively cancelled. The parameters of interest 

concerning the Halbach array are the following: 

S i z e  of the magnets used 

.Number of magnets per wavelength 

T y p e  of magnet material used 

.Surface peak flux density Bm0 

The wavelength of a Halbach array denotes the distance necessary for the pole direction to rotate 

one revolution in the array as shown in Figure 4-1. This however, depends on magnet size and the 

number of magnets per wavelength. The equations used for the mathematical analysis of the 

Inductrack in section 2.2 must be adjusted to appropriately describe a circular Halbach array 

implementation. 

From (4- I), with the respective permanent magnet parameters obtained from the suppliers, the peak 

surface flux density can be determined. All the relevant parameters and information are listed in 

Table 4- 1. 

with 

The mean magnet length Cmo must be found since the magnet shape differs from the cubical 

magnets shown in Figure 4.1. In (4- I), B, is the permanent magnet remanent magnetic field, Cmo 

depicts the face dimension of the cubical magnets and the number of magnet bars per wavelength is 

denoted by M. For 48-grade NdFeB magnet material, with characteristics given in Table 4-1, the 

value of Bmo can be calculated. 

The definitions of the parameters given in Table 4-1 can be found in section 2.4, except for the 

maximum energy product BH,,,, which refers to a point on the hysteresis loop at where the 

product of magnetizing force Hand induction B is a maximum. The necessary volume of magnet 
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material to project a given energy into its surrounding is a minimum [9]. Table 4-1 also gives the

calculated values of the circular Halbach array.

Table 4-1: Properties of the Circular Halbach Array

4.2 Circular coil array design

As mentioned, the EDS implementationproposed for this project is an alteration of the Inductrack

technique and many of the theoretical analyses and the system development methods are also

applicable to this project. The whole Inductrack technique is evaluated and the necessity of certain

elements is questioned, both for the Inductrack and the proposed EDS system.

4.2.1 Circular coil array dimensions

Instead of arranging the conducting coils into a linear array, each of the coils is positioned at an

angle, respective to the previous one, to complete a circular array. The dimensions and parameters

used for the calculation of the Inductrack technique have to be devised to fit and describe a circular

implementation.The devised circular array is shown in Figure 4-3 with the appropriate dimensions.
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Permanent magnet material properties Grade N48 NdFeB

B, Residual induction 1.388 Tesla

He Coercive force 1207 kA/m

BH(max) Maximum energy product 367 kJ/m3

Halbach array properties of implemented permanent magnet material

w Magnet width 0.03 m

A Active summation surface 0.00173 m2

A.m Mean wavelength 0.1437 m

M Number of magnets per wavelength 4

CmO Mean magnet length 0.03 m

km Variable 0.51

Bo Peak surface flux density 0.9130 Tesla
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The separation distance between the neighbouring coils de is nearly equal to the coil width dawhen

the coils are closely packed in the linear array as mentioned in section 2-2. To prevent flux

cancellation, the width of the coils that is equal to the thickness, must be small when compared to

the Halbach magnet array wavelength.

The thickness must be small since the magnetic field of the Halbach array decreases exponentially

with distance from the magnet. The result is that deeply positioned conductors would not link with

the flux lines and be ineffective in the design. [15]

Figure 4-3: Top view of circular array and coils giving the required dimensions

For calculations, the average separation distance dmeneeds to be found from del and de2.The radius

distance on which the centre lines of the coils are positioned in Figure 4-3 is the same as the

average radius of the magnet centrelines as depicted in Figure 4-2. The exact values of the

mentioned dimensions are given in the following sections. If one of these dimensions changes, a

number of the other system parameters also changes and affects the system performance. It is

therefore important to find the optimum values to realize a functional and effective system.

4.2.2 The Inductrack demonstration model

To devise an effective EDS method from the Inductrack Technique the reason why certain

materials, parts and methods were used must thoroughly be understood. The Inductrack system

coils used were wound with 53 conductor turns of speciallitz wire, which is unique multi stranded

conductor with each insulated strand having a very small diameter.
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It is important to verify why it was necessary to use litz wire since this complicates the design and

is not a cost-effective approach at all. The effects influencing the behaviour of the levitation coils

associated with this specific design needs to be studied and evaluated. One of these is a

phenomenon known as the skin effect, which is troublesome in designing certain high frequency

applications. In the following section the effects concerning the design process of the levitation

coils is described and examined.

4.3 Effects complicating the coil design

Multi turn coils have applications in a multitude of devices and systems as inductors and

transformers. When a set of wire is configured in such a way to form one of these certain effects

concerning the functionality thereof suddenly appears. Depending on the system characteristics or

the desired outcome of a specific design, these effects can be very problematic. It is important that

the effects present in the proposed design must be evaluated and it should be taken into account that

the design is subjected to different circumstances than the original linear Inductrack

implementation.

4.3.1 Skin effect [35]

This effect appears only when a coil carries an alternating current and has no significance on a coil

carrying a DC current. Alternating currents functioning on low frequencies, depending on coil

parameters can be evaluated by neglecting the skin effect although at higher frequencies it must be

brought into calculation.

J(t)

a) b)

Figure 4-4: a) Copper conductor carrying applied current and resulting magnetic field

b) Result of the skin effect on current distribution, (adapted from [35])
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Examining the skin effect occurrence, view the copper conductor in Figure 4-4a) carrying an

alternating current i(t) that generates a magnetic field H(t) and in turn generates the eddy currents

in Figure 4-4.

The induced eddy currents flow in the opposite direction as the applied current i(t). These currents

flow in the interior of the copper conductor and thus have a tendency to shield the interior of the

wire from the applied current and the consequential magnetic field. The net effect of this is that the

current density is the largest at the surface ofthe conductor.

Equation (4-2) gives the skin depth that characterises the exponential decay of the current density

with distance into the conductor. The frequency of the alternating current is given by OJwhile f.J.is

the magnetic permeability and (j'=5.8X107Wm is the conductivityof copper.

(4-2)

Figure 4-5: Eddy current inside the conductor generated by the magnetic field [1]

Inserting the values and knowing that OJ=2:( (4-2) can be simplifiedto [36]:

0= 0.0661
fi

(4-3)

The current carried by the conductor will be constricted to a thin layer at the surface with a

thickness of about one skin depth if the conductor diameter is considerably larger than the skin

depth. Consequently, the effective resistance of the copper conductor is higher than the expected

DC resistance because of the limited current flow. The skin effect can be neglected if a conductor,

carrying the desired current at a specific frequency, can satisfy (4-4). [1]

(4-4)
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To estimate the skin depth present in the coils of the Inductrack system and the proposed circular

implementationof this project, the frequency of the induced currents needs to be found. According

to [8] there are four 0.025 m cubical magnets in a single wavelength on the Inductrack levitation

cart as shown in Figure 4-1. If it is possible to accelerate the cart to 200 km/h (55.56 m/s) it takes

0.01799 seconds for a wavelength to move by a certain point yielding a frequency of 555.6 Hertz.

This can be verified by (2-5) which is used to calculate the excitation frequency of the Inductrack

system. By using (J)=2if again,(2-5) can be simplifiedto give (4-5). Insertingthe values,the

same frequency is calculated. When applying this to find the skin depth of the Inductrack the

necessity of the specific litz should be questioned.

f=~ (4-5)

According to [32] the litz wire implemented is specified and is used for very high frequency

applications. From (4-3), a skin depth of2.8 mm is found making the high frequency litz wire used

to eliminate the skin effect for the Inductrack somewhat unnecessary. However the litz wire

implementationcan be functional regarding other design aspects.

Table 4-2: Properties of the circular coil array

The mean wavelength of the circular Halbach array is found from Figure 4-2 and from this, as for

the Inductrack system, the excitation frequency and the respective skin depth can be computed.

Table 4-2 gives the values calculated for the circular array implementation.

4.3.2 Other CoilEffects

The previous section clearly illustrates the result the skin effect can have on the system

characteristics. However this is not the only effect present when a coil design is evaluated.

Depending on the implementationof the coil, the following effects should be accounted for:
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Array mean radius 0.0912 m

Speed at mean radius 50 km/h

Rotating speed 1454rpm

Excitationfrequency 96.59 Hz

Skin depth atfrequency 6.726 mm
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· Winding loss due to DC resistance

· Thermal considerationsand the effect of an over current on the hot spot temperature

· Optimum conductor size and minimumwinding loss

· Reduction of loss in the inductor winding

· Optimisation of solid conductor windings

Comprehensiveanalysis was done on a number of these effects present in the proposed circular coil

array. Due to time and space it will not be discussed in this report. Some of the effects may

however be encountered in the following mathematical analysis and from this, it will be clear what

substantial effect it has on the final design decision.

4.4 Circular coil parameter analysis

From the analysis of the Inductrack system in section 2.2, it is clear how each of the design

components is essential and mutually dependent on the other system parts. If one parameter value is

altered, the whole system's performance is influenced. Two very important parameters that need

careful design evaluation are the coil resistance and inductance. If these two factors are optimised,

the other design values can also be determined.

4.4.1 Evaluation of the equivalent coil resistance

When evaluating the coil resistance or inductance for the Inductrack implementation it makes no

difference if the coil consists of many conductor windings with a certain cross area section or a

single solid winding having the same cross area section [37].

In both cases the L/R ratio value will be the same, although for a practical implementation, multi

windings is preferred to reduce parasitic eddy currents and other effects. The OTE (one turn

equivalent) coil is characterized by a one-turn coil carrying the same uniform distributed current

and having the same dimensions and features as the litz wire coil proposed for implementation [37].

Examining equation (4-6), which gives the average levitation force the crucial effect, the resistance

and inductanceportrays in the system characteristics, is prominent.

(4-6)
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It is evident that, the higher the coil resistance, the lower the attainable levitation force per circuit.

This is also true for the inductance. The lower the resistance can be made, the higher induced

currents will be possible.

Figure 4-6 gives a MATLAB@plot of the levitation force as a function of coil resistance. Such

small resistance values are not possible, it clearly shows the benefit of a low coil resistance. Taking

only this into account, it appears feasible to focus primarily on keeping the resistance and

inductance to a minimum.

0.4
Resistarie (Ohm)

Figure 4-6: MATLAB@plot of levitation force vs. resistance

Reviewing this, regarding all the system parameters, it is seen that this assumption will greatly

impair two important factors: the transition speed and system levitation efficiency calculated in

sections 4.5.2 and 4.5.3.

From Figure 4-7, the shape and dimensions of the coil are seen and the mean perimeter Pc can be

estimated with (4-7), where Wmrrepresents the mean width and hmrthe mean coil height [37]. The

last term calculates the four mean round comers that are formed in the process of preventing the

conductors ITombeing damaged by a tight bend.

/',;=2wmr+2hmr+4~)w (4-7)

This is an important observation. If the bend is too tight, it will increase the conductor resistance

and create a potential hot spot at operating conditions where high currents are present. The one

turn's equivalent resistance is given by equation (4-8) and only the wire specific resistance value is

still needed. The coil bobbin should also be designed with round comers to support the conductors.
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R - R01m . nC/Urmc-
CPerimeter nStrands

(4-8)

- - - -- - - - -

-.-.-.-.-.-.-.-.

-.-.-.-.-.-.-.-.-.-

Wmr

Figure 4-7: Rectangular levitationcoil dimensions

The conductors used for the Inductrack demonstration model is 150/36 litz wire, 150 strands of 36

AWG insulated copper wire. Table A1-4 in Appendix A-I gives the properties of 36 AWG round

copper conductors and from this, by inserting the appropriate values into (4-8), the resistance of the

one turn equivalent coil by can be calculated. [9] Table 4-3 in section 4.5.2 gives the respective

calculated values concerning the resistance of the coils implementedin a circular coil array.

4.4.2 Evaluation of the equivalent coil inductance

Two different categories should be examined when calculating the coil inductance. Firstly, the

distributed inductance Lmd,that is a result of coil self-inductance, as enlarged by mutual inductance

coupling to the neighbouring coils.

Secondly, the extra inductive loading LL that can be added to decrease the value of the transition

speed. The total inductance is given by (4-9) and shows the relation of the total inductance with the

distributed inductance. [37]

(4-9)

where

(4-10)

52



The application of electrodynamic levitation in magnetic bearings

The OTE coil inductance, before inductive loading is added, can be calculated with (4-10) by

inserting the respective parameter values calculated in the previous sections. Inductive loading can

be applied by laying ferrite tiles on the planes above and below the bottom horizontal leg of the

levitation coils as shown in Figure 4-8. The magnitude of the added inductive loading is evaluated

using (4-11) and (4-12). [37]

(4-11)

(4-12)

The permeability of ferrite tiles is much higher than that of air and has the result of augmenting the

coil inductance, where a = I1c is the upright thickness of the lower coil leg shown in Figure 4-7.

Substituting (4-11) into (4-12) and knowing the width h of the tiles the amount of added inductive

loading can be determined. [9]

Coils

Ferrite tiles

Figure 4-8: Inductive loading with ferrite tiles

The implementation of ferrite tiles is very useful to adjust the total system inductance to lower the

transition velocity, although the physical dimensions of certain designs prevent a feasible

application.

The window frame type coils of the Inductrack demonstration model have enough space to easily

insert ferrite tiles. However, the circular coil array of this project is more troublesome due to limited

space, the array construction and the presence of coil positioning parts. The result is that for the

circular array implementation,no extra inductive loading will be added.
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Figure 4-9 gives a MATLAB@plot of the outcome a varying inductance have on the levitation

force. It is clear that if the inductance is lowered, the levitation force is greatly augmented, but not

without influencing the levitation efficiency as earlier described. If the inductance is lowered too

much, the levitation force is also reduced as depicted in Figure 4-9.

This is quite apparent: if there is no inductance there can be no levitation force. Through this the

reliability of the mathematic formulation used is confirmed and it is evident how realistic it

describes the system's behaviour. Table 4-3 in section 4.5.2 gives the value of the calculated

inductance and respectively the parameter values needed for the calculation.

l.eoitalion F orc. ,gainst CoillnducI$RI;'

1).5 , 15

Figure 4-9: MA TLAB@plot of levitation forces vs. inductance

4.5 System characteristic analysis

This section contains the analysis of system characteristics regarding the design performance. The

expected levitation height is first examined and is then followed by a system efficiency evaluation.

The required levitation speed, transition speed, induced voltage and currents are discussed and the

section is ended with a description of the potential design problems.

4.5.1 Evaluation of the expected levitation height

A very important design aspect in the magnetic bearing environment is the nominal air gap between

the stator and the rotor. The levitation heighty accomplishedby the system describes the air gap for

this design and is measured, as the vertical distance the rotor is able to repel the stator upward at a
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specified speed. To find the levitation height, the stator mass Ms and Halbach array magnet width w

is needed. The relation of the attained levitation force Fmyand its maximum value are given

by (4-16).

(4-16)

where

F B;,o [-k(2y+.1.)]~=-e
A Po

(4-17)

The levitation parameter can be extracted by substituting (4-17) in to (4-16) and rearranging. Table

4-1 in section 4.1.2 gives the width of the Halbach array while an approximate mass of the stator

with respective anticipated levitation height is given in Table 4-3 section 4.5.2. Depending on the

implementation, the stator can either consist of the Halbach array and housing, or the copper coils

and positioning parts.

Simulating the system in MATLAB@the levitation height can be found without rearranging (4-17).

This is advantageous, since a desired levitation height can be selected and the other system

parameters adjusted to attain the certain value.

4.5.2 System efficiency

With any design or system there must be a way to determine its energy efficiency. If such a method

does not yet exist a measuring method must be found on which a system's efficiency scale can be

evaluated. This project's energy efficiency outcome is evaluated by calculating the designs

levitation efficiency that can be described as the levitating force per watt of power dissipated in the

circular coil array. The product in (4-18) gives the average power dissipated per circuit, with vm as

the rotational speed in m/s.

(4-18)

where [N/Circuit] (4-19)

Equation (4-19) describes the drag force the bearing experiences during operation. This force is

very high during start-up but drastically decreases as the speed increases. This can be seen from the

lift to drag ratio given in equation (4-20). From this, the parameterK given in (4-21) can be defined

which assigns the systems levitation efficiency.
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Lift _ mL _ 27lVm
[

L

]
-

Drag R A R

K = 2; [~] [NIW]

(4-20)

(4-21)

When the power efficiency (4-20) is compared with (4-6) giving the average attainable levitation

force, it is clear that for any specified circuit resistance R, the system efficiency can be improved by

increasing the inductance through adding inductive loading to the circular coils. However, by doing

this, the lifting force per circuit is correspondinglyreduced [9].

Table 4-3: Calculation of coil resistance

Table 4-3 summarises the computed system values. In comparison with the values found for K in

the Inductrack MAGLEV implementations, typically K = I N/W, this design's efficiency might

seem relatively low. The reason for this is the physical size of the magnetic bearing system.

Inductrack implementationswith smaller scale models also revealed reduced levitation efficiency.
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Symbol Description Jifalue

RO'm Resistance per meter (25°C) 1.39 Q/m

Coil mean perimeter 0.1743 m

nC/Urns Number of turns per coil 53 turns

nSstrands Number of strands for Litz wire 150 strands

c Average conductor bundle thickness 0.0125 m

Rc Coil resistance 2.16xl0-5 Q

Po Permeability of air 47Tx 10-7 Him

Ld =L Coil inductance 0.0757 pH

VI Transition speed 5.447 m/s or

19.6 km/h

v, Required levitation speed 50 km/h

1454 rpm

K System Efficiency 0.1835

ms Stator Mass 25 kg

y Expected Levitation Height +/- 0.02 m
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4.5.3 Evaluation of the transition and required levitation speed

The transition speed can be defined as the speed where the lift and drag forces become equal and

the lift force reached half of the asymptotic maximumvalue [9]. The transition speed can be derived

ftom the levitation efficiencyK with the relation given in (4-22).

(4-22)

The required magnetic bearing operating rotational speed v, must be substantially higher than the

transition speed to obtain effective levitation. Table 4-3 in section 4.5.2 gives the speed of 50 km/h,

resulting in a rotational speed of 1454rpm at the mean rotor radius. At this speed, a relatively good

levitation force is attained, although substantial drag forces are still present. A higher operational

speed, with much reduced drag forces, would be more feasible but due to the mechanical constraints

described in section 7.2 a lower speed will be sufficient for this project.

4.5.4 Magnitude of the induced current and voltage

The Inductrack analysis given in section 2.2 describes how the voltage and current induced in each

of the linear array coils can be derived. The same method is used to find (4-23) and (4-24) to

calculate the induced components of the circular implementation.

vm = Lmd di + Rim = OJmrPocos(OJmt)
dt

(4-23)

imz(t) = AmBmoW
[

1

]
<_kyl)[

.
27rLmd 1+(R/ OJmLmdi e sm(kmx) +(R/ OJmLmd)cos(kmx)]

(4-24)

Figure 4-10: MATLABiI>plot of induced current vs. speed
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Figure 4-10 shows a MATLAB' simulation of the induced current. Depending on the levitation 

height the induced current's magnitude can be profoundly large. These high currents lead to thermal 

and other coil effects mentioned in section 4.3.2. However, by restricting the minimum levitation 

distance to a safe operating level and adding cooling fans, these effects can be largely reduced. 

4.5.5 Potential design problem. 

Even with cooling fans present in the design, a probable overheating problem still remains. It is 

possible that the heat generated by the coil conductors in the centre of the coil, can be trapped due 

to the packing factor, conductor insulation and the coils emissive properties. This heat cannot be 

transferred to the surface fast enough for radiation and removal by the cooling fans, resulting in 

hotspots within the conductor that can possibly lead to coil damage. 

With a carehl design, these problems can be harnessed, but for safety reasons improved cooling 

methods such as convection oil baths should be considered. Taking this problem and the other 

mentioned in section 3.4.1 into account, the prospect of using one of the other circular conducting 

discs designs of section 3.4, should be considered. 

4.6 Flat laminated levitation disc design 

The circular coil array design discussed in the previous section has the disadvantage of difficult 

manufacturing and the possible problem of not being able to carry excessive heat to the surface for 

cooling. This section hrther describes the flat laminated levitation disc design of section 3.4.4 and 

evaluates and adapts this design to overcome the problems of the circular coil array. 

4.6.1 Design description 

The mathematical analysis of the circular conducting disc discussed in section 3.4.4 is based on the 

same principle as the circular coil array but have unique differences with regard to the calculation of 

certain system entities. 

Interlayer mutual inductances between the thin conducting sheets are ignored in this design 

producing an approximate equivalent conductor used for mathematical analysis. This equivalent 

conductor consists of the mean width of the laminated disc conductors and the total thickness of the 

assembled circular disc stack. [38] 
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Figure 4-11: Thin cuts in conducting disc

Figure 4-10showsthe lowerportionof the conductingdiscgivenin Figure3-13.Thincuts in the

pineapple ring shaped conducting disc forms the conductors with wide conducting edges left to

allow passage for the high-induced currents. These currents with the respective lift and drag forces

can be calculated as the sum of two components. The first component consists of the surface

currents and the second is the parasitic eddy currents.

4.6.2 Calculation of disc equivalent conductor characteristics

The conducting edges of the disc also have a characteristic resistance that should be taken into

account when evaluating the total resistance of each equivalent conductor. The equivalent

conductor resistance can be calculated using (4-25) and the added resistance of (4-26) compensates

for the ohmic losses present in the conductingedges. [15]

R = 19.2p!3rOJm
e I" A?Jpac m

(4-25)

(4-26)

(4-27)

In (4-23) P denotes the amount of circuits per quarter wavelength so that the coil conductor width

can be defined by (4-24) while the coil conductor thickness is given by (4-25) showing that the coil
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thickness should be a fraction 1/4y of a wavelength [15]. The conductor is subjected to equivalent

flux linkage as the circular coils of the previous design so the same method will be used to fmd the

induced current and other relevant parameters. Table 7 gives the respective calculated values.

Am

dmc= 4{3

Am

!J..mc= 4y

(4-28)

(4-29)

Table 4-4: Calculationof coil resistance

4.6.3 Levitation disc cooling

The development of a specially designed conducting disc results in heat generated deeper within the

equivalent conductor. The deeper lying sheets can effectively be extracted to the surface for

cooling. The interlayer conducting sheets is electrically but not thermally insulted with thin sheets

of thermal padding normally used for semiconductorswitching elements.

The stack of copper conducting and thermal sheets is tightly fastened with a large amount of bolts

and two pressure rings to ensure effective thermal coupling. The rate of heat carried to ambient is

directly related to the available surface area. By extending the inner and outer conducting edges the

surface area is increased by turning the levitation disc into an element simultaneously acing as a

heat sink. Figure 4-11 shows the heat sink conducting edges and fastening boltholes where pressure

rings are fitted.
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{3 Number of circuits per quarter wavelength 15

p Resistivity of copper 1.7xl0-8 11m

hac Packing factor 0.9

y Dimensionless thickness componentof the coil 1.79

!J..c Average conduct or bundle thickness 0.02m

RTot Coil resistance 1.56xl0=5 11

Po Permeability of air 41l"x 10-7 Him

Ld =L Coil inductance 0.0427pH

vt Required Transition speed 5.447 m/s

y Anticipated Levitation Height 0.02m
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Figure 4-12: Thin cuts in conducting disc

In the configuration where the levitation disc is rotating the heat sink fins are constantly subjected

to moving air that greatly increases the amount of heat transferred. Preventing this, the magnet

assembly is subjected to heat and to ensure that the inner conducting edge fms are cooled, a suction

fan shown in Figure 7.15 is added to move air from outside the model in-between the magnets and

upper disc face. This air is then sucked through the centre over the inner sink fins from where the

fan blows the extracted air over the lower conducting discs for cooling.

4.7 Design summary

This chapter described an analytical design of the proposed wedge shaped permanent magnet

Halbach array and mathematically evaluated two possible levitation coil designs. The physical

sizes of the magnet array and levitation coils were set and designparameters were calculated. The

problems involved with the coil levitation array were evaluated and a method to devise the flat

laminated levitation disc to over come theseproblems was discussed.
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CHAPTER

5
FINITE ELEMENT ANALYSIS

Theprevious chapter gave a thorough analytical design of the complete system and determined the

system characteristics. This chapter focuses on a Finite Element Method (FEM) Analysis of the

Halbach array to verify the calculations of Chapter 4. A linear Halbach array implementation is

first evaluated with a 2D simulation in two different FEM software packages to examine the

accuracy of the simulations. The linear array is also implemented in a 3D simulation to form a

foundation on which the circular array can be evaluated in 3D. Theforces between the magnets are

examined with FEM and the applicability of the proposed electromagnetic design of Chapter 3 is

also verified with FEM simulations.
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5.1 Halbach array finite element analysis

The special arrangement of magnets with alternating pole direction to form the Halbach array has

attractive magnetic properties. The discussion in section 2.2 and design in section 4-1 highlighted

two of the promising characteristics of the Halbach array; the magnitude of the magnetic flux

summation area below the array and the effective flux cancellation above the array. This section

performs finite element analysis to determine and verify the attainable peak surface flux density.

5.1.1 Optimising the peak surface flux density

When magnet blocks are set into an array and the pole direction of each following neighbouring

magnet, from left to right, be rotated by 90 degrees clockwise, the magnetic field is forced to follow

a certain magnetic path. When four magnets are set in the array the pole direction is rotated 360

degrees and a wavelength is completed.

This results in the magnetic field above the array cancelling and a magnetic summing area forming

beneath the array. With only four magnets in the array a large quantity of the flux sti11leaksto the

top and ends but when the number of magnets is increased in multiples of four the final result is a

spatially concentratedposition varying sinusoidalmagnetic field with very little leakage flux. [9]

The most important design consideration with a Halbach array is Bo the peak surface flux density.

By examining (4-6) the importance of this parameter to increase the maximum attainable levitation

force is seen. The value of Bmofor the circular array is calculated with (4-1) to be 0.933 T. The

question remains what will happen when the linear array is closed up into a circular array. It will be

a troublesome and expensive experiment to determine the peak flux density and verify the

applicability of this by physically building a circular array to test every experiment. This is where

finite element analysis is a very handy and cost effective design and verification tool.

FEM replaces a complex problem with many simple problems by dividing the model into many

small pieces of simple shapes called elements [39]. Through implementing the circular array in a

software FEM package the magnetic field and magnetic flux densities can be computed and verified

before a physical implementation.The Halbach array can then be altered to improve the attainable

peak flux density and enhance the total design. This analysis will be performed in several steps with

each step verified before the next is attempted.
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5.1.2 Analysis of linear array

The first step is to evaluate a linear Halbach array mathematically and then compare this with a

finite element analysis. This is done to determine the accuracy of the FEM implementation and

compare the results by using of two different FEM software packages. The two packages,

COMSOL MULTIPHYSICS@and FEMM, are used in this process specifically so that the one can

verify the results of the other. Figure 5-1 gives a COMSOL simulation of a Halbach array with

different cut-off flux densities specified.

0.6 (Tesla)

b)

0.8 1.2 1.4 1.8 (Tesla)
c)

Figure 5-1: COMSOL Simulation of Linear Halbach array
a) No lower limit flux density cut-off.
b) 0.8 T cut-off.
c) 0.5 T cut-off

In Figure 5-1a) no cut-off is present showing the whole flux density distribution with sinusoidal

summation area while Figure 5-1b) and c) gives the distributions with lower limits of 0.5 T and

0.8 T respectively. The FEMM simulation plot in Figure 5-2 gives similar results with a slight

difference in the attainablemaximum peak flux density.
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Figure 5-2: FEMM Simulation of Linear Halbach array
a) No lower limit flux density cut-off.
b) 0.8 T cut-off. c) 0.5 T cut-off
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The observed difference is a consequence of the diverse approaches the two software packages use 

for simulating permanent magnets. FEMM implements the H, characteristic of the magnet while 

COMSOL requires B,, the remanent characteristic of the magnet. Viewing the BH curve of 

Figure 2-9 retrieved from the suppliers and Table 4-1 in section 4.1.2 the two characteristic 

components can be found. 

Figure 5-3 gives an EXCEL@ plot comparing the FEMM and COMSOL flux density magnitude 

plots simulated on the dotted lines depicted in Figure 5-la) and 5-2a). These dotted lines are located 

1 mm beneath the Halbach arrays. The peaks illustrated in the plot represent unrealistic high flux 

density magnitudes. However, when an average is calculated from the FEMM and COMSOL plots 

the desired values are attained. In Figure 5-3 the linear lines depict the averages of the two plots 

with the obtained values given in table 5-1. 

5.1.3 3 0  analysis 

A 2D FEM analysis is very usefd and mostly sufficient to evaluate magnetic and electromagnetic 

designs. Since a 2D magnetic field plot is only a centre section view of a plane, for example the x- 

plane, it does not evaluate what simultaneously happens on the other planes. Even nano-precision 

finite element analysis is not useful when it is desired to see how a design acts in all three 

dimensions. It can be argued that by making various section cuts and evaluating different planes it 

will to a certain extent describe how the design acts in 3D. This will be helphl and sometimes 

adequate for a design although this is not the case with Halbach array analysis, specifically with the 

circular array implementation. 

Figure 5-4 depicts a 3D COMSOL simulation of an 8 magnet linear Halbach array. To effectively 

examine the flux density distribution in 3D a field line the flux density plot, normally used in 2D 

that gives a good presentation of how the field lines are distributed, isn't helphl to evaluate the flux 

density. The isosurface flux density plot of Figure 5-4 have a lower cut-off flux density of 0.4 T. 

The areas where the flux density is higher than 0.4 T appear similar to clay sticking to the magnet 

array. Figure 5-4 a) shows a 3D view of the array and it can clearly be seen how the summation area 

forms below the array. By viewing Figure 5-4 b) an c), the front and top views, the way the flux 

density is distributed on the sides of the magnet can be seen. This is not possible to see with a 2D 

simulation. 
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Figure 5-4: 3D COMSOL Simulationof Linear Halbach array
a) 3D view with 0.4 T lower limit flux density cut-off.
b) Front view. c) Top view

The reason for this is the Halbach array's alternating magnet pole direction and the problem that

with a 2D analysis the field direction cannot be specified into the page while simultaneously

interacting with the field lines aligned parallel to the page. A disadvantage of a 3D analysis is the

limit of nodes that can be created for a simulation.
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Figure 5-5: COMSOLflux density plot
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This is due to the computational intensity of a high node number simulation. That is why the

iso-surface plot of Figure 5-4 isn't as smooth as the 2D flux density plot of Figure 5-1. However by

carefully selecting the simulation mesh volume, the desired results can be obtained. Figure 5-5

illustrates a flux density magnitude plot Imm beneath the centre of the 3D simulation array shown

in Figure 5-4.

Due to the large nodes size it will be inaccurate to attain an average of the magnitude plot as done in

Figure 5-3. The nodes represent a volume through which the flux density magnitude is calculated.

This implies that the node also represents the flux density volume that is located further than 1 mm

from the array and consequentlyacts as an average. Thus the most accurate way to verify Figure 5-5

with 5-3 is to compare the peaks of Figure 5-5 with the averages of 5-3. The values are given in

Table 5-1.

Since the relative permeability ofNdFeB permanent magnets is close to one, J.lr= 1.05to be exact,

the simulation can be implemented by specifying the permeability equal to one without significant

loss in accuracy. This reduces the mathematical calculations COMSOL has to perform through each

node resulting in shortened simulation time and that fmer meshes can be used for a more accurate

and smoother flux density plot improving the evaluationprocess.

5.1.4 Circular array simulation

The analysis of the linear Halbach array of the previous sections sets a good foundation on which

the circular Halbach array can be analysed and verified. The question at hand is how the magnetic

fields will react when the linear array is bent and closed up into a circular array. There is a constant

bent of 22.25 degrees in the magnetic fields from one wedge shaped magnet to the neighbouring

one.

This should not be a problem since the field lines is already forced to follow a magnetic path with a

90 degree bent due to the Halbach array magnet pole alteration. Figure 5-6 gives an iso-surface plot

of the wedge shaped circular magnet assembly.

The flux density summationarea below the array has a small tendency that the summation is greater

in the region of the inner circle, as seen in Figure 5-6b) showing the arrays top view. This is the

result of a shortened flux path the magnetic field lines are allowed to follow. Appendix C-l gives

more detailed simulation illustrations.
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Figure 5-6: 3D COMSOL Simulationplot of circular Halbach array
a) 3D view with 0.25 T lower limit flux density cut-off.
b) Top view showing flux density distributionon the sides

Figure 5-7: 3D COMSOL simulationwith a section plot of the circular Halbach array

Figure 5-7 gives a vertical section plot through one part of the circular array. This plot represents a

2D simulation on the specifically selected section cut surface on which the flux density distribution

of the 3D iso-surface plot can be verified. The colour scheme is inverted so that the dark regions on

the surface are not showing the maximum flux densities but the lowest.

Beneath the array the bright white areas depict the expected summationarea below the array. Figure

5-8 gives a flux density magnitude plot on the dotted line in Figure 5-7 located 1 mm beneath the

circular array. The same criteria regarding the node size is true for the circular 3D simulation as
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with the 2D linear array simulation of section 5.1.3. Thus the same method will be used as for the

3D linear simulation to compare the circular array simulation with the results of the other

simulation. By comparing Figure 5-8 with 5-5 and inspecting Table 5-1 it can be concluded that

circular Halbach array is a proper design and that the desired surface peak flux density will be

obtained in a physically implemented system.
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Figure 5-8: 3D COMSOL simulation with a section plot of the circular Halbach array

Table 5-1: Results ofthe different FEM simulations

N/A

0.03m

1.07 T

0.03m

0.93 T

N/A

1.388T

0.03m

+/- 1.1T

_nalytical
Calculated
1207kA/m

1.388T

0.03m

0.913T

COMSOL 3D
Circular am........

N/A

1.388T

0.036 m

+/- 1.0T

Property

Max Bo

5.2 Permanent magnet force calculations

The second crucial function of the FEM analysis in this project is the evaluation of the forces

present between the permanent magnets. It is of tremendous importance to exactly know what the

magnitude and direction of the forces between the magnets will be during the assembly process.
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The assembly process involves the method followed to insert and fasten every magnet into position

to develop the circular Halbach array. Section 2.6 described some of the techniques used with FEM

to find the forces present between two permanent magnets. Each of the methods has different

advantages and disadvantageous with some totally unusable for specific cases. The study done in

section 2-5 and 2-6 on these techniques is necessary to understand how FEM results are obtained

and why certain results will be inaccurate.

5.2.1 Force calculations using FEM

The equivalent source and current models referred to in section 2-5 is used by FEMM to evaluate

permanent magnets. Figure 5-9 gives a close up view of a 3D COMSOL simulation plot

representing the force direction arrows of the force components acting on one magnet when two

magnets are aligned in close proximity with repelling pole positions. Unfortunately from this

simulation no clear conclusion can be made regarding the resultant force magnitude or direction.

-- -
--

L -

,\
t Y

Figure 5-9: 3D COMSOL simulationplot of circular Halbach array

The arrows on the magnet in Figure 5-9 represent the force components acting on the specific

magnet due to the proximity of the other magnets within the half completed circular Halbach array.

COMSOL uses the Maxwell stress tensor for the simulation to evaluate the force the magnet

expenences.

According to section 2-5, as with the equivalent source models, only the global interpretation of the

forces given by the Maxwell stress tensor can be used since the obtained force densities are not real

physical force distributions.
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Figure 5-10: 3D COMSOL simulationplot of circular Halbach array

This can be clearly seen from Figure 5-10 since no significant assumptions regarding the force

direction can be made from the arrows shown,just like Figure 5-9. Another important constraint to

remember is that the force calculation done with FEM cannot be performed when two magnets are

touching since special techniques have to be used to perform such simulations.

Although these techniques have been examined, due to limited space it will not be discussed.

Alternatively a method involving the separation of the magnets is used to overcome this constraint.

According to the FEMM guideline manual [31] the force components on the magnets can be

evaluated by leaving an air gap between the neighbouringmagnets.

This method was further improved to enhance the accuracy of the simulations for this project by

choosing a very small air gap, in the order of 0.1 mm, but simultaneously keeping the mesh node

sizes significantly smaller than the air gap separation distance. A simulation, as if the magnets were

touching as a result of very close proximity, but still allowing FEMM to do accurate computations

through the fine mesh located in the small air gap, is done.

5.3 Electromagnetic Halbach Array

Section 3.3 proposed electromagnetic Halbach array design for a possible implementation in a

circular Inductrack implementationby substituting the permanent magnets. If such a design proves

to be feasible it has a number of promising advantages, summarised at the end of section 3.3, over

the permanent magnets conventionally used. To realise this each wedge shaped permanent magnet

must be replaced by an equivalent electromagnetas shown in Figures 3-7 and 3-8.
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The coil windings are not shown in the Figure 3-6 so that the shape of the coil bobbin can be seen.

By first implementing the electromagnet Halbach array in a linear configuration the applicability

thereof can be verified with a 2D FEMM analysis.

Design specifications such as the core material are first omitted and the simulation is performed

under ideal conditions to test the design before detail is added and time is spent to improve

accuracy. In this design the constraint limiting the maximum attainable flux density is the

magnitude of the current allowed per square millimetre of copper flowing through a cross section of

the coil.

>1.315e-OOl
1.250e.tJOl : 1.315e-001
1.125e-001: 1.250e-001
1.000e-001: 1.125e-OOl
8.150e-002: 1.000e-001
1.500e-002 : 8.150e-002
6.250e-002: 1.500e-002
5.000e-002 : 6.250e-002
3.150e.tJ02 : 5.000e-002
2.500e.tJ02: 3.150e-002
1.250e-002 : 2.500e-002
<1.250e-002

Density Plot IBI. Tesl.

Figure 5-11: FEMM simulation plot of electromagnetic Halbach array

Thermal problems can be avoided in the design by keeping the maximum current limit to 1.5

Nmm2; this also compensating for the packing factor. Figure 5-11 gives an flux density plot of the

first test electromagnetic Halbach array revealing that almost no flux density summation area is

created beneath the array. Upon closer inspection, it is observed that the lower legs of the

electromagnet bobbins act as a shortcut magnetic path.

This results that the magnetic field lines aren't forced to leave the electromagnet and stays in the set

magnetic path. The design can be improved by making the lower bobbin legs of thin non-magnetic

material like plastic. This removes the flux path of the first design and a flux density summation

area is forced to form below the array.

More changes to the shape of the electromagnet cores further improve the summation area to

produce a peak flux density of 0.2 T. If the current limit is doubled the electromagnetHalbach array

still only delivers a peak flux density of 0.25 T. If effective cooling is implemented and the current

is further increased to 5 Nmm2 the maximum attainable peak surface flux density only reaches

0.3 T. If the current is increased tremendously to that of super conducting electromagnets,operating

at 80 Nmm2 with forced liquid helium cooling [40], it results in a peak flux density of 1.389 T as

can be seen Figure 5-13.
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Figure 5-12: 3D COMSOL simulationplot of circular Halbach array

This is indeed a sufficient peak surface flux density but to go to such an extremejust to implement

electromagnets in a Halbach array is ridiculous. It is therefore concluded that an electromagnetic

Halbach array design is inappropriate for this project. It might be useful in applications that only

need a peak flux density of 0.2 T but it should first be considered if the electromagnet configuration

used in electric motors would not be more effective.

5.4 Summary

This chapter focused on a Finite Element Analysis of the Halbach array to verify the calculations of

Chapter 4. A linear Halbach array implementationwas first evaluated with a 2D simulation in the

FEMM and COMSOL to examine the accuracy of the simulations. The linear array was also

implemented in a 3D simulation to form a foundation on which the circular array was. The force

between the magnets was examined with FEM and the applicability of the proposed

electromagneticdesign of Chapter 3 was also verified with FEM simulations.

74



The application of electrodynamic levitation in magnetic bearings 

CHAPTER 

CIRCULAR HALBACH ARRAY ASSEMBLY 

The special orientation of the magnets in the Halbach array produces an aflective summation 

magnetic jlm area. However to realize such a magnet array proves to be a troublesome process 

with a number of dzficulties. Within the Halbach array the magnets are orientated in such a way 

that every second magnet experiences a force repelling it upwards while the magnets in-between 

are repelled downward. The dzflculty lies in assembling the magnets to form the Halbach array. 

This chapter describes a method proposed to successfully and safely insert the magnets into the 

array. 

The magnets can each be individually inserted into the array or simultaneously be mated with two 

assemblies. The dzflerent phases, sequences and procedures are thoroughly described and the 

forces present between the magnets evaluated using FEMM Along with this some of the 

SOLIDWORKS design models are also included to explain the processes involved. Through a 

evaluation process and FEMM analysis the best possible method to realize the magnet array is 

highlighted 
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6.1 Problems involved 

Using high-grade NdFeB permanent magnets for the Halbach array enhances the peak magnetic 

surface flux density magnitude that in turn greatly augments the expected magnetic levitation 

forces. Due to the alternating orientation of the magnetising direction of the magnets, it is difficult 

to assemble the magnets in realizing a Halbach array. 

A Non-magnetic material housing for the permanent magnets have to be constructed which keep the 

magnets in position after assembly but does not influence the magnet's effectiveness. This housing 

should not only keep the separate magnet blocks in place but also assist in the assembly of the 

magnet array without providing any hindrance. 

A safe and cost effective method needs to be devised to insert the magnets into the Halbach array to 

form a complete assembly. It is important to notice that the magnets can't be assembled using bear 

hands since the magnets are powerful enough to crush one's hand if caught between two magnets. 

When two of these high-grade magnets come in to close proximity, very unstable forces are present 

that can be dangerous and has the potential to damage the magnets. 

The magnets can easily snap together, otherwise the magnets may shatter due to brittle 

characteristics. A technique used to fit the magnets to form a Halbach array in the Inductrack 

model, is to press the magnets down aluminium square tubing. This is indeed a very effective and 

easy way to complete this task for a linear array, but for the circular array it is inadequate and other 

possibilities need to be explored. 

6.2 Alternative assembly procedures 

By straitening the circular array, just as it was done for the mathematical analysis, different 

assembly methods can be considered and evaluated. Assume that in Figure 6-1 magnet one and 

three was previously assembled. Pressing magnet two upward would result that it experiences a 

strong repulsive force because of the other magnets present. 

The left side of magnet two is repulsed by magnet one while the same occurs with magnet one's 

right side and magnet three. This would make it very difficult to precisely insert magnet two in the 

assembly as a result of the strong repelling forces exerted as it is moved closer to the assembly. 
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Now, on the other hand consider that magnets four and six were previously set into place. When

magnet five is pressed downward, it would experience repellent forces from both magnets five and

six. Again a great force would be needed to press magnet six into position. This force would be

about the same magnitude as the force experienced trying to assemble magnet two. Such an

assembly is possible, but if there is a small tolerance in the mechanical design of the magnet covers

plates or the neighbouring magnets it would be extremely difficult to fit the magnet.

3 4 5 6 7 8

Figure 6-1: Possible assemblyprocess with certain complications

Exactly the same problem arises when attempting to assemble magnet seven while six and seven

were fitted beforehand. The pole directions have changed, but the same criteria involved with

magnet five is true. None of the yet stated assembly methods is really feasible for the magnet array

construction.

Another option is to insert magnets one, three, five and seven from below as can be seen in

Figure 6-2. In this manner, the orientation of the poles results into the magnets that is being

inserted, are attracted instead of repelled. The same effect will be accomplished if magnets two,

four, six and eight is moved downward from above the array with the other magnets previously

positioned.

By damping the attracting forces, the magnet can be slowly guided close to and then in between the

neighbouring magnets. This will also help the problem of mechanical tolerances since the attracting

forces will help shift the magnet through areas where the adjacent magnets are fitted tightly.
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Figure 6-2: Feasible magnet assembly method

The attraction force will continue until the inserted magnet reaches theoretically the halfway mark

between the neighbouring magnets. In this region, the magnets' behaviour becomes very unstable

and is unpredictable without performing a precise analysis. With a position difference of

millimetres, the magnet shift from attracting to repelling the other magnets.

The major advantage of inserting the vertical magnetised magnets from below is that this unstable

region can easily be bypassed because the magnet is already half positioned and now also guided by

the neighbouring magnets. In order to move the last half to set the magnet into position, force needs

to be applied to get the magnet to the desired position.

Figure 6-3: Magnet assemblyprocedure

To effectively employ this in a circular array, a proposed assembly process is to insert all the

horizontal magnetised magnets beforehand that would be possible without any difficulty. This is
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allowed since every second magnet has a vertical orientation, thus creating a space between the

magnets as shown in Figure 6-3.

A specially designed assembling unit can realize the whole assembly process. There are two

methods proposed to accomplish this task where one is a sleeve and press system that precisely

inserts each magnet into the desired position. After every individual magnet is inserted, a unique

magnet housing holding the magnet is fastened which then keeps the magnet in position. This

method and the other alternative are described in sections 6.4-6.6. Before the magnet assembly

process can be evaluated, unpacking the magnets from the shipping package must be described.

6.3 Unpacking the magnets

The fitment of these magnets is a very complex process that needs thorough planning and specially

devised tools. The whole process needs a precise detailed layout and thorough planning from the

beginning, where the first magnet is unpacked, through the assembly process to the final operating

testing model.

The magnets are packed for freight with steel shielding to create a short circuit for the magnetic

field lines. This prevents the magnets to link with other objects during shipping and to make it safe

to be taken aboard an airplane. Due to the high field intensity of the magnets it is a risk to handle

the magnets without appropriate shielding outside a safe laboratory environment.

A safe laboratory involves that no loose iron parts, tools or machinery are present. In fact, it is

recommended that no magnetic material is present at all. The magnets can easily snap against these

and cause injury or damage the magnet itself. One magnet at a time needs to be unpacked. The

steel shielding must be removed totally from the assembly immediacy, fastened at a safe distance

from the other magnets to the lowering plate and then carefully guided into position to be

assembled.

6.4 Detailed assembly process

The assembly process is completed through three phases where the first is to assemble and position

all the horizontally aligned magnets to a housing base plate. After the first phase there are two

plausible alternatives to continue with. One is to further assemble al the vertically aligned magnets
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individually with a damped pressure cylinder and sleeve mechanism. This is illustrated in section

8.2 and the forces involved in section 6.6.

The other way is to individually assemble and fasten all the vertically aligned magnets to a lowering

plate fixture and finally mating this with the other assembly containing all the horizontal aligned

magnets. This can be achieved by carefully guiding and lowering the first plate fixture down special

"simultaneous pressure and damping" rods towards the second assembly as described in section 6.7.

Each individual assembly with respect to the forces acting on the magnets is simulated and verified

with FEMM. The whole process is described in detail in the following sections.

6.5 First Phase: assembling the first magnet set

This section thoroughly describes the procedure involved to assemble the first magnet set

containing all the magnets with horizontally aligned pole directions. The forces involved are

evaluated and the FEMM simulation needed therefore is also given. Appendix C-l contains video

clips of the assemblyprocess.

6.5.1 Assembling thefirst magnet on the housing baseplate

After the packaging is carefully opened and the respective shielding removed to reveal the first

magnet, it can be removed and directly attached to the housing base plate. The pole direction is very

important and must be assured that this magnet is horizontally aligned with direction, such that it

will allow the rest of the magnets to be properly fitted.

Figure 6-4: SOLIDWORKS@designedmodel ofthe magnet assembly procedure

At this stage there are currently no other materials or magnets present with which the magnet can

interact, so it would be safe to follow the proposed procedure. The unpacking and assembly of the
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magnets should be done at two separate locations to ensure that no accidental snapping of the

magnets occurs. Figure 6-4 is a SOLIDWORKS@designedmodel showing the magnet encapsulated

in the magnet housing that was directly fastenedto the base plate.

6.5.2 Assembling the second magnet on the housing base plate

It is important to be familiar with the magnitude of the forces present during the assembly process

to ensure that the tools gripping and fastening the magnets can withstand the stresses they're

subjected to. Just as important for preparation, is to determine exactly what to expect when the

second magnet is brought into proximity.

Attracting force
( )

7.7 Newton

Figure 6-5: Force present when assemblingthe second magnet

Figure 6-4 shows a FEMM simulation of the field lines and flux density present after the second

magnet is placed in position. Due to the orientation of the two magnets there is a net attracting force

of about 7.7 Newton present between the magnets. This is not a great deal and bare hand can handle

this force but it should be kept in mind that the force between the magnets increases exponentially

with distance so a small mistake can cost the magnets to snap.

The second magnet is directly fastened after unpacking to the lowering plate fixture that is a safe

distance from the first magnet already on the housing base plate. Shorter bolts than the ones of the

final assembly is used to allow the assembly bolts to be inserted from below while the shorter ones
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are still fastened to the magnet. The plate fixture is held above the housing base plate and positioned

on the pressure and damping rods. Through adjusting the positioning nuts the plate is slowly

descended and it is impossible for the magnet to move out of position. The nuts are adjusted until

the magnet is about two centimetres above the base plate. At this point, the bolts needed to fasten

the magnet to the base plate, is inserted from beneath through the base plate and is fastened so that

the thread of the bolt is about two centimetres into the magnet, as seen in Figure 6-6.

This is done to help guide the magnet the last critical distance to its fixture location. If this is not

done, it is possible that, due to mechanical tolerances, the magnet can be slightly out of place. The

fastening boltholes will not align, making it very difficult to insert the bolts afterwards.

Figure 6-6: SOLIDWORKS@designed model of second magnet assembly

The lowering plate is now further lowered until the magnet presses against the base plate. Here, one

at a time, the shorter bolts are removed and the assembly bolts are respectively fastened tightly to

assure that the magnet stays put. Now the lowering plate can be removed from the rods and is ready

to attach the next magnet.

Figure 6-7: Assembly of the third and fourth magnet
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6.5.3 Continuing the assembly process

The same steps mentioned above are followed to attach the third magnet at either below or above

the already inserted ones as shown in Figure 6-7. Again attracting forces are present, being larger in

magnitude because of the three magnets now present. The fourth magnet is then attached which

further augment the attracting forces between the magnets. The magnitude and direction of the force

vectors are shown in Figure 6-7 as calculated with FEMM.

6.5.4 Completing thefirst phase assembly

To complete the first phase housing base plate assembly four more magnets are cautiously inserted

and fastened to the fixture. These are placed respectively between the other four magnets leaving a

space open between each magnet. As seen in Figure 6-8 the entire horizontal aligned magnets, lying

in the page, is first assembled with the open spaces left for the vertical aligned magnets.

Care must be taken when the magnets are inserted since the separating distance between the

magnets is now smaller and insertion of the last four magnets cause a direction shift of the force

acting between the magnets. Suddenly the magnets experience a repelling force directed outward

perpendicular to the assembly circle, illustrated in Figure 6-8, where the force was previously

directed inward as shown in Figure 6-7.

~
All forces shown have an

approximate value of 36.5 N

Figure 6-8: Assembly of the last four magnets to complete the first assembly
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As described earlier, at the point when the magnet is inserted halfway between the neighbouring

magnets, the force direction immediately shifts from attracting to repelling. Now the cylinder is

used to apply a downward force on the magnet to press it into position. Before the magnet is

inserted the bolts intended for fastening the magnet is already set in place to help guide the magnet

the final distance. This also prevents difficulty due to miss alignment that would occur if the bolts

were inserted afterwards. Finally the nuts are set on the bolts and fastened to position the magnet

and magnet housing on the base plate.

6.6.2 FEMM simulation of first magnet insertion

The whole magnet assembly process is analysed in detail, by simulating each small distance the

magnet is moved closer and then into the array. This is a very time consuming procedure, since

each data set at each distance incrementx involves a different FEMM simulation as seen in Figure

6-9. To obtain accurate results, the node mesh is very densely refined. This is very computational

intense, costs time and requires a powerful computer.

(a)

(b)

Figure 6-10: FEMM simulationof individual assemblya) Field lines with the magnet located still

above the array b) Field lines with the magnet almost fully inserted

Figure 6-10 gives the resulting magnetic field lines with the inserted magnet at two different

distances. Figure 6-1O(b) clearly shows how the field lines of the inserted magnet are forced to

immediatelychange direction, comparedwith Figure 6-1O(b),as the field lines leave the magnet.
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The magnet resists this immediate chance, resulting in the immense repulsive force. Table AI-l and

A-I-2 in Appendix A-I gives the resulting forces magnets three and four experience due to their

positions respective to the other magnets as depicted in Figure 6-9. The forces involved in

assembling the last magnet into the array, are shown. This will be discussed in the next section. The

data of the table is plotted in EXCEL@and shown in Figure 6-11.

Figure 6-11: EXCEL@data plots giving the resulting force at different distancesx

7

III
1

[D

Figure 6-12: Magnet assembly procedure
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6.6.3 Continuing the process to the last magnet inserted into the array

Followingthe specificsequencedepictedin Figure 6-12 continuesthe process of insertingthe

individual magnets into the array. In this sequence the first magnet is inserted into position one and

following the incrementing numbers continues the procedure. Note that the incremented number is

located at the opposite sides of the array.

This specific insertion sequence is followed to equivalently dispense the involved forces across the

array. If the magnets were for instance inserted sequentially clockwise, the forces present would be

acting on one magnet and cause the magnet to break out of position.

4

1 2 3 5 6 7

Figure 6-13: Inserting the last magnet

The proposed method results that certain crucial forces are cancelled in the assembly process.

Figure 6-13 shows the insertion of the last vertical magnet and the data collected is also given in

Table Al-l and AI-2 in Appendix A-I and is plotted in Figure 6-11. The magnitude of the forces

present, is much higher when assembling the first magnet than the second magnet.

Figure 6-14: Inserting the last magnet
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In Figure 6-14 the FEMM simulation of inserting the last magnet is shown. The net magnetic flux

density area is located above the array, due to the array's pole orientation. The magnets that are

horizontally aligned, experience a resultant force downward in the complete array while vertical

magnets experience an upward force.

6.7 Second phase second alternative: mating two assemblies

This method involves the individual assembly of all the vertically aligned magnets in the same

manner as the horizontal ones to a lowering plate fixture. The exact same method is followed as

described in the first phase assembly process, with the only difference being in the pole orientation

ofthe magnets.

Figure 6-15 shows the final assembled array of the vertical magnets and the resultant forces the

magnets experience. The crosses represent the magnet's pole orientation directed into the page and

the dots showing poles pointing out of the page. The resultant force of all the magnets is directed

inward to the circle's centre. Notice that it is exactly the opposite with the horizontal assembly

shown in Figure 6-8.

0.

.

.
.~

...:0 .'
.. ~
0i

( ~
All forces shown have an
approximate value of 43 N

Figure 6-15: Inserting the last magnet

Finally the two assemblies are mated by very carefully guiding and lowering the vertical aligned

assembly towards and in-between the horizontal aligned assembly. It is essential to remember that

different forces are acting on the magnets positioned in the vertical assembly, as previously

determined for the horizontal assembly.
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1 3 5 7

Figure 6-16: Inserting the last magnet

Again rolling out the circular array the assembly process of the horizontal and vertical magnet

assemblies can be analyzed and the forces involved can be determined, see Figure 6-16. Instead of

one magnet at a time being lowered towards the array like in the previous simulations, all the

vertical magnets are lowered at once. Figure 6-17 a) and b) gives the FEMM simulation of the

simultaneous lowering of the vertical magnets positioned with the value of distancex at 35 mm and

10mm respectively.

(a)

(b)

Figure 6-17: Simultaneousassembly mating. a) Magnets positioned at x = 35 mm
b) Magnets positioned at x = 10mm

Another two simulations were also performed and the results thereof are given in Table A-3. It is

prominent from Table A-3 that the horizontal forces experienced by both the horizontal and vertical

aligned magnets are very small. These can be neglected and is only present due to the difference in

the FEMM mesh distributed over the array.
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This major advantage is the result of forces cancelling since the magnets are lowered together.

Using this process will largely simplify the assembly process and eliminate horizontal forces on the

magnets that can cause the magnets to shift out of position during the assemblyprocess. Comparing

Table A-I and A-2, it is seen that some magnets experience forces larger than a thousand Newton at

certain times. Figure 6-18 shows the two different assemblies; one containing the vertical aligned

magnet and the other the horizontal aligned magnets

Figure 6-18: Simultaneousassemblymating

These magnitude forces are controllable and can be handled by the magnet housing in the vertical

direction but the magnet becomes very vulnerable when these forces act horizontally. The magnet

housing can't assist the magnet to stay in position horizontally, since the magnets are lying side by

side in the array. The only part keeping the magnets in position horizontally, is the positioning

screw inserted from the back.

This will surely help and keep the magnet in position for an individual assembly but due to internal

pressure in the magnet, it would be safer to use a simultaneous assembly. Thus the second

alternative that is described above will be implemented to assemble the magnets into a circular

Halbach array.
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6.8 Assembly process summary

The method proposed to successfully and safely assemble a Halbach array, was described in this

chapter. The problems involved were mentioned and the procedures to overcome these were

discussed. Attention was paid to the safety aspects regarding handling high-grade permanent

magnets and the dangers involved. The two possible methods by which the magnets can either

individually be inserted into the array or simultaneously be mated by two assemblies were

comprehensivelyevaluated.

The different phases, sequences and procedures were thoroughly described and the forces present

between the magnets evaluated by using FEMM. Along with this some of the SOLIDWORKS@

design models were included to explain the processes involved. Through an evaluation process and

FEMM analysis the best possible method to realize the magnet array was selected to be the

simultaneous assembly mating procedure. In the following chapter the mechanical analysis of the

magnet housing assembly and base plate parts is evaluated.
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CHAPTER 

MECHANICAL DESIGN ANALYSIS 

The previous chapter gave a thorough evaluation of the forces present beween neighbouring 

magnets in the assembly process. This chapter focuses on a mechanical design analysis of the 

magnet housing and other parts that should keep the magnets in position to form a circular 

Halbach array. The problems involved in modelling the magnet housing are due to the force acting 

in different directions and the mathematics involved. Finding appropriate solutions are giving 

careful attention. 

In a conJiguration where the Halbach array is implemented as a rotating stator, the magnets and 

assembly is subjected to centrifugal forces. This further complicates the design and alterations to 

the mechanicaI shape andproperties of the magnet housing need to be made for a safe and effective 

design. This process involves the examination of the centrifugal forces, Jinding the centre of mass of 

the specfled body and performing calculations to jnd  the magnitude of the force present. The 

dzfferent parts developed and designed with SOLDWORKS are described in the last section. 
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7.1 Design analysis of magnet housing - vertical forces

To determine the mechanical properties, physical shape and design of the magnet housing, the

forces experienced by the magnet housing (encapsulating the permanent magnets) needs to be

evaluated and computed. According to the finite element analysis design discussed in Chapter 6

Table A-I and A-2, Appendix A-I, it shows the maximum force acting on a specific magnet in the

Halbach array to be about 1000Newton.

Figure 7-1: Forces acting on the magnet housing

Depending on the magnet pole orientation, the force acting on the magnet housing will be directed

down- or upwards as shown in Figure 7-1. By carefully assembling the magnet array, only very

small horizontal forces will be exerted on the magnet during the assembly process. In section 6.6.2

there is a detailed descriptionof the forces present between the magnets within the Halbach array.

7.1.1 Force acting downward

In the circular array, all the horizontally aligned magnets will experience a downward force due to

array alignment, while the vertically aligned magnets will be repelled upwards. The examination of

forces acting in the horizontal plane shows that the repelling and attracting forces of the magnets on

each other in the circular array cancels, so there is no noteworthy horizontal force present within the

circle ofthe array.

However, relatively small forces pressing outwards from the centre of the circular array,

concentrating in the same direction as the centrifugal forces, are present and will be examined later.

These forces exist since each magnet wedge in the array stands in a 22.25° angle respective to the

neighbouring magnets.
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Figure 7-2: Downward forces of the magnet acting on the housing

The downward resultant load force R acting on the magnet housing is distributed over the inner

bottom face of the magnet housing as shown in Figure 7-2 and must be carefully examined due to

its importance for an effective housing design.

aJ Evaluating distributed loads

The central part of the magnet housing, the part below the inner bottom face on which the magnet

presses, can be evaluated by modelling it as if it is a connecting beam between two bodies. The

distributed loads on beams do not usually differ over the cross section width w, so the actual load

intensity can be multiplied by the width to yield a distributed load line as depicted in

Figure 7-3. [41]

Figure 7-3: Contact surface of the downward distributed force

The magnitude of this load line varies only with position x along the line. The differential force dR

exerted on the beam by the distributed load w in an increment oflength dx is given by:

dR =wdx (7-1)
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The magnitude of the concentrated resultant force R is equal to the distributed load w integral

given by (7-2) where L is the length ofthe beam. [41]

R = fwdx
L

(7-2)

There are two factors complicatingthe functionality and feasibility of this approach. The first factor

is the problem of the beam being partially divided because of the slot cut in the middle. The second

factor is the beams width tapering to the end of the housing nearest to the circle centre. The net

effect is a difficult approachablecontact surface for load calculations.

The magnetic materials' brittle nature, modulus of elasticity and ultimate tensile strength, does not

allow it to stretch or bent, thus it is a creditable assumption that the load force is equally distributed

over the contact surface. This is also applicable to the two vertically tapered surfaces in Figure 7-4.

The thickness of the beam must therefore be sufficient to carry the maximum possible load without

any deformation otherwise the magnet will be exposed to unnecessary strain and eventually be

damaged.

7.1.2 Force acting upward

The magnets with vertically aligned pole direction, experiences a force directed upward. To keep

the magnet in position, the two inner faces of the magnet housing should resist this force. The force

is distributed over the two faces with magnitude respectively to the perpendicular force components

depicted in Figure 7-4 and 7-7. An effective angle rp needs to be chosen which can handle the

forces present and still allow a realizable magnet shape. The magnet must also be fabricated with a

tapered shape to fit into the magnet housing.

-- ---

Figure 7-4: Resultant force divided and acting on magnet faces
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B

A

Figure 7-5: Triangle used to evaluate the law of sines and cosines, (adapted from [41])

The smaller the anglerp, the higher the magnitude of the resultant forces acting on the housing

faces. The angle cannot be too large since this will make the magnet volume larger than necessary

which will lead to unwanted extra cost. The specific magnetic material is very expensive, so an

angle size that takes into account the cost and exerted force needs to be found.
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Figure 7-6: Resultant R of two forces, (adapted from [41])

By using trigonometric methods and sketches of the force system's numerical results of the

correspondingforces can be obtained. For the triangle given in Figure 7-5 the law of sines is:

a b e
(7-3)- ------

sma sinb sme

and the law of cosines:

(7-4)
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Implementing(7-4) to determine the magnitude of R in Figure 7-6 the resultant of F; andF; gives:

(7-5)

Equation (7-5) can be rewritten by knowing that A,=cos(180. - tP) =- cos tP, thus

(7-6)

Figure 7-7: Forces acting on two faces

The direction of the resultant force R with reference to F; is given by:

sin /3 = F2 sin tP
R

/3= sin-1(F2~ntP)

or

(7-7)

If necessary, the direction of R can also be referenced to F;. To calculate the forces present in

Figure 7-4, the trigonometric functions described so far must be inverted. In (7-3) to (7-5) the

resultant force is calculated from two known forces, while it is actually desired to calculate the two

unknown forces acting on the housing faces due to a known resultant force. [41]

Table 7-1: Force calculation at different tapered angles
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Resultant Hl=H2 Angle

1000N 3592.6 N 8°

1000N 2620.4 N 11°

1000N 1931.8N 15°
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Table 7-1 summarises the inverted calculated forces at different tapered angles. From this, an

appropriate tapered angle can be chosen. A good choice is to use an 110tapered angle, since this

reduces the effective force present without enlarging the magnet material too much.

7.2 Design analysis of magnet housing - centrifugal forces

When the magnet assembly is attached to a driver motor and a certain torque is exerted to rotate the

assembly at the desired speed to accomplish magnetic levitation, other forces than the magnetic

attracting and repelling forces act on the magnets and magnet housing.

)
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Figure 7-8: CentrifugalForces Acting on an Element, (adapted from [42])

When an element moves in a circular arc at a constant speed v, the element being in uniform

circular motion has a constant magnitude centrifugal acceleration given in (7-8) directed toward the

centre ofthe circle as shown in Figure 7-8. [42]

(7-8)

The centrifugal acceleration is caused by a centrifugal force directed to the circle's centre and

acting on the element.Newton's second law gives this force that is constant in magnitude:
2

F=ma= mv
r

(7-9)

T = 21lT
V

(7-10)
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When a certain speed is desired, the centre of mass where m is located as shown in Figure 7-7, and

the speed of revolution needs to be calculated at that point. Equation (7-9) gives the period of

revolution. Dividing T into a one minute time period,1mi~, gives the speed in rpm and from there

the unknown parameters can be derived and calculated. [42]

7.2.1 Finding the centre of mass [41]

Figure 7-8 show how to calculate the centrifugal forces on an element at a specific point. The

situation changes when the force on a rigid body needs to be calculated. To realize this, the centre

of mass of the specific body needs to be found. The centre of mass is then taken as the centre point

on the circle on which the force acts.

This is important to find the radius r at which the point is situated. The radius also determines the

speed at which the point is moving regarding a specific rotational speed. If the body's material

density is constant throughout (7-11) leads to (7-12), where V is the body's volume and p is the

material's density.

m=pV

and dm = {xiV

(7-11)

(7-12)

From (7-11) and (7-12) the following equations can be derived:

V = JdV (7-13a)

VXc= JXdV or Xc= ~ JXdV

VYc= JydV or Yc = ~ JydV

VZc= JzdV or Zc= ~ JzdV

(7-13b)

(7-13c)

(7-13d)

The coordinates Xc,Yc and Zcdefined above, depends only on the geometry of the body and are

independent of the physical properties. The point located by such a set of coordinates is known as

the centroid C of the body's volume. The term centroid is usually used for geometrical figures like

volumes, areas and lines while the term centre of mass is used in relation with physical bodies.

It is important to note that the centroid can be defined even if the body is made of a non-uniform

material. Materials are uniform or homogenous if the density is constant throughout the volume. In
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a homogeneous body the centroid will have the same position as the centre of mass and centre of

gravity. When the material density varies through the body, the centroid and centre of mass of the

volume occupied by the body will be at different points . Calculating the centroid for the magnet

and the housing separately are achievable, but the magnet assembly of the two complicates the

problem since the two parts consist of different materials.

7.2.2 Evaluation of centrifugal force on the magnet

When it is required to find the centrifugal force exerted by the magnet on the housing, the centroid

of the magnet must first be determined. Using equations (7-13a) - (7-13d) to find the centroid of a

simple standard shape body, for instance a cube, is an easy process.

-
Figure 7-9: Centroid of the magnet computed by SOLIDWORKS@

However, when complicated body shapes are encountered, the task and calculations become an

extremely difficult problem. Fortunately the SOLIDWORKS@software package has a measuring

feature that precisely computes the body's volume, surface area and centroid. In Figure 7-9 the

arrow axes inside the magnet illustrates the position of the magnet's centroid.

The thin line axes beneath the magnet, appoint the origin of the body while the remaining axes on

the left verify the magnet's orientation corresponding to the x-y-z axes. The position of the centroid

must be referenced to the origin and the origin referenced to the centre of revolution to find the

radius. Table 7-2 gives the computed values with the magnet implemented in SOLIDWORKS@and

verified by the software.

The centrifugal force is aligned inward to the centre of the circle, according to Figure 7-8. This is in

effect the force needed to keep the body in position. The magnet housing needs to keep the magnet
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in position and thus would experience the centrifugal force on the magnet as a force aligned

outward and acting on the inner backside face of the magnet housing as depicted in Figure 7-10.

Figure 7-10: Centrifugal forces ofthe magnet acting on the housing

7.2.3 Evaluation of centrifugal force on magnet housing assembly

The same procedure is followed to find the forces acting on the magnet and housing assembly. As

mentioned earlier, this process is complicated since the assembly consists of two materials with

different densities. Fortunately, the two material densities do not differ to a large extent. If the same

material density is used, it will still give an accurate approximationof the centroidposition.

Figure 7-11: Centroid ofthe magnet and housing assembly

Figure 7-11 shows the centroid of the magnet and housing assembly. The circular assembly plate in

Figure 7-12 and bolts fastening the magnet assemblies to this plate are subjected to the forces

exerted by the magnets. Figure 7-12 shows the force components acting on the base plate holes that

supports and keep the fastening bolts in position. Table 7-2 gives the calculated force values.
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Figure 7-12: Forces acting on the assemblybase plate

7.3 Force calculations on other model parts

The force calculations and mechanical design analysis performed on the magnet housing in this

chapter, was specifically performed because of its importance in this project. If the examined parts

lack a proper design analysis, the resulting physical implementationcan be dangerous to personnel

and lead to costly destruction of a physically implemented demonstration model. The mechanical

design of the magnet housing and base plate is also verified in chapter 9 with a stress and strain

analysis.

The magnet housing and assembly is however not the only parts subjected to large force

components but, due to space and time, not every individual part can be discussed. When a

demonstration model is fully operational and the levitation process is not carefully operated and

handled, the rotational forces acting on the shaft beams shown in Figure 8-17 can be of such

magnitude that the system can be damaged.

To prevent this from happening, and realize an effective and safe system, different methods can be

used. Rather than developing over-designed parts, having a large safety margin or analysing each

individual part through a time-consuming stress and strain analysis, limiting borders are calculated

and set. The model parts and functions are confined to these borders so that the system can operate

within a safety margin. This margin is however also meaningful for an industrial implementation,

where it is crucial to exactly know a magnetic bearing's operating limitations.
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Table 7-2: Calculationof the force values

7.4 SOLIDWORKS@design

Through mathematical calculations and fInite element analysis an appropriate potential circular

Halbach array has been devised consisting of extremely high magnetic fIeld wedge shaped

permanent magnets. Due to the alternatingmagnetisationdirection, each individual magnet needs to

be carefully handled and fIttedseparately into the circular assembly.

The fItment of these magnets is a very complex process that needed thorough planning and

specially devised tools. In the following sections the design of proposed assembly and laboratory

model in the CAD package SOLIDWORKS@is described.

7.4.1 Multidimensional design

The magnitude of the magnetic fIeld complicates the permanent magnet Halbach array design

process since no iron objects or tools can be brought in close proximity. If an iron tool, such as a

screw driver would be used to tighten an iron bolt fastening the magnets into place, the tool and or

bolt would be attracted to the magnets. The attraction force exerted by the magnets will be so strong

that the iron tool would inevitably leap out of place and stick to the magnet. With this problem at

hand, the construction of the magnets in the circular Halbach array would be very difficult. The
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Magnet Asselllbly

Volume 42594.82 nun3 153019.52 nun3

Surface area 7485.00 nun2 30979.12 nun2

Centroidp()siti()n X= -1.28 nun x= -9.22 nun
I

Y=O.OOnun Y=O.OOnuni
I

Z= 27.73 mm Z = 22.50 nun

Originp()siti()nfr()1ncentre 91.88 nun 91.88 nun

Density 7.4 g/nun2 Aprox. 7.7 g/nun2

Mass 0.3152 kg 1.1782kg

Radius 93.16 nun 101.1nun

R()tati()nalspeed 1 423.68 rpm 1 311.87 rpm

Velocityat centroid 50 km/h or 13.89m/s 50 km/h or 13.89m/s
I

Gentrifugalforce 652.67N 2 248.07 N
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only alternative is to use non magnetic materials like aluminium, perspex, brass and high chrome

grade stainless steel. All of the required components such as bolts, tools and housings will have to

be designed and machined from these materials.

Another reason to avoid iron is the possible induction of eddy currents and that the magnetic field

would not effectively link with the levitation coils, but be diverted to an iron body if present. When

the model rotor is rotating, there is a continuing change in magnetic flux density proportional to

frequency which is determined by the rotational speed. Eddy currents lead to losses and the

destruction of the magnetic field of the permanent magnets. A three dimensional development of

the model complicates the SOLIDWORKS@design. Three factors that greatly influence the total

cost need to be taken into account through the design process:

· Material economy

Non magnetic materials like aluminium and high chrome stainless steel are expensive. The

unnecessary use of material should be avoided. This includes over-designing, making a part

stronger than needed, and replacing large complicatedparts with equivalent function smaller

substitutes.

· Avoiding a double design

It is troublesome to merge the assembly model and the laboratory demonstration model.

However by doing this, it saves a large quantity of material if several parts can be used in

both models. This reduces the cost, since the machining hours is reduced for certain parts.

· Machining hours

By carefully examining and altering each part, it was possible to further reduce the

machining hours. This is achieved by simplifYingthe part and the machining process of the

part. Much time is lost when a part needs to be setup in several machining instruments.

SOLIDWORKS@was used throughout all design phases of the different parts forming the assembly

and demonstrationmodel. Each part was planned and designed in SOLIDWORKS@,whereafter the

part was evaluated and its suitability verified. This was followed by a part design refinement

process improving the part to the desired shape and size.
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7.4.2 Circular Halbach array design

The Halbach array developed in sections 3-2 and 4-1 were subjected to several design refinement

cycles. Through the development stages problems were encountered with the methods used to

attach and keep the magnets in position. The assembly process of the magnets also to a great extent

influenced the shape of the magnets. Figure 7-13 illustrates the final shape of the magnets in the

circular Halbach array.

Figure 7-13: Magnet covers keeping the magnets in position

Two different views are shown of the four magnet array to illustrate how the design process

changed the magnet shapes from the cubical magnets used for the linear Halbach array.

SOLIDWORKS@formed an essential part in the calculation and construction ofthe circular array.

The wedge shaped magnets could be quickly assembled in SOLIDWORKS@to visually test and

verify whether the magnet shape would make a good fit. The proposed circular electromagnet

Halbach array described in section 3.3 was also designed in SOLIDWORKS@and mechanically

examined through the same visual process as the permanent magnet design.

7.4.3 Circular levitation coil array and laminated disc design

The conducting levitation coils of the linear Inductrack also had to undergo a SOLIDWORKS@

design process to effectively be converted to a circular implementation. It was especially helpful to

visually examine the conducting coils of section 3.4 and 4.4. This resulted in certain problems being

addressed beforehand, such as forming round coil bobbin comers to protect the conductors from a

tight bend as described in section 4.4.1.
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Figure 7-14: Complete circular laminated levitation conducting disc

Figure 7-15: Custom designed cooling fan

Figure 7-14 shows the complete circular laminated levitation disc developed in section 4-6.

Through using SOLIDWORKS@the heat sink cooling design could be appropriately incorporated

with the conducting disc without impairing the flexibility of the laboratory demonstration model.

Again it was imperative to be able to visually inspect the disc design.

This revealed several problems involving the size and form of the sink fins that were corrected

through redesigning. The cooling process was further improved by including the custom designed

cooling fan shown in Figure 7-15. The cooling fan was optimized in cost and functionality by

careful planning and redesigning.None of the parts need machining and can be manufactured with a

fast and effective water jet process. The fitting process was also optimised by using the conducting
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disc fastening bots to attach the cooling fan. The cooling fan further substitutes the part connecting

the conductingdisc to the driving motor shaft as can be seen in Figure 7-17.

7.4.4 Assembly and laboratory demonstration model

Chapter 6 gives a detailed discussion on the whole assembly process of the circular Halbach array.

The development of the assembly process would have been impossible without the visual

simulations performed in SOLIDWORKS@.Figure 7-16a) illustrates the last lowering phase during

the assembly process when the fastening bolts are inserted from below. Appendix C-l include video

clips showing the interesting magnet assemblyprocess.

Figure 7-16: a) Magnet assembly process b) Completedcircular Halbach array

During the assembly process misalignment of the magnets and or magnet housings can be

troublesome and even prevent a successful assembly. The simulation in SOLIDWORKS@

eliminated any possible constraints present in the assembly procedure. Figure 7-16b) shows the

completed circular Halbach array attached to the base plate. Some of the parts are hidden to reveal

the position of the fastening bolts and magnets.

The magnet assembly process development lead to the design of several assembly models. These

models functioned on different methods to insert the magnets into the Halbach array. Appendix A-2

describes a model of individually assembling each magnet. This model was functional but not cost

effective since a separatedemonstrationmodel also had to be developed.

Through complex planning and designing a new model was developed that combines the assembly

and demonstration models. All the parts that are used to assemble the magnet array are also used in

the final laboratory demonstration model. This is exceptionally cost effective since it greatly
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reduced the machining and material cost. Figure 7-17 illustrates the laboratory demonstrationmodel

with the circular Halbach array, levitation disc and driving motor in place.

Figure 7-17: Final assembly and laboratory demonstrationmodel

The beginning of this chapter examined the project's mechanical design process. SOLIDWORKS@

was used to develop the different parts and to evaluate the forces acting on the parts. Chapter 8

describes a mechanical stress an strain design verification process that uses SOLIDWORKS@and

COSMOSXpress@
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7.5 Mechanical Design Analysis Summary 

This chapter focused mainly on a mechanical design analysis of the magnet housing, keeping the 

magnets and housing in position to form a circular Halbach array. The problems involved in 

modelling the magnet housing design, due to the force acting in different directions and the 

mathematics involved to find appropriate solutions, were properly examined. 

The complications introduced due to a possible rotating stator Halbach array and the design 

alterations to the mechanical shape and properties of the magnet housing were explained. 

Evaluation of the centrifugal forces, centre of mass of the specified body and calculations 

performed to find the magnitude of the forces present, were cautiously done. The last section 

described the SOLIDWORKS@ design process and some of the problems encountered. 
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CHAPTER 

DESIGN VERIFICATION 

The dgerent aspects of the circular Halbach array and circular conducting disc were calculated 

and simulated in the development process. It is crucial that all the parameters determined through 

the design be carefully veriJied. The focus of this chapter is the veriJication of the complete design 

and the different building blocks of the design consists of The verification process implemented 

through the whole report is highlighted and a mechanical design verijkation is also performed. 
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8.1 Verification of the analyticaldesign

The analytical design involved the calculation of this project's circular devised Inductrack

technique parameters for a mathematical development. Since the circular array is actually a linear

Inductrack that was bent to such an extent that the two ends were connected to form a circular

implementation,much of the linear Inductrack's mathematical equations are directly applicable.

The equations were only adjusted to incorporate mean lengths since the separation distance between

the coils in the array differs from the inner circle to the outer circle as depicted in Figure 4-3. The

same is true for the Halbach array dimensions shown in Figure 4-2. During the analytical design

the circular array was continuously verified and compared with the linear Inductrack scale model

developed, built and tested by [9]. The lumped circuit method described in section 2-3 that was used

by [9] to develop the Inductrack scale model was verified by [42] through incorporating a different

mathematical analysis. The Inductrack scale model was reanalysed by [9] using a Fourier series

analysis.

Table 8-1: Calculated systemparameters with different methods

This analysis is beyond the scope of this report and will not be used to calculate the system

parameters values. However, this forms a fundamentalpart to confirm the validity of the Inductrack

demonstrationmodel parameter values. Appendix B-1 describes the process involved with a Fourier

series analysis. Table 8-1 compares the calculated values of the lumped circuit Inductrack analysis,
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Pc Coil mean perimeter 0.51 m 0.1743 m 0.06m

nCturns Number of turns per coil 53 turns 53 turns N/A

nSslrands Nr. of strands for Litz 150 strands 150 strands N/A
wire

Llc I Average conductor 0.0125 m 0.0125 m 0.0125 m
bundle thickness

R Coil resistance 8.7xl0-:>Q 2. 16xlO-=S-Q 1.56xl0- Q

L Coil inductance 0.84 .uH 0.0757.uH 0.0427 ,uH

VI Transition speed 1 m/s or 5.447 m/s or 4.31 m/s or
3.6 km/h 19.6 km/h 15.5 km/h

Required levitation

vop I speed 50 km/hg 50 km/h 50 km/h
1454 m 1454 m 1454 m

K S stem Efficienc 1N/W 0.1835 N/W 0.232 N/W

ms Stator Mass 22k 25 k 25 k

Y Levitation Heicl1t +/- 0.02 m +/- 0.02 m +/- 0.02 m



The application of electrodynamic levitation in magnetic bearings

the circular coil array design and flat circular laminated conducting disc. Since the circular

conducting coil array and the circular laminated conducting disc models are much smaller in

physical size than the Inductrack demonstration model, it is expected that the inductance and

resistance parameters will be significantlysmaller.

This is in fact the case as can be seen in Table 8-1. The validity of the calculated parameters can be

further verified by comparing the system efficiency parameter K of the different methods. Smaller

values are again expected with the two circular implementations. Table 8-1 verifies the expected

values and it can be concluded that the mathematical analysis of the different methods is

theoretically sound.
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Figure 8-1: Magnet covers keeping the magnets in position

All of the relevant equations and system parameters were programmed in MATLAB@and

continuously simulated to verify the impact on the values of the respective parameters when a

change is made in the system. MATLAB@was also used to plot the different system characteristics

as given in Chapter 4 to verify the functionality and evaluate the possible realization thereof for a

physical system.

Figure 8-1 is a MATLAB@plot of the lift to drag ratio of the different methods described in

Table 8-1. The smaller values in system efficiency consequently results in a smaller lift to drag ratio

attained by the circular implementationsas depicted in Figure 8-1.
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8.2 Verification of the Halbach array parameters 

After the circular Halbach array parameters was mathematically calculated and verified the design 

was implemented in FEM software. The basis of a linear Halbach array was first tested and verified 

in Chapter 5 by using two different FEM software packages - COMSOL MYLTIPHYSICS@ and 

FEMM. 

A further implementation was done to evaluate the linear Halbach array in 3D and compare the 

simulated peak surface flux densities with the 2D simulations. This was done to form a foundation 

on which the circular array simulations could be evaluated and verified since the circular Halbach 

array can only be tested by using a 3D FEM analysis. 

I Lumped circuit I 
circular array 
analytical calculation h FEMM 2D 

simulation of 
linear array 

Lumped circuit linear 
array analytical Compare and verify Compare and COMSOL 2D 
calculation 

4 analytical analysis verify FEM simulation 
- 2D results linear array 

Implemented 
scale model 
system values 

Fourier linear array 
analytical calculation 

simulation of 
Compare and verify Compare and verify 

COMSOL 2D and linear array FEM and analytical 
analysis 

f, 

3D linear array 
I simulation I 

Compare and verify 
COMSOL 3D circular circular array 
array simulation 

Figure 8-2: Forces scting on the assembly base plate 

The detailed process followed in the development and verification process of the Halbach array is 

outlined in Figure 8-2. The different analytical methods shown on the left in Figure 8-2 was 

analytically verified in section 8-2. The FEM analysis shown on the right of Figure 8-2 was also 

subjected to a careful verification process as described in Chapter 5. The analytical results were also 

compared and verified with the FEM analysis as given in Table 5-1 of section 5.1.4. The usefulness 

of the FEM simulations was demonstrated in the analysis of section 5.3 which resulted that the 

proposed electromagnetic Halbach array design was found to be inappropriate for this project. 
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8.3 Verification of assembly process 

The complete assembly process from unpacking the first magnet to the final assembled array is 

described in Chapter 6. The whole process of inserting the magnets and the forces present was 

evaluated and verified by using analysis performed with the software package FEMM. The FEMM 

simulations and the calculated global forces acting among the magnets are given in Chapter 6. This 

formed the foundation on which the assembly process was developed and served as a reference 

model to set the safety margins. 

The results of this force analysis obtained from this analysis also served as foundation on which the 

assembly model was developed. The lowering plates and connection rods, which also function as 

guiding shafts, were designed to withstand these forces. The mechanical design verification of the 

magnet housings and housing base plate is discussed in the next section. 

8.4 Mechanical design verification 

Chapter 6 described the forces that are involved among the magnets during the assembly process 

and within the assembled circular array. In Chapter 7 a mechanical design was performed to 

develop a magnet housing to assist in the assembly process and to keep the magnets in position 

within the circular array. The force components of the repelling and attracting magnets and the 

centrifugal forces acting on the magnet housing were computed and according to this the housing 

was redesigned to handle the stress and strain it is subjected to. 

8.4.1 Stress and strain analysis on mechanical parts 

Strain is a dimensionless quantity that indicates the ratio of change in length AL to the original 

length L of a part due to forces acting on it. When loads are applied to a body, the body tries to 

absorb its effects by developing internal forces that, in general, vary from one point to another. The 

intensity of these internal forces is called stress and it's unit is force per unit area. [34] 

The stress and strains on the magnet housings and base plate needs to be analysed and through this 

the effectiveness of the mechanical design must be verified. This process is again handled by 

SOLIDWORKS@ that incorporates other software to determine a special Factor of Safety 

parameter. 
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8.4.2 Factor of safety (FOS) 

The SOLIDWORKS@ package also includes COSMOSX~~~SS '  which is useful for a first phase 

stress and strain analysis to verify a mechanical design. COSMOSX~~~SS '  uses the maximum von 

Mises stress criterion to calculate the factor of safety distribution. This criterion states that a ductile 

material starts to yield when the equivalent stress (von Mises stress) reaches the yield strength of 

the material. The yield strength is defined as a material property and differs with each material. [34] 

Stress or static analysis calculates the displacements, strains and stress, in a part based on the 

material the part consists of and the restraints and loads acting on it. Different materials fail at 

different stress levels due to their mechanical properties. COSMOSX~~~SS'@ uses linear static 

analysis, based on the Finite Element Method, to calculate stresses. FEM is a reliable numerical 

technique for analyzing mechanical engineering designs together with the magnetic field analysis of 

chapter 5. The program calculates the factor of safety at a point by dividing the yield strength by the 

equivalent stress at that point. [39] 

8.4.3 Interpretation of attained FOS values [39] 

When a part is analysed, a FOS less than 1.0 at a location indicates that the material at that location 

has yielded and that the design is not safe. In the case where a FOS equal to 1.0 is found at a 

location it indicates that the material there has just started to yield. If a FOS larger than 1.0 is 

encountered at a location it indicates that the material has not yielded but will start to yield if new 

loads are applied which are equal to the current loads multiplied by the resulting factor of safety. 

The accuracy of the results of the analysis depends on material properties, restraints, and loads. If 

valid results need to be attained, the specified material properties must accurately represent the part 

material, and the restraints and loads must accurately represent the parts' working conditions. The 

program uses linear static analysis that makes certain assumptions and is thus only valid for a first 

order design stress analysis. However, depending on the specific part being evaluated, the 

simulation can be as accurate as a detailed analysis. 

The desired examination of the assembly parts of this project is of such a nature that a first order 

analysis is sufficient to get a proper idea of the forces involved and the resulting deformation of the 

parts involved. The simulation results will be used to redesign the parts and set a safety margin by 

giving all parts a FOS of at least 2.0. 
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8.4.4 Analysis of the magnet housing

Forces due to different factors including centrifugal and magnetic force components act on magnets

and the magnet housing. In practise these forces will act simultaneously on the magnet housing

when the demonstration model is developed in the configuration that uses the magnet assembly as

rotating part. A stress analysis is required to determine the net effect the forces present have on the

magnet housing since it is essential to know if the housing can handle the forces acting on it and at

what stage it will start to deform.
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Figure 8-3: a) Small arrows specifyingrestrain on the housing. b) Deformation of magnet housing

The separate forces are described as load acting on the respective faces and implemented into

COSMOSXpress@with material used specified. The magnet housing must consist of a non-

magnetic material like aluminium or high chrome stainless steel. Both materials are implemented

and evaluated to determinewhich is the better one to use.

In Figure 8-3a) the restrain on the magnet housing is specified with the small arrows on the face

where the housing is attached to the base plate that keeps the housing from moving off position. The

function of a restraint is to restrain the part from moving. Although it is actually the bolts that attach

the housing to the base plate, this method will simulate the deformation of the housing and gather

the informationdesired.

The simulation determines a FOS of 3.175 that means that a force with magnitude 3.175 times the

one implemented will start the housing to yield. A FOS of 2.0 was decided on as a safety margin

but for the magnet housing it may be required at a later stage that the rotational speed must be

increased which will in turn increase the forces present. Figure 8-3b) shows the deformation of the

magnet housing where the legend gives the von Mises stress tensor.
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In the case where the FOS is exceeded by overloading the housing with the applied forces it will

cause the two tapered inner faces to bend open and the magnet will rapidly move out of position.

The centrifugal forces will then cause the magnet to project out of the array and simultaneously

cause an unbalance on the rotating assembly. Now the empty space between the neighbouring

magnets may cause the other magnets to be propelled out of position since the magnet forces are in

unbalance. This should be prevented by a careful design as it is dangerous and may lead to the total

destruction of the system.

Figure 8-4: Loads acting on the housing base plate

8.4.5 Analysis of the housing base plate

The forces acting on the housing base plate requires a more complex analysis to find the

deformation involved when overloading is introduced. The restraints are specified where the

housing is attached to the driving motor. This in itself needs to be carefully evaluated and therefore

three restraints are specified:

1) Where the base plate presses against the part connectedto the driving motor shaft.

2) Where the washers press against the base plate

3) Where the bolts press on the inside ofthe holes

Also three loads are specified which each acts on different parts of the base plate. Figure 8-2 shows

the following loads involved:

1) The magnet housings is pressing on the base plate (highlightedwedges)

2) The centrifugal forces that act on the inside face of the holes through which the affixing

bolts are inserted
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3) Where the bolts are pulling on the washer pressing against the base plate due to the forces

driving the magnet upward.

----
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Figure 8-5: Loads acting on the housing base plate

The first analysis revealed a FOS of 4.11 which is far more than needed. The base plate can be

redesigned by using a thinner base plate that will reduce cost. The base plate can be kept the same

thickness but the parts can alternatively be machined of more cost effective aluminium instead of

high chrome stainless steel.

8.5 Design review board meeting

After the different design sections of the project were completed a design review board meeting was

held. The purpose of this meeting was to evaluate and verify the different aspects of the project and

to obtain inputs where possible improvements can be made. Due to the wide field of study the

project covered from electrical to mechanical design, personnel attended the meeting from the

respective fields.

The whole MBMC research group consisting of a number of Electrical and Electronic engineers and

one mechanical engineer evaluated the electrical magnetic design. Personnel of the North-West

University's Mechanical Engineering department evaluated the mechanical design. Valuable advice

was given on different aspects of the design although no large-scale changes were suggested. The

following topics were under discussion:

· Possible assembly misalignment problems

· Insertion of guiding rods

· Stability of assemblymodel
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Replacement of the heat fan 

Twisting of the lowering base plate 

Material selection problems 

Laser cut of parts instead of the proposed water jet 

The criteria and advice given during the design review board meeting is discussed in Chapter 9 

under the recommendation sections. Each of the problems is stated, the design review board's 

remarks discussed and where appropriate other possible solutions are proposed. 

8.6 Summary 

This chapter focussed on the verijkation of the total design and the different building blocks of the 

design. The verzjkation process implemented through the whole report was highlighted and a 

mechanical design verijkation is also performed. A review board meeting was held and attended 

by several Engineers of the Electrical and Mechanical~elds who evaluated and verlJied the design. 
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CHAPTER 

CONCLUSION AND RECOMMENDATIONS 

The previous chapter described the design verification process. This chapter gives a conclusion on 

the results delivered through the project design development. The advice given during the review 

board meeting is discussed and recommendations are made to solve the problems present. 

Improvements that can be incorporated in to the model developed for this project to enhance the 

system S performance are also described. 
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9.1 Halbach array optimisation 

This section describes certain alterations that can be made to the Halbach array to improve the 

overall performance thereof when implemented in an Inductrack configuration. Performance 

parameters are set and the methods involved to enhance to current design are discussed and where 

appropriate, recommendations are made. 

9.1.1 Index of performance 

The Inductrack functions on the principle of induced currents to attain a levitation force and due to 

the properties of the Halbach array the Inductrack falls in a special device category. This category 

has the unique characteristic that the magnetic field has a dual function. The first step is to induce 

currents in the track conductors and secondly, the Halbach array field then reacts against the field 

generated by the induced currents in the track to produce the lift force. The Inductrack has a special 

index of performance described in (9- 1) which needs to be kept to a minimum. [15] 

weight 5 = 

flu2 

The circular Halbach array devised for this project did undergo optimisation to a certain extent but 

further improvements, described in the following sections, are possible. Such improvements will 

minimise the index given in (9-1) by altering the Halbach array magnet shapes to attain the same 

flux density with a reduced magnet volume. 

9.1.2 Optimising the wavelength and magnet thickness 

Through an analytical evaluation done on the Inductrack by [2], equations were derived to minimize 

the magnet weight relative to the levitated weight. The optimum magnet thickness was found to be 

in the order of 0.2 A ,  with A being the wavelength of the Halbach array. The wavelength can also 

be optimised to fkther reduce the total magnet weight making the system more cost effective. The 

optimal value of the wavelength is given by (9-2) in terms of a desired levitation height y,. [2] 

The circular Halbach array implementation can be re-evaluated and redesigned according to the 

above criteria and that given in 9.1.2 to improve the characteristics of the magnet array and 

subsequently improve the total system performance. 
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9.1.3 Magnet configuration improvements

The analysis conducted by [15] revealed that by varying the magnet length and thickness of

individual magnets in the Halbach array, an improvement in the maximum attainable surface flux

density could be made. The analysis clearly showed that longer transverse magnets are superior to

equal length tangential magnets.

Figure 9-1: Altered magnet shapes and tapered steel back plates

When the length of tangential magnets is reduced and specially shaped tapered steel sections are

placed behind the magnets, the best optimisation occurs as shown in Figure 9-1. The dark sections

above the magnets in Figure 9-1 representthe speciallyshapedtapered steel back plates. The

alteration in the magnets' shapes, reducing the total magnet volume, is also shown in Figure 9-1. [9]

Figure 9-2: Halbach array with eight magnets per wavelength

Another method exists to possibly improve, depending on the application, the characteristic of a

Halbach array by increasing the number of magnets to complete a Halbach array wavelength. As

seen in Figure 9-2, the number of magnets are increased to eight from the four normally used. Four

magnets with a 45 degree magnetization angle direction are inserted between the vertically and

horizontally magnetizedmagnets.

This will certainly improve the sinusoidal property of the flux summation area below the array, but

it should be avoided that the distance between vertically aligned magnets are increased too much.

This will result in the distance between the peak surface flux density points increasing and

consequently reducing the attainable levitation height. However, if this can be prevented, this

alteration in the Halbach array can have promising characteristicsfor a circular implementation.
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9.1.4 Assembly process 

This project had several difficulties through the development stage; however the most problematic 

and time consuming part was to devise an assembly process for the circular Halbach array. Through 

an extremely difficult design process, using finite element analysis, a CAD design and stress 

analysis, the assembly model and demonstration model were merged to deliver a cost effective and 

functional assembly method. 

Although the assembly method was refined considering several aspects, it will be advantageous if 

this process can be totally avoided. The linear Halbach array of the Inductrack scale model 

developed by [9] was also assembled with a manual process. Considering another alternative to 

replace the manual assembly process, is the continuing research on the Inductrack MAGLEV train 

at the Lawrence Livermore National Laboratory. 

In the Inductrack progress report, [15], the developers consider using prefabricated Halbach arrays 

produced by the company UNIMAG. Research revealed that some magnet suppliers, such as [23], 

do supply pre-assembled magnet assemblies although it is very expensive. The suppliers must be 

contacted and a special request submitted for such a design. There is also a possibility that a solid 

Halbach array can be fabricated through a bonded process, although this will to be very expensive 

and also needs a special request. 

9.2 System optimisation 

The previous section discussed improvements that can be specifically made on the Halbach array. 

This section focuses on enhancements that can be made to the conducting levitation disc, operating 

speed and model size. Recent upgrades made to the Inductrack technique are examined and the 

possible applicability thereof for the circular implementation is recommended. 

9.2.1 Conducting levitation disc improvements 

The circular conducting levitation disc developed for this project did undergo a thorough analysis 

and a complex process involving repeated design, evaluation and redesign cycles. The 

characteristics of the disc were to a large extending optimised, leaving the minimum room for 

improvements. However, due to the shape of the conducting disc, no additional inductive loading 

could be included for this design. 
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If a way can be found to devise the disc in such a manner, without hindering performance, to 

include inductive elements to enlarge the overall circuit inductance it will increase the system 

levitation efficiency and lower the transition speed. The inductive elements can be in the form of 

ferrite rings placed over the conductors as proposed by [15] for the litz wire track. 

9.2.2 Conducting levitation disc cooling fan 

During the design review board meeting, it was mentioned that the thin copper sheets of the 

conducting disc may give problems if the water jet method was used for the fabrication process. It 

was recommended that the sheets should be laser cut. Unfortunately this will increase the total cost 

for a physical implementation. 

The necessity of the conducting disc cooling fan being custom machined, rather than using a 

standard size off the shelf fan was questioned at the meeting. This can possibly lower the cost 

although the cooling fan was designed in such a manner that the machining and material cost 

thereof was greatly minimized. 

9.2.3 Operating speed and model size 

One of the biggest advantages of the Inductrack method is that levitation is attained at very low 

speeds in the order of only 3.6 krnlh. Unfortunately, it was revealed through the development phase 

and it was stated in [2] that only larger systems have increased performance. Smaller scale systems 

have higher transition velocity characteristics and a lower levitation efficiency factor. 

Due to the small diameter of the levitation disc and circular Halbach array, higher rotational speeds 

are required for levitation. If the demonstration model's total diameter is enlarged, the rotational 

transition speed will be reduced. However, the magnet housing or the levitation disc, depending 

which is implemented as the rotor, will experience higher centrifugal forces with an enlarged 

diameter. 

9.2.4 Inductrack 11 

The Inductrack technique was recently advanced to Inductrack I1 by [9] through a design 

improvement incorporating a second Halbach array to augment the total flux density. The double 

Halbach array shown in Figure 9-3 creates nearly twice the magnetic field of the first lnductrack 

implementation discussed in section 2.2. [I 51 
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Between the two arrays, a cantilevered ladder track is used to produce levitation through currents

induced in the track. The vertical field of the lower array opposes that of the upper array while the

horizontal components of the upper and lower arrays are additive. When the dimensions of the

lower array of magnets are customised relative to the upper array, an optimum level of induced

levitating current can be attained for a certain levitated weight and magnet weight. [34]

Figure 9-3: Double Halbach array Inductrack II [16]

The most attractive property of this double array design, is that the current needed to levitate a load,

is reduced to a large extent making it ideal for the circular design of this project. A decrease in the

current magnitude will allow the system to be more flexible, operate with much reduced losses and

enabling it to levitate heavier loads.

9.3 Mechanical design improvements

Although the mechanical development process was subjected to an intensive evaluation and design

procedure, certain unnoticed problems were still present. This section describes advice given by the

design review board meeting and present recommendationsto overcomethese problems.

9.3.1 Misalignment problems

The design review board meeting gave valuable advice in improving the mechanical design of the

demonstration model and the assembly process. It was highlighted that for a physical assembly

process only fine mechanical dimension differencescan lead to misalignmentof the parts during the

assembly process. It was proposed that guiding rods be included to assist the magnet housings

during the loweringprocess which was described in Chapter 6.
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Another problem may occur when the fastening bolts are inserted from below the housing base 

plate to attach the magnet housings. The proposed guiding rods will also serve as a method to solve 

this problem. Alternatively, the magnet housings can be designed with a little play between the 

neighbouring magnet housings to assure a smooth assembly. Unfortunately, the magnets will also 

be subjected to this play and will not touch the neighbouring magnet. Consequently this can 

influence the attainable flux density, although it will not be of great measure. 

9.3.2 Material Problems and Twisting of the Base Plate 

The stainless steel lowering rods, also acting as pillars for the demonstration model, may give 

trouble during the assembly process. It was mentioned in the meeting that due to material 

characteristics of high chrome grade stainless steel, the fastening and lowering nut will tend to seize 

on the threaded lowering rod when too much tension is applied. Precautionary measures need to be 

taken such as considering another material for the lowering rods or adding sufficient lubricants as 

prevention. 

In the case where the lower plate is not exactly lowered the same distance on al four lowering rods, 

the plate might get stuck. This can especially be a problem when the magnets are pressed into 

position during last assembly phase. This problem can be solved by attaching guiding sleeves 

sliding over the guiding rods with the lowering bolts pressing on the top face of the sleeve and 

below the lowering plate. 

The possibility that the construction of the demonstration model may twist when the load is 

increased was also under discussion at the meeting. This can be avoided by setting limits and safety 

margins within which the model can operate, as described in section 4.5.4 to limit the induced 

currents to a safe level. 

9.4 Conclusion 

The objective of this project was the development of a vertically suspended electrodynamic 

levitated magnetic bearing system. This was done by altering the Inductrack technique into a 

circular implementation that can function as a magnetic bearing. Part of this objective was to 

introduce an induction type magnetic bearing with superior characteristics compared with the other 

magnetic bearings in the type classification of Figure 2.1. These characteristics include a low 

transition speed, medium losses and high levitation force. 
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The analytical analysis and design development of the project revealed that due to the size of the 

proposed demonstration model the system will however be subjected to high losses and a higher 

levitation speed than opted for. The desired peak flux density and levitation force were attained and 

the demonstration model will operate successfully within a physical implementation. 

However, due to the high losses of the current design it is recommended that the design is used for a 

passive damper in a system rather than a standalone magnetic bearing. Within such a configuration, 

similar to the dampers described in section 2.3, the levitation disc operates in a flux cancellation 

position with very small losses. The characteristics of the design make it an ideal candidate for a 

damper in a passive magnetic bearing system. 

The Inductrack 11 configuration does hold very promising possibilities for this project regarding 

future improvements. With a redesign incorporating the Inductrack 11 method, devised to a circular 

implementation, the resulting demonstration model may be used as a standalone magnetic bearing 

with competitive characteristics. This design has the advantage that the levitation bearing can be 

used both as levitation element and passive damper. 

9.5 Summary 

The advice given during the review board meeting was discussed in this chapter and 

recommendations were made to solve the problems encountered. Improvements that can be made to 

the model developed for this project to enhance the system's performance were described. A 

conclusion was made on the results delivered through the design development and the possible 

applications of this project were also stated. 
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Appendix A-I: Tables

Table At-t: Force experienced by magnet #3 - Individual assembly

* Data was was not collcted at this points becuase the ones present gives an accurate desciption of the graph

133

--

DiStancex(mnt) (JV({Jyt(Jn) (Qrlmtli,tion) (JVtj'n) (Orientatlttp)

50 -182.45 Down -232.31 Down

40 -264.83 Down -331.67 Down

35 -313.6 Down -386.55 Down

30 -345.74 Down -421.31 Down

27.5 -255.67 Down * *

25 -149.16 Down -223.1 Down

22.5 -39.7 Down -111.33 Down

22 -17.68 Down * *

21.75 -5.57 Down * *

21.5 4.38 Up *
T

*

21.25 16.39 Up * I *

21 27.91 Up -42.9 I Down

20 72.02 Up 3.9 Up

17.5 184.75 Up 122.22 Up

15 299.49 Up 242.97 Up

10 536.4 Up 496.33 Up

5 783.09 Up 763.53 Up

0 1004.2 Up 1004.89 Up
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Table Al-2: Force experienced by magnet #4 - Individual assembly
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LLd .......i. «in.i.
«.7 ..:.' .'>

<!PCC,'" "[<
..

'::!'? ',........:....::i'C;::.:,. 'f.", :"" ,,", .....:..',..
""""'"

Force cd nDonentS ResltltahtForce Force cO'IIDonents Resultant Foree

Separation x.. y- x.. y-
Distam:ex component component Magnitude Dlrecti()n , cofflpqnent ctJfflponent ,nltl(e Direcdmt

llftrnJ fNmjJn) l1Vtqn) M',l (J)egr$l : ' . lJ¥iwi()n"...li'!tQnL ...ij{tl!n) .lPegi?)................J!tl. .

50 -20.58 87.9 90.28 76.82 -4.7 -398.3 398.33 -89.32

40 -67.3 126.9 143.64 62.06 -51.71 -359.8 363.50 -81.82

35 -115.78 150 189.49 52.34 -100.36 -337.16 351.78 -73.42

30 -218.61 164.5 273.59 36.96 -202.8 -323.4 381.73 -57.91

27.5 -280.7 118.96 304.87 22.97 * * * *

25 -315.97 64.98 322.58 11.62 -300.68 -422.3 518.41 -54.55

22,S -336.88 9.504 337.01 1.62 -321.43 -479 576.85 -56.14

22 -339.1 -1.73 339.10 -0.29 * * * *

21.75 -340.53 -7.841 340.62 -1.32 * * * *

'211s -342.207 -12.66 342.44 -2.12 * * * *

21.25 -342.878 -18.97 343.40 -3.17 * * * *

21 -343.2 -24.7 344.09 -4.12 -328.6 -512.03 608.40 -57.31

() -347.7 -47.09 350.87 -7.71 -332.1 -534.25 629.06 -58.13

17.S -349.1 -104.1 364.29 -16.60 -333.9 -590 677.93 -60.49

IS -342.95 -161.88 379.24 -25.27 -327.86 -650.08 728.08 -63.24

10 -303.7 -281.01 413.76 -42.78 -288.55 -768.28 820.68 -69.41

5 -216.3 -404.9 459.05 -61.89 -200.85 -893.4 915.70 -77.33

0 -16.89 -515.1 515.38 -88.12 -0.965 -1001.9 1001.90 -89.94

* Data was not collected at this points since the points that is present gives an accurate descriptionof the graph
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Table Al-3: Force experienced by magnet #4 and #5 - Simultaneousassembly

Separation

Distancex

(mm)

component

(Newton)

-0.036

0.3

-0.065

0.04

component

(Newton)
'hhhhhh'

-313.03

539.7

786.4

1004.6

Magnitude

(Newton)

313.03

539.7

786.4

1004.6

Up

Up

Up

component

(Newton
~

-1.07

-0.44

-0.2

0.5

315.47

-537.8

-784.5

-1002.7

Down

Table Al-4: Properties of AWG36 copper conductors
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Magnitude

(Newton)

315.47

-537.8

-784.5

-1002.7

Up

Down

Down

Down

Diameter 0.13 I mm

Cross section 0.0127 I mm

Resistance 25°C 1390 I mWm

Resistance 105°C 1810 mWm

Weight 0.113 g/m

Typical insulated I 0.15 I mm

wire diameter
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Appendix A-2: Individual magnet assembly model

This section describes the individual magnet assembly design model mentioned in section 6.6.1.

Instead of simultaneously assembling all the magnets as it is done with the final model, this model

inserts one magnet at a time into the Halbach array. The model consists of different parts that each

plays an important role in the assemblyprocess.

a) Magnet covers

Special magnet covers were designed to keep each individual magnet in position and provide

guidance for the assembly process. Figure A-2-1a) illustrates a single magnet with its covers and

Figure A-2-1b) the magnet and cover assembly. The middle section of the bottom cover plate was

designed to be as thin as possible since this is the side where the Halbach magnetic summation area

is located.

Figure A-2-1: Magnet covers keeping the magnets in position a) SingleMagnet and covers

b) Magnet and cover assembly

The effective levitation force decreases exponentially with the increase in separation distance

between the magnets and levitation coils. If the cover plate's bottom middle section can be kept

thin, this will greatly improve the attainable levitation force. However, it is important to remember

that the cover plate cannot be machined so thinly. If so, the repulsion forces between the magnets

will bend or break the magnet cover and push the magnet out of position.

c) Guidance sleeve

The magnets cannot be assembled using bare hands, thus a special sleeve to carefully guide the

magnet into the assembly was designed. Inside, the sleeve has the exact shape of the magnet covers,

which prevents the magnet to twist during construction. Below, the damping rod keeps the magnet

in position and above a press block slowly drives the magnet and cover assembly down the sleeve.
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The pressure block forces down on a spacer the same shape as the magnet cover plate. This prevents

the thin side magnet cover, facing upward, being damagedby the press block by spreading the force

evenly over the whole magnet cover. The press procedure is eased by machining the spacer to fit

loosely into the sleeve. Figure A-2-2 illustrates the guidance sleeve with its supporting ribs.

Figure A-2-2: Press sleeve

The sleeve is attached to end sections which freely settle on a model base plate and slides on the

one vertical model pillar and two damping connection rods. This is needed to elevate the sleeve and

rotate the whole magnet and plate assembly to fit the next magnet. When the sleeve housing settles

on the model base plate the vertical model pillar and a round centring bus, attached to the middle of

the model base plate, keeps it firmly in position. To endure the magnet guiding procedure the sleeve

walls also have to be made of a thick non magnetic material. The side walls are only attached to the

front and back walls to allow rotation of the whole magnet and plate assembly to speed up the

assembly process.

The sleeve wall design should also allow the insertion of the tools which fasten the magnet housing

bolts. The front and back sleeve walls is strengthened and attached to the end sections. The front

wall is cut thinner, as shown in Figure A-2-2, at the bottom the height of the magnet and cover

assembly to allow an accurate fit into the circular assembly and prevent pressing against the other

magnet covers.
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c) Press and damping rod

Pressure is applied with a small and easy to handle one ton hydraulicjack. The bottom rest plate of

the jack is attached to the press block and two guiding rods which runs through the assembly base

plate and connects to the damping rod base plate. This makes it possible for the press block and

damping rod to move simultaneouslyas shown in Figure A-2-3a) and in Figure A-2-4.

b)

Figure A-2-3: a) Damping rod and connection pin b) Base plate

The damping rod has a setting nut for tightening and ensures that the magnet and cover assembly

fits firmly against the press block. Within the damping rod base plate there is a release pin keeping

the damping rod in tact as shown in Figure A-2-3a). This pin is removed after the magnet assembly

is affixed to enable the upward movement of the sleeve housing. Then the circular magnet and

cover assembly attached to the discs can be rotated to allow the next magnet to be inserted.

d) Base plate

The base plate must be reliable enough to endure all the stress and strain of the assembly procedure

since it functions as the working surface. Figure A-2-3 show that there is two circular slots cut into

the base plate. These serve as moving channels for the bolts and nuts beneath the magnet housing

during the assembly process to prevent any obstruction.

The top magnet covers, which are situated over the magnetic summation area, are fastened with flat

head hex bolts to minimise the separationdistance between the magnets and the levitation coils. The

other ends ofthe hex bolts, where the nuts fasten, lies in the base plate slot.
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Figure A-2-4: Individual magnet assembly model

Holes are drilled at the four comers of the base plate, centre and one at the top right side. Within the

comer holes the model pillars are fastened, which is also attached to the model header plate. The

centre hole and the extra top right one provide guidance for the two damping rods.

In the centre there is a circular cut made to house a middle mount. The middle mount not only gives

extra damping rod guidance, it also keeps the middle sleeve end section in place to avoid the middle

damping rod being squeezed. The header model plate attaches to the four comer pillars and has the

hydraulic jack fixed to it. There base plate should be strong since it must be able to withstand the

force exerted during the assembly process. Figure 14, jack not shown. The neck of the jack is

fastened to the header plate so that it will also be able to function as a damper.
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Appendix A -3: Inductrack characteristic analysis using 

Fourier series 

This section describes numerical simulation of the Inductrack magnetic levitation normally used in 

the analysis of superconducting magnetic levitation. This numerical simulation was implemented by 

Toshaiki Murai and Hitoshi Hasegawa of Japan's Railway Technical Research Institute. All 

material contained in this section forms part of the paper [42], published in Electrical 

Engineering in Japan. 

A-3.1 Composition of the Inductrack System 

For this numerical analysis, the permanent magnet Halbach array is positioned above the shorted 

coil array track. To form the Halbach array the magnets are positioned continuously with alternating 

magnetic pole directions as depicted in Figure A-3-1 just as described in the previous section. 

Consequently the magnetic field above the array is effectively cancelled whilst the magnetic field 

beneath the array is augmented to form a magnetic cushion. 

The levitation track consists of shorted coils with window frame shape closely packed to form a 

chain like coil array along the longitudinal direction of the magnetic field. As a result, the mutual 

inductance between the coils are high, and caution is required when computing the induction 

current of the coil. Care should be taken when computing the coil induction current since the mutual 

inductance is high in the close packed coil array. 

A-3.2 Fourier Series Characteristic Analysis 

The analytical model for performing characteristic analysis of the method is shown in Figure 2-7. 

To simplifjl the problem, some assumptions are made: 

1. For the permanent magnet an equivalent surface current model is used, as described in 

section 2.7, for the magnetic permeability ,LAO. The linear portion from the demagnetization 

curve of a rare earth magnet is used since the magnetic permeability is below 1.1, 

approximately the same as air. 

2. It is assumed that there is an infinite number of permanent magnets present in the Halbach 

array in the longitudinal direction. The same must be true for the number of coils forming 

the track. 
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For analytical purposes, the magnets which produce a field in the longitudinal direction is referred

to as magnet 1, and accordingly the magnet producing a perpendicular field is referred to as

magnet 2. Suppose that the magnets are arranged in the y-direction just as it is in the x-direction,

over the periodwy. The magnetic field in the propagation direction created by the separate magnets

can be expressed as given by (A-3-1) and (A-3-2).

Permanent magnet 1

(A-3-l)

(A-3-2)

Permanent magnet 2

(A-3-3)

(A-3-4)

Table A-3-1 explains the symbols used in Figure A-3-1. The centre of magnet 1 in the coordinate

axis system which is travelling at a velocity v is selected as the point of origin in a moving

coordinate axis while the position ofthe coil is taken as (xpy\,z\) .

Table A-3-1: AnalyticalModel description

Gap between magnet array and coils

Resistance

Coil dimensions

Conductor cross section.

Inductance

Mutual inductance with the coil

separated by i x 1:]
In

(A-3-1) and (A-3-3) L represents the odd sum, and

k _ m7rxm-- T
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The voltage equation of the v-th shorted coil for XI=V1'1- vt can be expressed as

L.
div R . dfjJv L

""

M
d

(
. .

)-+ 1 =-. -1 +1
dt I v dt i=1 Ii dt v-i v+i

(A-3-5)

The interlinked magnetic flux fjJvand the induction current iv in the shorted coils can be obtained

from the magnetic field formed by the magnets. Equation (A-3-6) gives the magnetic flux and

(A-3-7) the induction current with the term G(m) given by (A-3-8).

(A-3-6)
m=.oo

(A-3-7)
m=.oo

G(m) = jmm

RI- jmm[ L. + ~2MliCOS(ikxm1'I)]

(A-3-8)

The term fjJ(m)found in (A-3-6) and (A-3-7) is given by (A-3-9). Equations (A-3-1O)and (A-3-11)

respectively describe the terms J;(m,n) and m found in (A-3-9).

fjJ(m) = - 811010 I k~nh(m,n)J;(m,n)e(jkynYI-Amnlzll)
1»' Y n=-<x>Amn

(A-3-9)

(A-3-1O)

1TV
m=-

l'
(A-3-11)

The electromagnetic force produced in each direction by the coils can be obtained from the partial

variance product and the current for the individual directions of coil interlinkage flux. Equations

(A-3-12) and (A-3-13) are found when only the magnetic resistance F: and vertical force F:

normal components are used.
""

F: = L - jkmnG(m)t/J(m)2 (A-3-12)
m=.co

""

F: = L - jkmnG(m)t/J(m) o(J;lm) (A-3-13)
m=.oo
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Also the crosswise stiffness Fyy and vertical stiffness Fzz can be expressed as

Fyy= f G(m})
[

iP(m) fiiP(m) +
(

8iP(m)

)

2

]m=.oo 8y: 8y\

F~ = ! G(mJfJ[?(m)a2~jm) +( a~~) J]

(A-3-14)

(A-3-15)

Longitudinal
direction

2bo

1/

Permanent magnet 2

(Longitudinal with

magnetic field)

V

Permanent magnet 1

(perpendicular with

magnetic field)

. Direction of equivalent current

. Direction of magnetic poles

Figure A-3-1: Analyticalmodel for the Fourier series analysis
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Appendix B-1: COMSOL MULTIPHYSICS@ linear Halbach array

simulations: Iso-surface plots

This section illustrates with more detail the flux density distribution over the 8 magnet linear

Halbach array described in section 5.1.3. In each figure below the magnetic flux density cut off

value is varied. As mentioned in section 5.1.3 this only gives a representation of the field lines and

cannot be used to evaluate the flux density. The thickness and of the field line tubes describes the

magnitude of the flux density at that point.

,,'
",

"

"

..".. .'.. t ." ".JI'".

Figure Bl-l: Linear Halbach array with cut of flux density value specified at 0.7 T

"

" t..

:.'
...:.,,.

"

.~. . , . .". . .... . \ . . " " , .. .'..

'." '.' y', f .': ~ ..~-..

Figure BI-2: Linear Halbach array with cut-of flux density value specified at 0.6 T
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Figure BI-3: Linear Halbach array with cut-of flux density value specified at 0.5 T

Figure BI-4: Linear Halbach array with cut-of flux density value specifiedat 0.2 T

.. ',' '.. '.> . ~. ".
. . . ; ".: : .~.. ': .~...:..<. "'-:'..:-:.",:. ..'"

~.;':.'~.':.j2 :::::-..:'::':::.:/::~:~::::.:: .

.' .

." .

Figure BI-5: Linear Halbach array with cut-of flux density value specified at 0.1 T
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Appendix B-2: COMSOL MULTIPHYSICS@ linear Halbach array

simulations: 3D field line plots

This section gives 3D field line plots of the linear magnet array and illustrates the way the magnetic

field lines are distributed. The thickness and of the field line tubes describes the magnitude of the

flux density at that point.

Figure B2-1: 3D field line plot oflinear Halbach array

Figure B2-2: Close up view 3D field line plot oflinear Halbach array
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Appendix B-3: COMSOL MULTIPHYSICS@ circular Halbach

array simulations: 3D field line plots

This section gives 3D field line plots of the circular Halbach magnet array and illustrates the way

the magnetic field lines are distributed on the circle radius.

Figure B3-1: 3D field line plot of circular Halbach array

Figure B3-2: Close up view 3D field line plot of circular Halbach array
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Appendix C-1: Compact Disc 

Video clips: 

I .  Stress analysis: 

Circular base plate subjected to high rotational speed centrifugal forces. 

(Configuration where magnets is implemented in the rotor) 

Circular base plate subjected to high rotational speed centrifugal forces and 

magnet repelling and retracting forces. (Configuration where magnets is 

implemented in the rotor) 

Magnet housing subjected to the magnet repelling and attracting forces within 

the circular Halbach array. (Simulation includes centrifugal forces for rotor 

implementation) 

Note: The final demonstration model was designed with the magnet array 

implemented in the stator. Thus, the circular base plate simulated in the video clips 

was not discussed in Chapter 7 although it was carefully designed. 

2. Demonstration model: 

Complete circular conducting disc 

Cooling fan 

Demonstration model 

Conducting disc for a stator implementation 

3. Final assembly model: 

Assembly of the first magnet 

Assembly of the second magnet 

Assembly of eight magnet 

Completed assembly of vertical and horizontal aligned magnets sets 

Final combination assembly of vertical and horizontal aligned magnets 
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4. Individual assembly model: 

First Design 

Second Design 

MICROSOFT POWERPOINT' Presentations: 

FEM simulations of the following: 

COMSOL MULTIPHY SICS' 2D simulations 

COMSOL MULTIPHYSICSB 3D simulations 

FEMM 2D simulations 




