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Resumo 

 

O controlo de atitude de satélites exige-se, para aplicações tais como direccionamento de 

câmaras ou antenas, preciso, rápido e utilizando a mínima energia possível. Os sistemas e controlo de 

atitude actuais requerem combustível e elevada potência, e são muitas vezes incapacitados por falhas 

mecânicas. Neste documento, é proposto um novo conceito para um sistema de controlo de atitude. 

Este utiliza as características diamagnéticas da grafite pirolítica levitando sob a influência do campo 

magnético terrestre. Os materiais diamagnéticos são utilizados para estabilizar a levitação magnética, 

mas também levitam quando submetidos a um campo magnético. Ademais, as propriedades 

diamagnéticas da grafite pirolítica dependem da temperatura. Assim, é possível gerar um torque na 

grafite aquecendo pequenas secções desta. Nesta dissertação, este fenómeno é estudado, analisado 

e as suas aplicações discutidas. Particularmente, o satélite ECOSat, em desenvolvido pela 

Universidade de Vitória, levará a bordo uma experiência científica desenhada para explorar e validar 

este fenómeno. Uma das experiências a bordo do satélite consiste numa placa de grafite pirolítica que, 

estando envolvida pelo campo magnético da Terra, produzirá um torque quando uma secção da placa 

é aquecida pela irradiação de um laser de infravermelhos.  

É também proposto e analisado um novo método de levitação e propulsão para comboios 

maglev. Este método requer que o comboio tenha uma base de grafite pirolítica que, estando sobre a 

linha de electroímanes, fá-lo-ia levitar. 

 Este efeito de controlo das propriedades diamagnéticas da grafite pirolítica através de radiação 

nunca fora completamente explorado, nem aplicado a um sistema de controlo de atitude. 

  

Palavras-chave: controlo óptico, controlo de atitude, diamagnetismo, grafite pirolítica, actuador 

magnético, laser 
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Abstract 

 

Attitude control system of satellites must be fast and accurate for applications such as camera 

or antenna pointing using the least energy possible. Current attitude control systems require fuel and 

considerable power, and can sometimes be hindered by mechanical systems failure. Here, a novel 

attitude control system is proposed using the diamagnetic characteristics of levitating pyrolytic graphite 

in the Earth’s magnetic field.  Diamagnetic materials are used to stabilize magnetic levitation, however, 

these materials can self-levitate when subjected to a magnetic field. Furthermore, the diamagnetic 

properties of pyrolytic graphite depend on temperature. Using this characteristic, it is possible for the 

graphite to generate a torque by heating small sections of it. In this thesis, this phenomenon is studied 

and analyzed and its applications are discussed. In particular, the ECOSat cubesat, currently being 

developed by the University of Victoria, will carry a payload experiment designed to explore and validate 

this phenomenon. This payload will have various experiments, one of which will be composed of a plate 

of pyrolytic graphite that, under the influence of the Earth’s magnetic field, will produce a torque when a 

section of it is heated using an infrared laser.  

A novel levitation and propulsion method for maglev trains is also proposed, designed and 

analyzed. This method would require a plate of pyrolytic graphite underneath the train which would 

levitate on the electromagnet train track.  

This thermal effect on the diamagnetic properties of pyrolytic graphite has never been fully 

explored, nor applied for satellite attitude control of small satellites. 

 

Index terms: optical control, attitude control, diamagnetism, pyrolytic graphite, magnetic actuator, 

laser 
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Chapter 1 

 

Introduction 

 

In this chapter a contextualization of the thesis is presented. The main physical concepts and 

definitions used in this thesis are presented and explained. Section 1.1. covers the context in which this 

thesis is placed. Section 1.2. presents the physical concepts with importance to the comprehension of 

the next chapters.  

 

1.1. General Context 

 

1.1.1. Dissertation Objectives 

 

Based on mission A and C from University of Victoria’s ECOSat project, this dissertation 

proposes to study the physics behind the phenomena of generating a torque using optical devices to 

induce thermal, and therefore diamagnetic, variations on a plate of pyrolytic graphite (PG). 

The main purpose of this development is to evaluate and validate a measurable torque effect 

that can be obtained for future application in the design of a system capable of precisely controlling the 

attitude of the satellite based on the laser source in the satellite. To complete this purpose, the physical 

aspects of the system must be studied, namely the concepts of diamagnetism, magnetic levitation 

(MagLev), the structure of pyrolytic graphite, the Earth’s magnetic field, dipolar magnetic fields, 

mechanical view of attitude control, orbit and space environment. 

These concepts were combined to pioneer the study of thermal dependence of pyrolytic 

graphite’s magnetic susceptibility, and the use of optical inputs to induce torques on a plate of PG 

subjected to the Earth’s magnetic field. To this end, various computational simulations and analysis 

need to be developed as well as various scientific experiments to investigate the phenomena associated 

with the proposed technology. Experimental evaluation and validation is also needed to confirm the 

accuracy of the mathematical models and computer simulations developed.  

 

 

1.1.2. Dissertation Overview 

 

The thesis research stems from the participation on the ECOSat satellite design project at the 

University of Victoria, which has been actively participating in the Canadian Satellite Design Challenge 

(CSDC) since January 2011. As a satellite developed by a student team, its main purpose is to test and 

validate new technologies for the design, development and construction of micro-satellites. 

One of the technologies that are proposed to be integrated into the ECOSat consists on the 

optical control of the magnetic properties of pyrolytic graphite to create a torque that can potentially be 
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used for controlling the attitude of the satellite, and be shown as a novel control scheme for small 

satellites.  

The study of the physical phenomena and of the engineering concepts required to develop this 

new attitude control system technology had not yet reached maturity. This dissertation is the culmination 

of all the research, simulation, experiments and mathematical analysis developed and performed with 

the aim of engineering a system capable of creating a controlled torque just by the use of laser light on 

a plate of graphite. 

This dissertation is organized into six main chapters. In Chapter 1: “Introduction”, the scientific 

concepts that are behind this technology are described, explained and analyzed.  The two computational 

simulations developed in the context of this work are presented in Chapter 2: “Theoretical Simulations”, 

along with the results and the models designed. In order to explore some of the still poorly understood 

physical phenomena, several scientific experiments were conducted. These are presented in Chapter 

3: “Experiments”. The final design for this attitude control system is presented in Chapter 4: “Satellite 

Scientific Payload Design”. Chapter 5: “Future Applications of Pyrolytic Graphite” presents further 

potential applications using pyrolytic graphite and the optical motion control proposed here. Finally, 

Chapter 6:  “Conclusions” summarizes the lessons learned and possible extensions to the current work. 

 

 

1.1.3. State of the Art 

 

The work developed in this dissertation is based on the unique property that pyrolytic graphite 

(PG) presents: its diamagnetic properties are dependent on temperature. This dependence is in contrast 

with the general accepted properties of diamagnetism, such as being independent from temperature. 

The article by Kobayashi and Abe: “Optical Control of MagLev Graphite” [1], presents this discovery that 

a plate of PG floating above an array of magnets could have its motion controlled optically. This is the 

baseline for the development of the current thesis work. 

In regards to the ECOSat satellite, the document by J. T. Curran: “Design and optimization of 

the ECOSat satellite requirements and integration” [2] was a source for the majority of the information 

on the design of this satellite. 

Diamagnetism is the subject to very detailed studies, especially when applied to pyrolytic 

graphite, by various authors. The article by Kobayashi and Abe, mentioned earlier, [1] presented 

measurements on the variation of diamagnetic susceptibility with temperature on PG. The article by T. 

Tietz: “On the Variation of the Diamagnetic Susceptibility of Water due to Temperature” [3], has 

measurements which are about this dependence, relative to water. Additionally, E. W. Elcock presents, 

in his article: “The Temperature Variation of Diamagnetic Susceptibility” [4], a study on this variation 

relative to metals. 

The properties of pyrolytic graphite, focusing on its magnetic, optic and thermal properties, are 

studied during this dissertation. One of the most consulted, and most important for this dissertation, 

documents was the technical report by S. Davis, who also worked on the ECOSat team: “Investigation 

of Ceramic Pyrolytic Graphite and Applications” [5], complemented by the article by J. Pappis and S. L. 
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Blum: “Properties of Pyrolytic Graphite” [6], containing data about the structure of PG and its thermal 

properties. Other information about the thermal properties of carbon, graphite and pyrolytic graphite 

were, besides other less relevant sources, found on the article by M. Bahrami: “Modeling of Thermal 

Joint Resistance for Sphere-Flat Contacts in a Vacuum” [7], as well as on the article by M. Smalc, G. 

Shives, et al.: “Thermal Performance of Natural Graphite Heat Spreaders” [8]. Information about the 

optical properties of these carbon based materials was found on the document by C. Freitag et al.: 

“Polarization dependence of laser interaction with carbon fibers and CFRP” [9], and on the article by J. 

C. Bowman and W. P. Eatherly: “Refractory Inorganic Non-metallic Materials: Graphitic” [10]. 

One piece of equipment used in this project, to study the interaction between a magnetic field 

and optically irradiated graphite, was an array of neodymium magnets, as such, the mathematical 

expressions for the magnetic field generated by one of such magnet arrays were an important 

development. The article “Magnetic forces between arrays of cylindrical permanent magnets” [11] by D. 

Vokoun, G, Tomassetti, et al. and the article “Magnetostatic interactions and forces between cylindrical 

permanent magnets” [by D. Vokoun, M. Beleggia, et al. [12], were also an important source of 

information. 

The physical phenomena that this dissertation is based on is the magnetic levitation of objects. 

Some of the articles on this subject used for this project are: “Diamagnetic levitation: Flying frogs and 

floating magnets”, by M. D. Simon and A. K. Geim [13]; “Of flying frogs and levitrons”, by M. V. Berry 

and A. K. Geim [14]; “Diamagnetically stabilized magnet levitation”, by M. D. Simon L. O. Heflinger and 

A. K. Geim [15]; “Eddy current magnetic levitation”, by M. T. Thompson [16]; “Theoretical and Numerical 

Analysis of Diamagnetic Levitation and its Experimental Verification”, by Z. Ye, Z. Duan and Y. Su [17]; 

and “Spin stabilized magnetic levitation”, by M. D. Simon, L. O. Heflinger and S. L. Ridgway [18]. 

For the final section of this dissertation, a study about the applications of PG on train 

transportation was performed based on the document by M. Taniguchi: “High Speed Rail in Japan: A 

Review and Evaluation of Magnetic Levitation Trains” [19], and also the article “Infrastructure Design, 

Signaling and Security in Railway” by H. Yaghoubi et al. [20]. 

 

 

1.1.4. The ECOSat Program 

 

“ECOSat-III will further The University of Victoria’s contribution to the geophysical service and 

to research and development of communication systems on nano satellite systems.” [21] 

 

The ECOSat small satellite program at the University of Victoria, Canada, is a student led 

initiative aimed at the design and development of CubeSat. The ECOSat group has competed in the 

Canadian Satellite Design Challenge (CSDC) hosted by Geocentrix Technologies, involving universities 

across Canada. The challenge is to develop a three unit (3U) (10x10x30cm) cubesat under 4kg.  

The year 2012 marked a major milestone on the project, as the ECOSat achieved the third place 

with ECOSat-I. In 2014, the ECOSat won the First Place on the Canadian Satellite Design Challenge 

with the project ECOSat-II. Furthermore, in 2015, while developing ECOSat-III, the project was awarded 
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CAD$11,500, from the Canadian Satellite Design Challenge and its sponsors [22], for the development 

of the ground station.  

The design of the satellite’s structure and 

main components have been already selected and 

analyzed. Several structural simulations have been 

performed on a detailed CAD version of the ECOSat-

II satellite, as well as several thermal simulations for 

the electronic components. [2] An exploded view of 

the design of the ECOSat is shown in Figure 1.1. 

The ECOSat will be placed on a Low Earth 

Orbit (sun synchronous at 600km altitude) with a 

diverse scientific payload, an amateur radio and two 

flight demonstrators for attitude and orbit control. The 

Mission for the ECOSat project has four main 

missions [23]: 

A. Explore the properties of optically excited PG. 

B. Operate as an amateur radio repeater. 

C. Serve as a proof of concept attitude 

determination and control system which uses 

the earth’s magnetic field for both attitude 

determination and control. 

D. Serve as a proof of concept deorbit system 

using magnetorquers.  

Missions A and C are the most relevant to this dissertation. The ECOSat will carry a scientific 

payload on board. One of these experiment consists of a plate of pyrolytic graphite and various diode 

lasers pointed at specific regions of the plate. This experiment aims to measure the changes in magnetic 

susceptibility of the graphite in the regions heated by the laser beam. Another important objective of the 

proposed experiment is to measure the torque that the plate of pyrolytic graphite will induce on the 

satellite with the changes on its diamagnetic behavior and with the interaction of the Earth’s magnetic 

field. This thermal effect, the interaction therefore caused with the planet’s magnetic field and the 

possibility to use the torques created for attitude determination are the main objective of the thesis 

 

 

 

 

 

 

 

 

 

Figure 1.1: ECOSat-II - exploded view. 
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1.2. Theoretical Background 

 

1.2.1. Dipolar Magnets 

 

A magnet is any material or object that produces a magnetic field. They can be from a natural 

source: several ores are permanent magnets, they can be artificially created; usually made from alloys 

of two or more metals, or they can be electromagnets; electrical coils that produce magnetic field by the 

passage of an electric current [24]. 

According to Hund’s Rules [25], the first electrons on an orbital shell with the same principal 

quantum number and the same azimuthal quantum number have the same spin number. These 

unpaired electrons have a spin, and thus their magnetic moment, aligned, so their contributions add to 

create a total positive magnetic moment for the atom. In ferromagnetic materials, the crystalline structure 

of the metals, or alloys, enables the various atoms with magnetic momentum to be aligned with each 

other. This alignment creates a total magnetic field with macroscopic characteristics [26]. This effect is 

responsible for the permanent magnetization found on magnets. 

 It is possible to consider the unpaired electrons in the atom as dipoles, however, with further 

approximations, it is also possible to consider a magnet as a dipole, or as an arrangement of dipoles. 

Nevertheless, this dipolar approximations should only be used to model the effects of the magnetic field 

at distances greater than that of the characteristic length (usually considered the length of the magnet 

in the direction of the magnetic field inside it) of the magnet in study. As dipoles have cylindrical 

symmetry, the equation that parametrize this field depend only on three variables: the magnetic dipole 

of the magnets, 𝑚, the distance measured on the z axis, 𝑧, and the distance measured on the xOy plane, 

𝜌. Equation (1.1) gives the magnitude of the magnetic field, 𝐵, for any given position in space around 

the dipole [27]: 

𝐵(𝑚, 𝑟, 𝜌) =  
𝜇0
4𝜋

𝑚

(𝑧2 + 𝜌2)3 2⁄
√1 +

3𝑧2

𝑧2 + 𝜌2
 

Equation (1.2) gives the vectorial formulation of the magnetic field, �⃗� : 

�⃗� (�⃗⃗� ,  𝑟⃗⃗ ) =  
𝜇0
4𝜋

3(�⃗⃗� ∙ �̂�)�̂� − �⃗⃗� 

𝑟3
 

Note that, because of the dipolar nature of the field, the second component of the magnetic field, on the 

cylindrical coordinate system, φ, is zero for any point. In both equations, 𝜇0 is the magnetic permeability. 

As the magnets have a non-zero volume, this approximation only holds for the far regions of the 

magnetic field. Even further, as the crystalline structure of the magnet is not perfect, there are regions, 

the magnetic domains, in which the magnetization is aligned with the same orientation inside the domain 

but not aligned with the other domains within the magnet. This means that, even though the overall 

magnetic moment has a determined direction, specific to the magnet, these domains can be slightly 

unaligned [24]. 

 

 

(1.1) 

(1.2) 

; 

. 
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1.2.2. Magnetic Levitation  

 

1.2.2.1. Earnshaw’s Theorem 

 

“There can be no local minimum (or maximum) of energy for an inverse square force law.” [28] 

 

As cited above, the Earnshaw’s Theorem states that any force that is dependent on the inverse 

of the squared distance to its source cannot create a point of stable equilibrium, nor can any 

arrangement of several of such forces [28]. As the magnetic force between two magnet poles is, in fact, 

a function of the inverse of the squared distance between the poles (as well as gravity, between the two 

bodies), then stable magnetic levitation could not be achievable by using solely permanent magnets. 

This impossibility can be overcome either by the use of electronically controlled electromagnets, by 

moving magnets or by the use of diamagnetic materials to stabilize the levitating magnet. 

The demonstration of the theorem is as follows:  

𝐹 = −∇𝑈 

⇒ ∇𝐹 = ∇2𝑈; 

𝑈 = −�⃗⃗� ∙ �⃗� = −(𝑚𝑥𝐵𝑥 +𝑚𝑦𝐵𝑦 +𝑚𝑧𝐵𝑧); 

∇2𝑈 = (
𝜕2𝑈

𝜕𝑥2
+
𝜕2𝑈

𝜕𝑦2
+
𝜕2𝑈

𝜕𝑧2
) 

⇒ ∇2𝑈 = −(
𝜕2(𝑚𝑥𝐵𝑥 +𝑚𝑦𝐵𝑦 +𝑚𝑧𝐵𝑧)

𝜕𝑥2
+
𝜕2(𝑚𝑥𝐵𝑥 +𝑚𝑦𝐵𝑦 +𝑚𝑧𝐵𝑧)

𝜕𝑦2
+
𝜕2(𝑚𝑥𝐵𝑥 +𝑚𝑦𝐵𝑦 +𝑚𝑧𝐵𝑧)

𝜕𝑧2
) 

⇒ ∇2𝑈 = −𝑚𝑥 (
𝜕2𝐵𝑥
𝜕𝑥2

+
𝜕2𝐵𝑥
𝜕𝑦2

+
𝜕2𝐵𝑥
𝜕𝑧2

) − 𝑚𝑦 (
𝜕2𝐵𝑦

𝜕𝑥2
+
𝜕2𝐵𝑦

𝜕𝑦2
+
𝜕2𝐵𝑦

𝜕𝑧2
) −𝑚𝑧 (

𝜕2𝐵𝑧
𝜕𝑥2

+
𝜕2𝐵𝑧
𝜕𝑦2

+
𝜕2𝐵𝑧
𝜕𝑧2

) 

⇒ ∇2𝑈 = −𝑚𝑥∇
2𝐵𝑥 −𝑚𝑦∇

2𝐵𝑦 −𝑚𝑧∇
2𝐵𝑧; 

∇𝐹 = ∇2𝑈 = −𝑚𝑥0 − 𝑚𝑦0 − 𝑚𝑧0 = 0. 

In the demonstration: 𝐹  is the magnetic force; 𝑈 is its potential; �⃗⃗�  is the dipolar moment; and �⃗�  is the 

magnetic field. 

As the divergence of the force is zero for any point in space, there is no potential well creating 

a point of stable equilibrium. This means that stable levitation is not achievable on any point of space 

using only sources of inverse square forces, q. e. d. 

 

 

1.2.2.2. Methods to Achieve Magnetic Levitation 

 

As Earnshaw’s Theorem is only applicable to stationary sources of inverse square forces, 

magnetic levitation can be achieved using several methods which are beyond the borders of application 

of this theorem. 

(1.3) 

(1.4) 

(1.5) 

(1.6) 

(1.7) 

(1.8) 

(1.9) 

(1.10) 

; 
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The theorem prevents the levitation of a free magnet, however, if one, or more, of the degrees 

of freedom is constrained a magnet can be held in stable levitation. This form of magnetic levitation is 

often referred as pseudo-levitation, as the object is not free in space. 

As mentioned previously, another method to achieve magnetic levitation is to use electronically 

controlled electromagnets. These can be placed on strategic positions near the levitating magnet to 

create variable magnetic fields that hold it in the desired spot. Using sensors to determine the position 

of the levitating object, the current on the coils is then controlled in order to correct constantly the position 

of the levitating object. Some method of MagLev using electromagnets use pulsating fields at high 

frequency to strongly maintain the object in position.  

Diamagnetic materials can be used to stabilize levitation 

in two different ways. Indirect diamagnetic levitation, as shown in 

Figure 1.2, uses two plates of diamagnetic material to create 

repulsive forces on the levitating magnet, in this case graphite. The 

forces will contribute to the resulting force on the levitating magnet 

in order to stabilize its levitation, not only vertically but also 

horizontally. As the diamagnetic forces are not inverse square 

forces, the Earnshaw’s Theorem is not contradicted. However, for 

this method to produce the desired effect, the diamagnetic plates 

must be placed at a determined distance between the lifting 

magnet, the levitating magnet and themselves. The principal advantage of this method is the possibility 

to use any diamagnetic material to stabilize the levitation, for instance, living tissue [15].  

The second method is the subject of this thesis. As diamagnetic materials repel a magnetic field 

action on them, by creating an opposing magnetic field, they are subjected to a repulsive force from the 

magnets. This repulsive force, 𝐹𝑑⃗⃗⃗⃗ , depends on the gradient of the squared magnetic field that is acting 

on them. This is shown in Equation (1.11), where 𝜒0 is the volume diamagnetic susceptibility, 𝑉 is the 

volume of the diamagnetic material, 𝐵 is the magnetic field that is applied on the diamagnetic material 

and 𝜇0 is the magnetic permeability in the vacuum:  

𝐹𝑑⃗⃗⃗⃗ =   
𝜒0𝑉

2𝜇0
∇𝐵2⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

The derivation of this equation is explained in detail in the article by Ye et alia, [17]. 

For a vertically stable levitation, the magnetic force must have opposite direction but equal 

intensity as the weight of the object levitating. As such, being 𝑚𝑔 the mass of the object and 𝑔 the 

gravitational acceleration, we have: 

𝐹𝑑 = 𝐹𝑔 = 𝑚𝑔𝑔. 

 With Equations (1.11) and (1.12), and taking into account that 𝜌𝑑 is the density of the 

diamagnetic material, it is possible to deduce that, for stable levitation:  

𝐵 ∙ ∇𝐵 =
∇𝐵2

2
=
𝜇0𝜌𝑑𝑔

𝜒0
 

Figure 1.2: Diamagnetically 
stabilized magnet levitation 
geometry [11]. 
 

(1.11) 

(1.12) 

(1.13) 

. 

. 
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This form of the equation is crucial to study the conditions in which it is possible to achieve 

stable levitation for a specific material. As an example, since 𝜒 =  −8.8𝑒−6 and 𝜌𝑑  =  1000 𝑘𝑔/𝑚
3 in 

water, the equilibrium condition gives the required product of field and field gradient as [14]: 

𝐵 ∙ ∇𝐵 =  −1400.9 𝑇2/𝑚. 

At room temperature, the most diamagnetic material known, pyrolytic graphite, has a 

diamagnetic susceptibility of  −4.5𝑒−4, along the c direction of the crystalline structure. For graphite, the 

required product of field and field gradient would be 61 𝑇2/𝑚, much lower than for water. However, there 

are materials with much stronger diamagnetic properties: superconductors. A superconductor repels 

entirely the magnetic field on which it is subjected to, meaning that it has a magnetic susceptibility of -

1. This extreme diamagnetism enables a superconductor to levitate in weaker fields, compared to those 

needed to levitate water, graphite or bismuth; however, the alloy must be cooled in order to keep it a 

superconductor. 

Another remarkable way to create stable magnetic levitation is the use of spin stabilized 

magnetic levitation. The levitating magnet is spinning rapidly above the circular lifting magnet. The 

gyroscopic action not only prevents the magnet from turning upside-down as it also aligns constantly 

the axes of the two magnets, maintaining stable levitations as long as the angular velocity of the 

levitating magnet is high enough.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(1.14) 
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1.2.3. Diamagnetism 

 

Whenever a material is subjected to a magnetic field, it will react to it in a certain way, based on 

the characteristics of the material. The most relevant of these reactions are: diamagnetism, 

paramagnetism, ferromagnetism, antiferromagnetism and ferrimagnetism. In Figure 1.3, the various 

types of magnetic behavior are summarized hierarchically.  

The materials with cooperating atomic moments (they have 

unpaired electrons which magnetic moments that can be aligned 

with the magnetic field applied on them) can be described by the 

four last types of magnetism enumerated. On a paramagnet, the 

unpaired electrons have naturally their spin in random directions, 

however in the presence of a magnetic field, these electrons are 

able to align themselves with the magnetic field and therefore 

increasing it (they have a relative magnetic permeability greater than 

or equal to 1, but usually small). This will create a small force of attraction due to the external magnetic 

field and the magnetic field inside the paramagnetic material are aligned. The internal magnetic field 

disappears as soon as the external magnetic field is removed. A model of the magnetic moments on a 

paramagnetic material is shown in Figure 1.4. Ferromagnetic materials have unpaired electrons with 

their spins aligned and with the same direction; this will create a permanent magnetic field, intrinsic of 

the material. Ferrimagnets also produce a permanent magnetic field, however, due to some of the 

Figure 1.3: Types of magnetism [29]. 

Figure 1.4:  A simple 

representation of paramagnetism. 
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unpaired electrons having their spin aligned in the 

opposite direction, this field is weaker than the one created 

by a ferromagnet, as depicted in Figure 1.5. 

Antiferromagnetism is the opposite of ferromagnetism. On 

an antiferromagnet, half of the unpaired electrons have 

their spin aligned in one direction while the remaining half 

has their spin aligned in the opposite direction. This is 

represented in Figure 1.6. These materials do not exhibit 

any sort of intrinsic magnetic field. 

Finally, diamagnetism is the property in which the 

whole work of this dissertation stands on. All materials 

present a diamagnetic behavior, however, in the great 

majority of them this behavior is weak and so it is 

negligible compared to the other forms of magnetism that 

the material presents. A diamagnetic material has a magnetic permeability lower than 1, ergo, a 

magnetic material will repel any magnetic field that it is subjected to. Imposing the magnetic field to circle 

the material around as much as possible will create a repelling force between the diamagnet and the 

magnetic field. 

The diamagnetic properties of a material are usually characterized by a property called magnetic 

susceptibility, 𝜒. The magnetic susceptibility is related to the magnetic permeability by Equation (1.15). 

A diamagnetic material has a magnetic susceptibility lower than zero and with minimum value of -1. 

𝜒𝑉 = 𝜇𝑉 − 1 

The most diamagnetic materials are superconductors which completely repel any magnetic field 

they are subjected to, with a magnetic susceptibility of -1. At room temperature, the most diamagnetic 

material is pyrolytic graphite, with  χ𝑉 = −6.1𝑒
−4, [5], followed by bismuth, with χV  =  −1.7𝑒

−4, [15]. 

Diamagnetic forces induced on materials from a magnetic field have a different behavior from 

those created by interactions with permanent magnetic moments, like paramagnetism, ferrimagnetism 

and ferromagnetism. While the attraction and repulsion forces for ferromagnetic, ferrimagnetic and 

paramagnetic material have an inverse quadratic relation with distance from the origin of the field, 

diamagnetic forced depend on the gradient of the squared magnetic field, as it is demonstrated in [17]. 

The final expression for the magnetic force, 𝐹𝑑⃗⃗⃗⃗ , is given by:  

𝐹𝑑⃗⃗⃗⃗ =   
𝜒𝑉𝑉

2𝜇0
∇𝐵2⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

In this expression, 𝑉 is the volume of the diamagnetic material, 𝜇0 is the vacuum magnetic permeability 

and 𝐵 is the magnetic field. Although the diamagnetic behavior is weakly present in all materials, there 

are some that have all other types of magnetism suppressed, so diamagnetism is the only observable 

interaction. In particular, pyrolytic graphite and bismuth have the strongest diamagnetic behavior known: 

excluding superconductors. These materials are used to stabilize magnetic levitation and can also 

levitate by themselves above an array of small Neodymium magnets. 

 

Figure 1.6: A simple representation of antiferro-

magnetism. 

 

Figure 1.5: A simple representation of ferri-

magnetism. 

(1.15) 

(1.16) 
. 
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1.2.4. Magnetic susceptibility function of temperature 

 

The effect of temperature on the magnetic 

behavior of materials is a phenomenon that has been well 

studied. Paramagnets and ferromagnets have their 

magnetic susceptibility decreased with increasing 

temperature, while antiferromagnets have their magnetic 

susceptibility increasing along with temperature, until the 

Neel Point is reached and then χ will drop with further 

temperature increased. These effects are shown in 

Figure 1.7. 

Generally, diamagnetism does not exhibit a 

variation based on temperature. Besides the empirical 

evidence, the lack of dependence has also been 

mathematically shown [31]. However, in the empirical research made by Kobayashi and Abe, it is shown 

that pyrolytic graphite has its magnetic susceptibility decreased when the temperature of the material is 

increased [1]. 

As mentioned before, pyrolytic graphite is a 

very unique material, as it is the only known material 

in which magnetic susceptibility has a strong 

dependence on temperature. This behavior is shown 

in Figure 1.8. In the work by Kobayashi and Abe [1], 

the measurements of the variation of magnetic 

susceptibility were made along the measurement on 

the levitation height of a plate of graphite above an 

array of rare earth permanent magnets assembled in 

an antiparallel fashion. The plot in Figure 1.8 shows 

the decreasing (in absolute value) of the magnetic 

susceptibility of the graphite plate with temperature (blue dots) as a consequence of this decrease in 

the diamagnetic behavior, the levitation height will decrease (red line). For this range of temperatures, 

the magnetic susceptibility of the pyrolytic graphite plate has its dependence with temperature extremely 

close to linear.  

  

Figure 1.7: Variation on magnetic susceptibility of 
various types of magnetic materials with 
temperature [30]. 
 

Figure 1.8: Variation on magnetic susceptibility of 
pyrolytic graphite with temperature [2]. 
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1.2.5. Earth’s Magnetic Field 

 

1.2.5.1. Origin and Characteristics 

 

The dynamo effect describes how the motion of the fluid inside the Earth’s outer core can 

generate and maintain a magnetic field strong enough to involve the entire planet and protect it from the 

violent interplanetary radiation [32]. The outer core is mostly composed by liquid iron and nickel at 

temperatures above 4000 K. The pressure, gravitational and thermal gradients in the outer core dictate 

the laws by which the fluid is ruled and determine its movement. The movement of charges and 

ferromagnetic particles creates the magnetic field that is surrounding the planet.   

As opposed to a simple dipolar magnet, the north and south poles of the Earth’s magnetic field 

are not aligned with the center of the Earth or with its rotational axis. This is due to the complex 

phenomena that is occurring in the outer core which responsible for the creation of this field. The field 

is not stationary: its intensity changes with time as well as the position of the poles on the planet’s 

surface. However, these changes are slow enough for it to still be used for orientation, attitude 

determination and navigation.  

At the Earth’s surface, the magnetic field intensity ranges from 22 mT to 67 mT, being the most 

intense near the magnetic poles and the least intensive close to the magnetic aclinic line [33]: the line 

on the Earth’s surface where the magnetic field is horizontal. Then, with increasing altitude, the field’s 

magnitude decreases. For example: at 100 km height, the field’s mean intensity is 16 μT [34]. The field 

dependence with altitude, or distance to the center of the planet, cannot be described using simple 

mathematical formulations, ergo, usually Fourier models based of field spherical harmonics are used, 

Figure 1.9. However, the field is also subjected to variations in time, and, as the Earth is not alone in 

space, from a certain altitude the effect of the solar wind and of the solar magnetosphere are too strong 

to be ignored in the model. The effect of the external magnetic fields and charged radiation causes the 

magnetic field to assume a drop like shape pointing out of the solar system away from the Sun, as seen 

Figure 1.9: Examples of different kinds of 
spherical coordinates [35]. 

Figure 1.10: Earth’s magnetosphere [36]. 
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in Figure 1.10. Part of the radiation which hits the magnetosphere of our planet crosses the bow shock 

(boundary between the magnetosphere of the Earth and the ambient magnetized medium). From here 

on they are captured by the magnetic field and are subjected to it. Some particles are directed to the 

Van Allen belt, others enter the atmosphere, usually at the magnetic poles, and some manage to escape 

through the magnetotail (extension of the Earth’s magnetosphere opposite to the Sun) [37].  

 

 

1.2.5.2. The  Magnetic Field of the Earth as a Dipole 

 

As a simpler model of the Earth’s complex magnetic field, a first order dipolar approximation can 

be used. This approximation fails at very high altitudes due to external perturbations. This model 

considers the magnetic field to have a cylindrical symmetry, therefore, the mathematical functions that 

describe it depend only on two variables: the distance to the center of the Earth, 𝑟, and the polar angle 

measured from the north magnetic pole, 𝜃. Furthermore, two parameters are present on these set of 

equations: the Earth’s mean radius, 𝑅𝐸, and the mean value of the magnetic field at the magnetic equator 

on the Earth's surface, 𝐵0. Typically 𝐵0  =  3.12𝑒−5 𝑇, [38].  

The components 𝑟 and 𝜃, in spherical coordinates, of the magnetic field for a specific point in 

space are described by Equations (1.17) and (1.18), [38]: 

𝐵𝑟 = −2𝐵0 (
𝑅𝐸
𝑟
)
3

cos 𝜃 

𝐵𝜃 = −𝐵0 (
𝑅𝐸
𝑟
)
3

sin 𝜃 

 The azimuth component is zero on the dipolar model. Equation (1.19) gives the magnitude of 

the magnetic field for the specified position in space:  

|𝐵| = 𝐵0 (
𝑅𝐸
𝑟
)
3

√1 + 3𝑐𝑜𝑠2(𝜃) 

 

 

1.2.5.3. Magnetic Torque on a Plate of a Diamagnetic Material 

 

In this section, a purely mathematical analysis will be conducted to define the torque that can 

be produced on a plate of a diamagnetic material. 

Let us consider a plate of a diamagnetic material. As a consequence of the diamagnetic 

properties of the material being changed on a section of the plate, the magnetic force exerted in that 

section would be different from the magnetic force that the other section of the plate is subjected to. This 

will produce a torque on the plate, which can have several consequences, depending on the topology 

of the field that the place is in. The two situations which are covered in this thesis are: a plate levitation 

on top of an array of magnets arranged in an anti-parallel manner; and a plate in orbit of the Earth, inside 

the influence of its magnetic field. On the first situation, this torque will tilt the plate very slightly to one 

side (depending on whether there was and increase or decrease of the diamagnetic properties). This 

(1.17) 

(1.18) 

(1.19) 

, 

. 

. 
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will cause a variation in the distance to the magnetic array along the plate ergo, a variation of the intensity 

and direction of the magnetic force in every point on the plate, producing a lateral acceleration: which is 

covered in section 2.1.2. In the second situation, the plate is subjected to a nearly dipolar magnetic field. 

If the plate and the gradient of the magnetic field squared are not coplanar, there will be a torque on the 

plate which will make it spin. This is further analyzed next and in section 2.1.1. 

For this analysis, several approximations have been done. Firstly, the Earth’s magnetic field 

was considered a dipole; furthermore, the gradient of the magnetic field squared was considered 

constant along the plate, as its dimensions are much smaller than its distance to the origin of the field. 

The plate was considered as a free body, only subjected to the magnetic forces applied on it and is 

geometrically perfect as well as the section in which the diamagnetic properties have been altered, with 

its areas and volumes well known. Finally, the plate was considered to be perpendicular to the magnetic 

force vector. 

With Equations (1.17) and (1.18) we can compute the dot product of the magnetic field with 

itself, the magnetic field squared,  

𝐵2 ≡ �⃗� ∙ �⃗� = 𝐵0
2 𝑅𝐸

6

𝑟6
(1 + 3𝑐𝑜𝑠2𝜃) 

The next step is to compute its gradient:  

∇𝐵2⃗⃗ ⃗⃗ ⃗⃗  ⃗ = −6
𝐵0

2𝑅𝐸
6

𝑟7
[
1 + 3𝑐𝑜𝑠2𝜃
𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

0

] 

With the gradient of the squared magnetic field it is possible to compute the levitating force that 

is acting on the diamagnetic plate. The result is then replaced in Equation (1.16), [17], resulting in 

Equation (1.22):  

𝐹𝑑⃗⃗⃗⃗ =   
𝜒0𝑉

2𝜇0
∇𝐵2⃗⃗ ⃗⃗ ⃗⃗  ⃗ = −3

𝜒0𝑉𝐵0
2𝑅𝐸

6

𝜇0𝑟
7

[
1 + 3𝑐𝑜𝑠2𝜃
𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

0

] 

In this equation, 𝜒0 is the magnetic susceptibility of the plate, by volume, 𝑉 is the volume of the plate 

and 𝜇0 is the magnetic permeability of the vacuum. 

With an expression for the magnetic force that a magnetic field can induce on a volume of a 

diamagnetic material known, we can begin the analysis of the torque created when one closed volume 

of the plate has a different magnetic susceptibility. For this we will assume that the forces are applied in 

the geometric center of the plate and, respectively, in the geometric center of the heated section. This 

section is considered to be cylindrical. 

The vector responsible for the appearance of a torque is the deficit, or increment, in the 

diamagnetic force that is applied on the section. So the vector 𝑑𝐹⃗⃗⃗⃗  ⃗ is simply the subtraction of the force 

that is applied on the section from the force with unaltered susceptibility. So the equation is: 

𝑑𝐹⃗⃗⃗⃗  ⃗ = 𝐹𝑑⃗⃗⃗⃗ − 𝐹𝑑⃗⃗⃗⃗ 
′
= 𝐹𝑑⃗⃗⃗⃗ (1 −

𝜒′

𝜒0
) 

where 𝜒′ is the altered susceptibility. 

Now, a change of coordinates is needed. The position of the section in the plate with altered 

magnetic susceptibility is determined using a two dimensional Cartesian coordinate system with origin 

at the geometric center of the plate, where we also considered that the force would be applied on, the 

(2.19) 

(1.20) 

(1.21) 

(1.22) 

(1.23) 

. 

, 

. 

. 
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plate coordinate system. This means that the vector from the center of the plate coordinate system to 

the center of the section with altered susceptibility is a two dimensional vector that must be transported 

to a three dimensional coordinate system where the magnetic field and the magnetic forces live. The 

chosen three dimensional coordinate system will be system G (𝑥�̂� , 𝑦�̂� , 𝑧�̂�), a right coordinate system 

centered on the plate, with the z axis with the same direction and orientation of the magnetic force 

exerted on the plate and with it y axis parallel to the 𝜑 axis of the spherical Earth Centered Inertial (ECI) 

reference frame. The ECI frame is a reference coordinate frame centered on the Earth’s center of mass. 

The z axis aligned with the Earth’s axis of rotation. The x axis is aligned with the vernal equinox direction 

which is the intersection of the Earth’s equatorial plane with the plane of the Earth’s orbit around the 

Sun, in the direction of the Sun’s position relative to the Earth on the first day of spring. The y axis 

completed the right-handed frame. This transformation admits that the plate is always perpendicular to 

the diamagnetic force that is being exerted on it. As a consequence of this simplification, the torque that 

will be computed is the maximum torque possible for the conditions resented. 

The expressions for the three unitary vectors that define the frame G on the ECI frame are: 

𝑧�̂� = −
(1 + 3𝑐𝑜𝑠2𝜃) 𝑒�̂� + 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 𝑒�̂�

√(1 + 3𝑐𝑜𝑠2𝜃)2 + (𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃)2
 

𝑥�̂� =
𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 𝑒�̂� − (1 + 3𝑐𝑜𝑠

2𝜃) 𝑒�̂�

√(1 + 3𝑐𝑜𝑠2𝜃)2 + (𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃)2
 

𝑦�̂� = 𝑒�̂�. 

With these unitary vectors defined, the position of the section with altered magnetic susceptibility 

on the ECI spherical frame is given by Equation (1.27). On this equation, 𝑑𝑥 and 𝑑𝑦 define the position 

on the plate of the section with the altered magnetic susceptibility. As only 𝑑𝑥  and 𝑑𝑦 are taken into 

account on this step, it is clear that the plate is on the xOy plane of this coordinate system, ergo, 

perpendicular to the force:  

𝑑 = 𝑑𝑥𝑥�̂� + 𝑑𝑦𝑦�̂� = [

𝑑𝑥  𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

−𝑑𝑥(1 + 3 𝑐𝑜𝑠
2𝜃)

𝑑𝑦

] 

Finally, we can compute the torque, �⃗⃗� , on the plate using the cross product between the position 

of the altered section and the magnetic force difference. In this case 𝑉′ is the volume of the section with 

altered magnetic susceptibility:  

�⃗⃗� = 𝑑 × 𝑑𝐹𝑑⃗⃗ ⃗⃗ ⃗⃗  ⃗ = −3
𝜒0𝑉′𝐵0

2𝑅𝐸
6

𝜇0𝑟
7

(1 −
𝜒′

𝜒0
) [

−𝑑𝑦 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

𝑑𝑦 (1 + 3𝑐𝑜𝑠
2𝜃)

𝑑𝑥  (8𝑐𝑜𝑠
4𝜃 + 7𝑐𝑜𝑠2𝜃 + 1)

] 

 

 

 

 

 

 

 

(1.24) 

(1.25) 

(1.26) 

(1.27) 

(1.28) 

, 

, 

. 

. 
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1.2.6. Material Properties of Pyrolytic Graphite 

 

Graphite is a material 

purely made of carbon atoms that 

arrange themselves in several 

lattices of hexagons which are 

stacked on top of each other. 

Consequently, each carbon atom 

has a covalent bond with three 

other carbon atoms, leaving the 

fourth valence electron of each 

atom available to create a 

delocalized π covalent bond. The 

lattices are not all on the same 

plane, therefore, this 

arrangement forms microscopic 

randomly oriented zones. As 

each atom still has a free 

electron, they will alternate between the three single bonds modifying one of them into a double bond. 

This configuration is similar to the one found on a benzene molecule, on which each carbon has three 

σ covalent bonds and the remaining electrons on 6 pz orbitals form a delocalized π covalent bond 

system. In graphite, this delocalized π bond extend through all the carbon lattice. This delocalization of 

the electrons gives graphite some unusual characteristics for a carbon only material: good thermal and 

electrical conductivity along the lattice planes. The several carbon lattices are bound together with the 

same orientation, within the basal plane (aOb plane, as can be seen in Figure 1.11), forming an 

hexagonal close packing (HCP) crystalline structure. This means that half of the atoms of one layer are 

over the center of the hexagons of the lower layer and the other half is directly above a carbon atom. 

With a chemical structure similar to graphite, pyrolytic graphite is an artificial material designed 

to have an extremely small angle between the various carbon lattices that compose it. In pyrolytic 

graphite, the carbon lattices are aligned precisely, being possible to achieve alignments with less than 

one degree of aperture. However, in contrast to graphite, the layers have some covalent bonds between 

themselves. Though all parallel the axis aa and bb of different layers point in different directions. This 

randomness on the hexagonal pattern direction causes imperfections on the various sheets of carbon 

allowing covalent bonds to be created between them. It is this alignment and imperfections that gives 

the PG the characteristic of diamagnetism, being the greatest diamagnetic solid material with the 

exception of superconductors. The precise alignment of the carbon lattices is also responsible for the 

high thermal and electrical conductivity along the basal directions as opposed to a low thermal and 

electrical conductivity along the direction perpendicular to the basal planes. 

According to Earnshaw’s theorem, a collection of point charges cannot be maintained in a stable 

stationary equilibrium configuration solely by the electrostatic, or magnetostatic, interaction of the 

Figure 1.11: Schematic representation of the structure of graphite [4]. 
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charges, or poles, respectively. However, as diamagnetic materials do not have an intrinsic 

magnetization, they can violate this theorem. As such, with a magnetic field strong enough, a 

diamagnetic material can achieve stable magnetic levitation. As the most diamagnetic material at room 

temperature, pyrolytic graphite has a magnetic susceptibility of −6.1𝑒−4 (volume susceptibility), along 

the c axis and a magnetic susceptibility of −1.4𝑒−5 along any other axis of the crystalline structure [5]. 

This means that pyrolytic graphite exhibits extremely strong repulsive forces in magnetic fields, which 

allows for magnetic levitation at room temperatures in relatively weak magnetic fields produced by 

NdFeB permanent magnets. The diamagnetic force, 𝐹𝑑, acting on a material subjected to a magnetic 

field is ruled by the following expression: 

𝐹𝑑 =  
𝜒0𝐵𝑉

𝜇0

∂B

∂z
 

where 𝜒0 is the magnetic susceptibility of the material, 𝐵 is the magnetic field acting on it, 𝑉 is its volume, 

𝜇0 is the vacuum magnetic permeability and z is the vertical coordinate. Rearranging Equation (1.29), 

and taking 𝜌 as the density of the material and 𝑔 as the magnitude of the gravitational acceleration, we 

can determine the criterion at which levitation is achieved:  

𝐵
∂B

∂z
=
1

2

∂B2

∂z
=
𝜇0 𝜌 𝑔

𝜒0
 

According to Equation (1.30), pyrolytic graphite will levitate for 𝐵 ∙ 𝑑𝐵 𝑑𝑧 ≈ 770 𝑇2/𝑚⁄ . 

Due to these differences between graphite and pyrolytic graphite, it is to be expected that the 

properties of pyrolytic graphite will be significantly different from those of graphite. As such, properties 

like diamagnetism, thermal expansion and thermal conductivity exhibit different values and behaviors 

depending on the axis. 

Due to the differences between the crystalline structure along the cc axis and along the aa, or 

bb (referring to Figure 1.11), axis not only the magnetic susceptibility exhibits anisotropic characteristics 

but thermal expansion of the pyrolytic graphite is also dependent on the direction of the expansion.  

As seen in Figure 1.12, 

along the basal plane, the pyrolytic 

graphite shows a non-linear 

expansion with temperature. It can 

also be seen that heat-treated 

pyrolytic graphite has a lower 

coefficient of thermal expansion 

along the basal planes. On the 

other hand, along the cc axis, 

perpendicular to the basal plane, 

the linear expansion with 

temperature can be measured, 

and it is exhibited in the Figure 

1.13.  

 

 

(1.30) 

Figure 1.12: Strain vs. Temperature in Pyrolytic Graphite parallel to basal planes 
[5]. 

. 

(1.29) 
, 
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Figure 1.13: Strain vs Temperature in Pyrolytic Graphite perpendicular to basal 
planes [5]. 

Figure 1.14: Thermal Conductivity vs Temperature of Pyrolytic Graphite and 
other refractories parallel to basal planes [5]. 

Figure 1.15: Thermal Conductivity vs Temperature of Pyrolytic Graphite and 
other refractories perpendicular to basal planes [5]. 
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Concerning thermal conductivity the material is an excellent conductor along the basal planes, 

(Figure 1.14), although along the perpendicular direction it is a very good insulator (Figure 1.15). PG, 

which sublimes at 3652 oC to 3692 oC, has the highest temperature limit at which the material retains 

its solidity and is one of the lightest of the elemental materials, making it particularly suitable for high-

temperature uses. 

 

 

1.2.7. Optical Control of MagLev Graphite 

 

In section 1.2.4, the analysis on how the temperature affects the magnetic susceptibility of 

pyrolytic graphite was conducted. This special property of pyrolytic graphite can be explored in order to 

alter the forces and torques that a plate of this material is subjected to when embedded in a magnetic 

field. Furthermore, if the plate is in a dynamically stable condition, the alteration of its diamagnetism will 

disrupt this equilibrium, making it move or spin. Destabilizing the plate in a controlled way would make 

it possible to control its movement and its rotation. 

Kobayashi and Abe have shown in their article 

“Optical Motion Control of MagLev Graphite” [1] that with 

a small laser it is possible to control the movement of a 

light plate of pyrolytic graphite that is levitating above an 

anti-parallel array of neodymium magnets, as shown in 

Figure 1.16. By irradiating the laser to a section of the 

plate, that section will be at a higher temperature than 

the rest of the plate. This means that its magnetic 

susceptibility will be lower, ergo, the levitating force will 

also be lower in that specific section, which will make the 

plate tilt slightly in that direction. As the plate is tilted, the 

magnetic force that the plate is experiencing will now, 

have not only a spatial gradient (larger at the lower parts 

of the plate) but it will also not be vertical. As a 

consequence a horizontal component appears making 

the plate move in that direction. The plate will move towards the laser beam focus. By constantly moving 

the beam, and so pointing it at the same spot on the plate will make the plate move in that direction as 

long as the laser is creating the temperature rise on that specific section [1]. This effect can be explored 

not only for movement control but also to rotate the plate of graphite, as long as it has the degrees of 

freedom for that: a plate of pyrolytic graphite inside a magnetic field and behaving as a free body, for 

example, on a state of weightlessness. 

A plate of graphite orbiting the Earth is one situations in which the conditions described in the 

last paragraph are satisfied. The plate is in a situation of relative weightlessness and it is interacting with 

the Earth’s magnetic field. As demonstrated in section 1.2.5, the torque created on the plate can be 

computed with the expression (1.28). However, it was not mentioned the method used to produce the 

Figure 1.16: Arbitrary control of the moving 

direction of the floating PG disk by a laser. [1] 
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variation on the magnetic susceptibility capable of producing torque. In section 1.2.4, it was presented 

the description of how temperature variations can produce variations on the diamagnetic properties of 

pyrolytic graphite. By using a laser to increase the temperature of the section the laser is focusing on, it 

is possible to create a deficit of the magnetic susceptibility on that specific section of the graphite. This 

means that there will be an area where the magnetic force created by the magnetic field of the Earth will 

be of smaller magnitude. If this section is on the vicinity of the border of the plate, the potential it has to 

produce a torque is maximum. 

As the pyrolytic graphite plate is orbiting the Earth, it is possible to consider that the only forces 

that are being applied on it are the diamagnetic forces created by the magnetic field of Earth. This way, 

with a torque being applied on the plate as well, the plate will obviously rotate. Having the plate mounted 

within the structure of a satellite, this torque can also be applied to the satellite, therefore changing its 

attitude. By controlling the focus of the laser, and by doing so, controlling the section on which the 

magnetic susceptibility will be altered, it is possible to control the magnitude and the direction of the 

torque created, ergo, control the attitude of the satellite. This is covered with more detail in section 2.1.1 

and in chapters 4 and 5. 

This method of controlling the attitude of the satellite has a long list of advantages from which, 

the most important would be: being an active attitude control system, having the possibility of controlling 

all the three axis of rotation with only one system, no mechanical parts, high reliability, high precision 

and accuracy. Furthermore, this system would not generate the large magnetic fields that are typical of 

magnetorquers which could negatively affect some sensors and communication systems on board of 

the satellite. 
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Chapter 2 

 

Theoretical Simulations 

 

Chapter 2 presents the mathematical models and the computer simulations developed to study 

the various physical properties associated with the proposed attitude control technology. Section 2.1. 

presents the two MatLab simulations designed specifically to study the optical torque creation effect on 

board the satellite, and the other to study this behavior when the PGS is levitating on top of an array of 

magnets. Section 2.2. shows the CAD models constructed to study the magnetic field around the magnet 

array. 

 

2.1. MatLab Simulations 

 

2.1.1. Orbital Simulations 

 

The main objective of this dissertation is to design an attitude control system based on the 

optical control of MagLev graphite. As such, the first computer simulation is the most important, as it is 

based precisely in this system. The simulation is developed using the MatLab platform. The model of 

the Earth’s magnetic field is based on the CHAOS-5 [39] model using a compatible MatLab version 

which can compute the three components of the magnetic field for a given position. 

The simulation computes the torque, in an Earth Centered Inertial spherical coordinate system, 

that the system induces on the satellite by having one of the lasers powered. 

 

 

2.1.1.1. Model of the Earth’s Magnetic Field (CHAOS-5) 

 

The Technical University of Denmark (DTU) has developed several models for the Earth’s 

magnetic field using data from various satellites. The first model for the Earth’s magnetic field published 

by the DTU, CHAOS, was published in 2006 and covered more than six and a half years of high-

precision geomagnetic measurements from the three satellites Ørsted, CHAMP and SAC-C taken 

between March 1999 and December 2005. The first CHAOS model of the magnetic field was accurate 

up to the fiftieth harmonic degree, for the static field, and up to the eighteenth for the first time derivative 

[40]. 

In 2014 the DTU published the CHAOS-5 model for the Earth’s magnetic field. The great 

importance of the data recovered by ESA’s mission to study the Earth's magnetic field three Swarm 

Satellites is of utter importance for this model [39]. The data for this model was selected and treated 

with several criteria used previously for the older versions of the model. These criteria include: only 

using night-side data from geomagnetically quiet times; data gathered suitable for use in the CHAOS 
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modelling scheme; geomagnetic activity at non-polar latitudes was sufficiently low; and merging electric 

field at the magnetopause was sufficiently small for data from polar regions. 

The DTU provided a version of the model compatible with MatLab. This version was used along 

with the simulation to provide the three components of the magnetic field for a given position. The inputs 

of the CHAOS MatLab software are: the position of the point in which the components of the magnetic 

field are to be determined (geocentric co-latitude, geocentric longitude and altitude) and the time using 

in epoch MJD2000. The outputs of the software are: time, radius, co-latitude, longitude, CHAOS model 

predictions (total, internal, external) for the three components of the magnetic field using a spherical 

reference frame. Both inputs and outputs are given in the form of a .dat file. The simulation developed 

creates the file of inputs based on the position to be computed and then reads the output from the .dat 

file generated by the model to further use the data given. 

 

 

2.1.1.2. Computations of the Torque on the Pyrolytic Graphite Plate 

 

In this section, a step by step description of the algorithm developed for the simulation of the 

experiment in orbit will be presented. The MatLab code written for this simulation can be consulted in 

Appendix A. 

For this function to perform the calculations programmed, various inputs are required from the 

user: 

 P_L - laser power [W]; 

 r_L - laser beam radius [m]; 

 d_L - position of the centre of the laser beam relative to the centre of the pyrolytic graphite plate 

[m]; 

 a - length of the pyrolytic graphite plate [m]; 

 b - width of the pyrolytic graphite plate [m]; 

 l - thickness of the pyrolytic graphite plate [m]; 

 T0 - temperature at which the entire plate is in the beginning of the simulation [K]; 

 R - vectorial position of the satellite on a Cartesian ECI coordinate frame [m]; 

 t - time in epoch MJD2000; 

 att - unitary vector representing the attitude of the satellite, which is taken as always normal to 

the pyrolytic graphite plate. 

The first step of the simulation is to perform a transformation from Cartesian coordinates (𝑥, 𝑦, 𝑧) 

to spherical  (𝑟, 𝜃, 𝜑) coordinates for the position of the satellite around the centre of the Earth. For this 

transformation to be unique, the atan2 function was used to compute the value for 𝜑, the azimuthal 

angle. This function is shown below: 
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𝑎𝑡𝑎𝑛2(𝑥, 𝑦) =

{
 
 

 
 2 arctan (

𝑦

√𝑥2 + 𝑦2 + 𝑥
) if 𝑥 > 0 or 𝑦 ≠ 0

𝜋 if 𝑥 < 0 and 𝑦 = 0

undefined if 𝑥 = 0 and 𝑦 = 0

 

The next step is to compute the temperature increase in the section irradiated by the laser. This 

is done by using an iterative process to solve the equation of thermal equilibrium of the irradiated section. 

The equation solved is presented below:  

𝐴𝑙(𝑇1 − 𝑇0)

𝑅𝑗
+ 2𝜀𝜎𝐴𝑠𝑇1

4 = 𝑃𝐿𝛼 + 2𝜀𝜎𝐴𝑠𝑇0
4 

The variables in the equation represent: 𝐴𝑙 is the lateral area of the 3D section heated by the laser, 𝑇1 

is the final temperature of the section; 𝑇0 is the ambient temperature, and also the temperature of the 

non-irradiated area; 𝑅𝑗 is the conductive thermal resistance of the pyrolytic graphite, measured in 

𝑚2 𝐾 𝑊−1; 𝜀 is the emissivity of the PG; 𝜎 is the Stefan-Boltzmann constant; 𝐴𝑠 is the basal area of the 

heated cylindrical section; 𝑃𝐿 is the laser power and, finally, 𝛼 is the absorptivity of the PG. The terms of 

the equation, represent: on the left hand side, the first term is the heat dissipated to the plate, outside 

the irradiated area, and the second term is the heat dissipated through radiation; on the right hand side, 

the first term is the radiative power absorbed from the laser, and the second term is the radiation 

received from the environment. The result of the iteration is the value for 𝑇1, which will then be used to 

compute the magnetic susceptibility of the irradiated section. 

To continue the simulation, the magnetic susceptibility of the irradiated section will now be 

computed taking into account the temperature change caused by the laser. For the range of 

temperatures in which this simulation runs, it was assumed that the evolution of magnetic susceptibility 

of pyrolytic graphite can still be calculated using the trend-line created from the data gathered during 

Part 2 of Experiment 3, described in section 3.3.   

𝜒′ = 6.62𝑒−19𝑇1
6 − 6.99𝑒−16𝑇1

5
+ 2.96𝑒−13𝑇1

4  

−6.39𝑒−11𝑇1
3
+ 6.91𝑒−9𝑇1

2
− 7.18𝑒−8𝑇1 − 1.15𝑒

−4. 

In the expression above, 𝜒′ is the magnetic susceptibility of the section for its higher 

temperature. Even though the temperature reached by the section is higher than the 300 K, which was 

the maximum temperature for which it was gathered data, it is considered that this equation is still valid 

for the range of temperatures here considered. This approximation is 

due to the temperature range limit of the magnetometer used to 

perform the experiment. As the data ends at 300 K, all temperatures 

above this are a prediction, achieved by following Equation (2.3). 

Continuing with the algorithm, the magnetic field will now be 

computed. For this, the MatLab function mag_f was introduced. The 

function will request the CHAOS-5 function to compute the three 

components of the magnetic field on 25 different points. One of these 

point is the position of the center of the plate and the other 24 are 

divided equally between three orthogonal directions from the central 

point.  These are the directions of the three vectors from the spherical 

coordinate system being used. The graphical representation of the 

(2.1) 

(2.2) 

(2.3) 

Figure 2.1: Points used to compute 

the three components of the 

derivative of the squared magnetic 

field in the center of the PG. 

. 

. 
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points is shown in Figure 2.1. In the same axis the distance between points is constant, but varies for 

different axis; this is determined by the internal simulation parameters. This reference frame has its z 

axis perpendicular to the PGS, the x and y axes are parallel to the sides of the PGS. The function mag_f 

now reads the data from the CHAOS-5 model and stores it on a 25 by 3 function with the components 

of the magnetic field for the 25 points, using Tesla.  

The matrix with the information on the magnetic field is then input to function dB2 which will 

compute the gradient of the squared magnetic field. This functions starts by computing the dot product 

of the magnetic field for 24 of the 25 points (the central point is not used to compute the gradient). Next, 

the values obtained are sent to the deriv8CD function, which will use a method of finite differences with 

eight points to compute the three components of the derivative of the squared magnetic field on the 

position of the satellite. The central differences method used is shown:  

 

𝑢′ =
3𝑢1 + 32𝑢2 + 168𝑢3 + 672𝑢4 − 672𝑢5 − 168𝑢6 − 32𝑢7 − 3𝑢8

840ℎ
 

With the derivatives for each axis computed, the construction of the gradient follows the formula: 

∇𝐵2⃗⃗ ⃗⃗ ⃗⃗  ⃗ =

[
 
 
 
 
 
 

𝑑𝐵2

𝑑𝑟
1

𝑟

𝑑𝐵2

𝑑𝜃
1

𝑟 𝑠𝑖𝑛𝜃

𝑑𝐵2

𝑑𝜑 ]
 
 
 
 
 
 

 

With ∇𝐵2 computed, the diamagnetic force that is being induced on the plate is easily computed 

using the formula (1.11) which was explained in section 2.2.2.2 that is here re-introduced: 

𝐹𝑑⃗⃗⃗⃗ =   
𝜒0𝑉

2𝜇0
∇𝐵2⃗⃗ ⃗⃗ ⃗⃗  ⃗. 

The torque that the plate will create is due to the deficit of diamagnetic force that is induced on 

the irradiated section of the plate comparing to its symmetric, relative to the center of the plate. As such, 

this deficit is compute using: 

𝑑𝐹⃗⃗⃗⃗  ⃗ =   (1 −
𝜒′

𝜒0
) 𝐹𝑑⃗⃗⃗⃗ . 

This expression was introduced in section 1.2.5.3. In this step of the computation, the diamagnetic 

force 𝐹𝑑 is computed using the volume of the irradiated section, and the magnetic susceptibility of the 

plate at the initial temperature, 𝜒0. Lastly, 𝜒′ is the magnetic susceptibility of the section at high 

temperature, always smaller in absolute value than 𝜒0. 

To compute the torque created using the diamagnetic force vector we need the arm of the force 

relative to the center of the pyrolytic graphite plate. As the position of the irradiated section is given to 

the simulation through a two dimensional vector in a Cartesian coordinate system in the plate plane, this 

vector must be transformed to a three dimensional vector on the same coordinate system as the 

diamagnetic force is defined in. As explained in section 1.2.5.3., it is required for the two dimensional 

vector that defines the center of the irradiated section on the plate plane to be transported to the 

spherical coordinate system where the magnetic field and the magnetic force that is being exerted on 

the plate are defined, in order to enable the computation of the resulting torque. The first step of this 

(2.4) 

(2.5) 

(2.6) 

(2.7) 

. 

. 
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transformation is to rotate the attitude vector, which is defined on an ECI Cartesian frame, to the 

spherical coordinate system (𝑟, 𝜃, 𝜑). For this effect, the rotation matrix is defined as: 

𝑅𝐸𝐶𝐼(𝜃, 𝜑) [

𝑠𝑖𝑛(𝜃) 𝑐𝑜𝑠(𝜑) 𝑠𝑖𝑛(𝜃) 𝑠𝑖𝑛(𝜑) 𝑐𝑜𝑠(𝜃)

𝑐𝑜𝑠(𝜃) 𝑐𝑜𝑠(𝜑) 𝑐𝑜𝑠(𝜃) 𝑠𝑖𝑛(𝜑) −𝑠𝑖𝑛(𝜃)

−𝑠𝑖𝑛(𝜑) 𝑐𝑜𝑠(𝜑) 0

]. 

Applying this rotation to the attitude vector will make it usable to find the rotation matrix that 

rotates body frame to the spherical frame of the magnetic field and magnetic force. To do this, let 𝑑𝐿 be 

the vector that represents the center of the irradiated area from the center of the pyrolytic graphite plate. 

In the body frame, this vector is represented as: 

𝑑𝐿⃗⃗⃗⃗ = [
𝑑𝑥
𝑑𝑦
0

] 

The attitude vector, on the spherical frame will be denoted as: 𝑎𝑠⃗⃗⃗⃗ ; and on the body frame by: 𝑎𝑏⃗⃗ ⃗⃗ . 

By definition both vectors are unitary and, more precisely: 𝑎𝑏⃗⃗ ⃗⃗ = [0 0 1]. The steps are: 

1. Let 𝑣 = 𝑎𝑠⃗⃗⃗⃗ × 𝑎𝑏⃗⃗ ⃗⃗ ; 

2. Let 𝑠 = ‖𝑣 ‖ (which is mathematically equivalent to the sine of the angle between the two 

vectors); 

3. Let 𝑐 =  𝑎𝑠⃗⃗⃗⃗ ∙ 𝑎𝑏⃗⃗ ⃗⃗ (which is mathematically equivalent to the cosine of the angle between the two 

vectors); 

4. Let [𝑣 ]× be the skew-symmetric cross-product matrix of 𝑣 , which is, by definition:  

[𝑣 ]× ≝ [

0 −𝑣3 𝑣2
𝑣3 0 −𝑣1
−𝑣2 𝑣1 0

]. 

Then the rotation matrix 𝑅𝑏𝑜𝑑𝑦 is given by: 

𝑅𝑏𝑜𝑑𝑦 = 𝐼 + [𝑣 ]× +
1 − 𝑐

𝑠2
[𝑣 ]×

2
 

With this rotation matrix, it is possible to compute 𝑑  vector on the spherical coordinate system. Finally, 

by performing the cross product of this vector by the deficit on the magnetic force, computed above, 

Equation (2.7), we have the torque, 𝑇𝑞⃗⃗  ⃗, on the plate for this position around the planet Earth, given by: 

𝑇𝑞⃗⃗  ⃗ = 𝑑 × 𝑑𝐹⃗⃗⃗⃗  ⃗. 

This concludes the simulation, and returns the torque vector on the spherical coordinate system. 

 

 

Simulation results 

 

A simulation was run using the following initial parameters: 

 P_L = 0.25 W; 

 r_L = 0.005 m; 

 d_L = [0.045; 0.045] (m); 

 a = 0.1 m; 

(2.8) 

(2.9) 

(2.10) 

(2.11) 

(2.12) 

. 

. 
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 b = 0.1 m; 

 l = 7.2e-4 m; 

 T0 = 300 K; 

 R = [4.5758e6; 0; 4.5758e6]; 

 t = 0; 

 att = [0,0,0]; 

The laser characteristics match the ones of the equipment used on the laboratory. The focus of 

the laser is located on one of the corners of the graphite, as to produce the maximum torque. The length 

and width of the plate correspond to the horizontal section of a CubeSat. The thickness of the graphite 

plate corresponds to the one used on the laboratory. The temperature was set to 300 K to match the 

temperature at which the value for the magnetic susceptibility of the PG set in the simulation was 

measured. The position of the satellite corresponds to a circular orbit with 100 km height, and inclination 

of 45o and the satellite has a null anomaly. As the value for MJD2000 does not affect the calculations 

severely, it is set to zero. The attitude of the satellite is a null vector, which will make the simulation 

assume that the plate is perpendicular to the gradient of the square magnetic field vector; this will lead 

to a situation of maximum torque. 

The results from the simulation are: 

 M = [-3.894e-24, 1.361e-21, -1.354e-21] N m; 

 T = 303.3157 K; 

 chi_l = -5.617e-5. 

As expected due to the position of the laser focus on the Pyrolytic Graphite Sheet (PGS), the 

torque created in the 𝜃 direction and in the 𝜑 direction are of similar magnitude and there is a much 

lower torque on the radial direction. The temperature did not increase more than 4 K; this is due to the 

high thermal conductivity of the graphite. This slight increase in temperature will cause only a small 

variation on the magnetic susceptibility of the irradiated section. In this case, que difference was simply 

7.46e-7. 

Having in mind that the torque perturbations in orbit are only considered to be of the order of 

magnitude of 10−6 [41], it is obvious that this system will not be capable of creating a torque strong 

enough to control the satellite in orbit. The simulation is modeling a thin plate of graphite inside the 

satellite irradiated only by a small laser and with no thermal improvements to confine the heat received 

from the laser. It is imperative to make an improvement on the system design in an effort to acquire a 

much more powerful response from this attitude control system. This will be covered in chapter 4. 

 

 

2.1.2. Magnet Array Simulation 

 

For a better comprehension of the physical phenomena that is on the basis of this dissertation, 

as well as an exercise to test the knowledge acquired during the research developed on its ambit, a 

MatLab® simulation was designed and produced. In this simulation, the mechanics that rule the optical 
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motion control of MagLev graphite are explored, scrutinized and translated on a computational 

simulation. The temperature increase on the laser irradiated area is computed, using the thermal and 

optical properties of pyrolytic graphite. Then, the deficit on the magnetic susceptibility is calculated, 

using the trend-line obtained in the experiment, in order to make an analysis of the torque and 

acceleration that is applied on the plate by the local change in its magnetic properties. As the magnetic 

susceptibility of the irradiated area decreases, the levitation height will also decrease slightly and the 

plate will tilt in the direction of the irradiated area. This will create an unbalancing force that will propel 

the plate in that direction. 

With a real assembly like the one 

depicted in Figure 2.2, it is possible, by using 

a laser, to control the motion of the levitating 

plate over the array of magnets, as it was done 

in the paper by Kobayashi and Abe, [1]. When 

the laser is focused near the border of the 

plate, it will quickly move in that direction. 

Focusing it on the center of the plate has no apparent effect on its motion.  

The simulation returns the horizontal components of the acceleration of the plate, the resulting 

levitation height and the tilt angles on the plate on the two horizontal angles. Further on, a step by step 

explanation of the algorithm is presented. The MatLab code is documented in Appendix B. 

The inputs of the simulation are: 

 i - number of magnets in the rows of the array; 

 j - number of magnets in the lines of the array; 

 l - length of the pyrolytic graphite plate [m]; 

 w - width of the pyrolytic graphite plate [m]; 

 t - thickness of the pyrolytic graphite plate [m]; 

 M - mean magnetization of the magnets [A/m]; 

 n - number of divisions the simulation will use to compute the magnetic field applied on the plate 

in each dimension; 

 mm - mass of the pyrolytic graphite plate [kg]; 

 chi - magnetic susceptibility (volume) of the pyrolytic graphite plate; 

 d_L - position from the center of the plate of the laser focus [m]. 

The first step of the simulation is to define the position of the center of each magnet as well as 

the center of each discretization of the pyrolytic graphite plate. This is done, for both entities, making 

use of two three dimensional objects that store the information of the position of these elements. The 

plate discretizations and the magnet array can be seen as a matrix. Therefore, the first two indexes of 

the 3D objects refer to the (𝑖;  𝑗) two dimensional coordinates of the discretization, or magnet. The third 

index goes from 1 to 3 and corresponds to each of the components of the Cartesian position vector 

referring to the (𝑖;  𝑗) discretization or magnet. Then we proceed to the computation of the final 

Figure 2.2: A CAD render of a plate of pyrolytic graphite levitating 

over a 10 by 10 array of neodymium magnets. 
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temperature in the irradiated area (the initial temperature of the plate is defined inside the code).  The 

equation solved is presented below and it’s the same as the one used in section 2.1.1:  

𝐴𝑙(𝑇1 − 𝑇0)

𝑅𝑗
+ 2𝜀𝜎𝐴𝑠𝑇1

4 = 𝑃𝐿𝛼 + 2𝜀𝜎𝐴𝑠𝑇0
4 

For a detailed explanation of the variables in this equation and the meaning of its terms, please 

refer to section 2.1.1.2.  

After the temperature of the irradiated section (𝑇1) had been computed, the magnetic 

susceptibility of the section is calculated using the trend-line created from the data gathered during Part 

2 of Experiment 3, described in section 3.3, where the equation is explained with more detail. The trend-

line equation is: 

𝜒𝑙 = 6.62𝑒
−19𝑇1

6 − 6.99𝑒−16𝑇1
5
+ 2.96𝑒−13𝑇1

4  

−6.39𝑒−11𝑇1
3
+ 6.91𝑒−9𝑇1

2
− 7.18𝑒−8𝑇1 − 1.15𝑒

−4 

Knowing the magnetic susceptibility change in the irradiated volume, and after computing the 

value for the weight of the whole plate, the iteration process to find the levitating height and the tilt angles 

due to the unbalanced forces on the plate can be performed. 

As explained before, the pyrolytic graphite plate was divide into regular sections. The gradient 

of the square magnetic field that each magnet is creating will be computed for each of these divisions, 

which means that, when the plate it tilted during the iteration process, each of these sections will be 

subjected to a specific intensity and direction for the diamagnetic force on them. The resulting force will 

then be used to compute the levitation height, until this counter actuates the weight of the plate, and the 

torque on the plate, until it is zero. 

The first step is to compute the magnetic field that each magnet is creating. This is done using 

the vectorial expression for the magnetic field of a dipole (introduced in section 1.2.1):  

�⃗� (�⃗⃗� ,  𝑟⃗⃗ ) =  
𝜇0
4𝜋

3(�⃗⃗� ∙ �̂�)�̂� − �⃗⃗� 

𝑟3
 

The use of this expression demands the approximation that each magnet behaves like a dipole. 

As the field is computed from each magnet to each discretization of the plate, the vector �̂� is the unitary 

vector with origin at the center of the magnet and pointing to the point at which the magnetic field is 

being computed; 𝑟 is the distance between these two points. The magnetization of the magnets is taken 

as vertical and is alternating the direction, to respect the antiparallel fashion the array is assembled. In 

order to compute the gradient, there are, for each axis, 8 point centered on the discretization, for a total 

of 24 points per discretization to enable the computation of the gradient of the square magnetic field on 

it. After the contribution for the field on these 24 points is added for each magnet, the dot product of the 

magnetic field is computed on them, and then the gradient. The calculation of the gradient uses a fourth 

order central differences differentiator. Finally, the gradient for each discretization is added and the 

resulting gradient is computed. 

The next step is to compute the diamagnetic force that the magnets are exerting on the plate, 

taking into account that there is a small section of the plate with weakened diamagnetism. This force is 

computed by adding the force on the irradiated area to the force on the rest of the plate, using the 

equation:  

(2.13) 

(2.14) 

(2.15) 

(2.16) 

. 

. 

. 

. 
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𝐹𝑑′⃗⃗ ⃗⃗  ⃗ + 𝐹0⃗⃗  ⃗ = (𝜒0 +
(𝜒′ − 𝜒0) 𝐴𝑠

𝑤 𝑙
) 
𝑉 ∇𝐵2⃗⃗ ⃗⃗ ⃗⃗  ⃗

2 𝜇0
 

In where, the index 𝑙 always refers to the irradiated section and the index 0 to the undisturbed part of 

the plate. The area of the irradiated section is  𝐴𝑠, the width and length of the plate are 𝑤 and 𝑙, 

respectively, and 𝑉 is the volume of the plate. With this value computed and compared to the value for 

the weight of the plate, a new estimation of the levitating height is done. From here, the position of the 

center of each discretization is updated. 

The proceeding step is to compute the torque on the plate in order to estimate the correct tilt 

angles. Firstly, the force deficit due to the weakened magnetic susceptibility is computed using the 

equation presented:  

𝑑𝐹⃗⃗⃗⃗  ⃗ = (
𝜒′

𝜒0
− 1) 

𝜒0 𝐴𝑠 𝑡 ∇𝐵
2⃗⃗ ⃗⃗ ⃗⃗  ⃗

2 𝜇0
 

With this equation, the torque can be calculated using the cross product between the 𝑑  vector, that 

contains the information of the position of the focus of the laser on the plate from its center, and  𝑑𝐹⃗⃗⃗⃗  ⃗. 

Having the vectorial values for the torque on the plate, the tilt angles on the plate can now be updated. 

If the 𝑥 component of the torque is positive (negative), the angle gamma will be increased (decreased). 

The same is done for the 𝑦 direction with the delta angle. After this, the position of each discretization 

of the plate is updated as well as 𝑑𝐹⃗⃗⃗⃗  ⃗, so that it continues coplanar with the plate. Finally, the results of 

the two angles, the levitation height and the two first components of the torque are saved on a vector to 

be used to build a plot with the evolution of the iteration. 

The iterative process continues until the weight on the plate equals the diamagnetic force that 

the magnets are creating on the plate and until the components of the torque on the 𝑥 and 𝑦 axis are 

extinct. 

 

Simulation results 

 

As an example, a simulation was run to produce results that will be shown in this section. The 

inputs of the simulation were: 

 i = 10; 

 j = 10; 

 l = 0.02442 m; 

 w = 0.02651 m; 

 t = 7.2e-4 m; 

 M = 323252.582 A/m; 

 n = 10; 

 mm = 0.0011 kg; 

 chi = 5.69130e-5; 

 d_L = [0.02; 0.01; 0] (m); 

(2.17) . 
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The value for the Magnetization of the magnets was obtained from section 3.3; moreover, the 

value for the PG magnetic susceptibility was obtained from section 3.2, for the temperature set in the 

code as the room temperature: 300 K. 

The results from the simulation were: 

 ax = 5.648e-2 m/s2; 

 ay = 2.629e-2 m/s2; 

 h_ff = 8.199e-4 m; 

 ga_ff = -3.414e-3 rad; 

 de_ff = 6.839e-3 rad; 

 T = 458.06 K; 

 chi_l = 2.1906e-04. 

The results provided by the software are: ax, the acceleration of the plate on the 𝑥 direction; ay, 

the acceleration on the 𝑦 direction; h_ff, the final result for the levitation height; ga_ff, the final result 

for the gamma angle; de_ff, the final result for the delta angle; T, the computed temperature of the 

irradiated section; and chi_l, the magnetic susceptibility of the irradiated section. 

Besides the final values for these parameters, the simulation also provides the plots containing 

the evolution of the five most important variables for this simulation. These are: the tilt angle in the x 

direction, gamma; the tilt angle in the y direction, delta; the levitating height; the torque in the x direction; 

and the torque in the y direction. The evolution of these variables throughout the iterative process is 

shown in Figures 2.3-7. 

 

 

 

 

 

Figure 2.3: Evolution of the tilt angle in the 𝑥 direction, gamma, throughout the 

iterative process. 



31 
 

 

Figure 2.4: Evolution of the tilt angle in the 𝑦 direction, delta, 

throughout the iterative process. 

Figure 2.5: Evolution of the levitating height, throughout the 

iterative process. 

Figure 2.6: Evolution of the torque in the 𝑥 direction, throughout 

the iterative process. 
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As predicted, after being 

disturbed by the laser from stable 

and steady levitation the plate 

decreases its levitating height. The 

irradiated section is producing less 

upwards levitating force, as such, 

there is an unbalance of forces that 

will create a torque. This torque 

causes the plate to tilt to the 

direction of the irradiated section. 

This small tilt will cause different 

sections of the plate to be subjected 

to different values of the gradient of 

the magnetic field squared. 

Eventually, the angle is enough to nullify the torque created. In the end, the plate has no torque acting 

upon it, is slightly tilted to one side, and has horizontal components for the diamagnetic force. 

 

 

2.2. CAD Models 

 

Using SolidWorks (SW) and COMSOL Mutiphysics two Computer-Aided Design (CAD) models 

were developed to enrich the simulation of the pyrolytic graphite plate levitating over a magnet array. 

 

2.2.1. SolidWorks Model 

 

Two components of this assembly can be distinguished: the cubic neodymium magnet and the 

pyrolytic graphite plate. Both were modeled using the SolidWorks 2015 software from Dassault 

Systèmes. Only the material properties were assigned to the parts designed with the objective of 

producing a detailed rendering of the final configuration. 

Figure 2.8: SolidWorks render of one of the 
neodymium magnets. 

Figure 2.9: SolidWorks render of the pyrolytic graphite plate. 

Figure 2.7: Evolution of the torque in the 𝑦 direction, 

throughout the iterative process. 
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The renders depicting the neodymium magnet and the PGS are shown in Figure 2.8 and Figure 

2.9, respectively. 

One hundred of the neodymium magnet parts were assembled together in a planar array 10 by 

10 to mimic the real assembly used on the experiments. Then, the pyrolytic graphite plate part was put 

on top of the array at a distance of 0.82 mm, according to the results from the MatLab simulation. This 

assembly was then exported to COMSOL Multiphysics with the objective of simplifying the construction 

of a model of the assembly inside COMSOL.  

The render of this final assembly is shown in Figure 2.10. 

 

 

 

 

 

 

 

 

 

2.2.2. COMSOL Multiphysics Model 

 

Using the model produced with SolidWorks, a magnetic study of the magnet array with the PG 

plate was conducted using the software COMSOL Multiphysics. The SW CAD model was exported to 

COMSOL Multiphysics and was modified to enable the creation of a suitable mesh for the physical 

analysis of the model. 

Figure 2.10: SolidWorks render of the complete array of one hundred magnets with the plate 
levitating over it. 

Figure 2.11: Result of the study performed on COMSOL Multiphysics of the magnetic field lines inside the magnet 
array and of the pyrolytic graphite plate. 
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The objective was to create a schematic view of the magnetic field lines around the model and 

inside the PGS. For that purpose, the definitions of all the magnetic properties of the various materials 

in the model was undertaken, as well as the boundary of the system. Figure 2.11 shows the COMSOL 

Multiphysics model with a 3D representation of the magnetic field lines inside the magnets and inside 

the plate. For a better view and comprehension of this field, a cross section view was created in which 

the magnetic field lines can be seen more clearly. This cross sectional view was created by switching to 

a vertical plane intersecting the center of the magnet array and the center of the plate; this plane was 

perpendicular to the horizontal edges of the magnets. This view is represented in Figure 2.12. 

 

The figure above shows a magnetic field (in red) that is regular and symmetric in the middle of 

the array but presents some irregularities closer to the border of the magnet array. Inside the plate, the 

magnetic lines seem to go through without any disturbance, however; this is not the reality. As the 

magnetic susceptibility of the graphite is negative, and so its relative magnetic permeability is below 1, 

the magnetic lines are being slightly repelled from the inside on the pyrolytic graphite material. 

 

Figure 2.12: Cross-section of the magnet array and of the graphite plate (in black). The magnetic lines can be seen 
in red. 
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(3.1) 

Chapter 3 

 

Experiments 

 

In this Chapter the various experiments performed to explore and analyze the physical 

phenomena behind the optical motion control of levitating graphite are presented. These experiments 

are also important to validate the computer simulations developed and presented in Chapter 2. Section 

3.1. presents the measurements performed with the magnet array. These aimed to measure the 

magnetic field that this array was creating. The variation of magnetic susceptibility in the PG with 

temperature was also measured and the results are shown in Section 3.2. Finally, in Section 3.3., the 

results from the magnetic characterization of the magnets used to build the magnet array are presented. 

 

3.1. Magnetic Field Measurements on the Magnet Array 

 

The aim of this experiment was to create a model of the magnetic field on top of an array of 

magnets. The intensity of a field generated by a dipole, 𝐵, evolves with the inverse of the distance to 

the origin of the field cubed, as it is shown in Equation (3.1) : 

𝐵(𝑟) =
𝜇0 𝑚

2 𝜋 𝑟3
 

This equation is valid for a perfect dipole, when it is in an isolate system. In the Equation: 𝜇0 is the 

vacuum magnetic permeability, 𝑚 is the dipolar moment of the magnet and 𝑟 is the distance to the center 

of the dipole. However, when approximating the field generated by a small permanent magnet with this 

equation, an error is committed, especially when comparing the field near the magnet. With an array of 

those magnets, this approximation error will increase with the increasing number of magnets in the 

system that is under study. For this reason, it is important to know the limits of this approximation.  

The objective of this experiment is to measure the intensity of the magnetic field created by an 

array of magnets, and plot it against the distance from the point of measurement to the plane that 

intersects the center of each magnet in the array. On the other hand, the computation of the expected 

intensity of the magnetic field above the array was computed taking every single magnet as a dipole as 

primary approximation. 

For this experiment, an array of 100 neodymium magnets (10 by 10) was used; the magnets 

are approximately cubical in shape with a medium edge length of 6.35 mm. The edge length, as well as 

any other distance measured during this experiment was made using a caliper with an accuracy down 

to 10 μm. A FW Bell model 5180 Gauss/Tesla Meter was used to perform the measurements of the 

magnetic field the array creates. The instrument was turned on 15 min prior to the start of the experiment 

in order to stabilize the probe. The probe was put inside the zero field chamber and the magnetometer 

was zeroed. The probe, however, was measuring a variation up to 0.005 mT from the Earth’s magnetic 

field. The measurements were made at incremental height from the magnets and the distance from the 

. 
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mean array plane was computed during the analysis of the data. The probe has a thickness of 1.14 mm, 

which was also taken into account when computing the true distance to the array plane. 

In order to reach a stable arrangement, the magnets in the array were assembled in an anti-

parallel configuration. As the number of magnets is even, the center of the array is occupied by the 

junction of the edges of four magnets, this means that, theoretically, on that line, orthogonal to the plane, 

as the magnets are assembled in an anti-parallel configuration, the intensity of the magnetic field should 

be zero. For this reason, the measurements were made along a line, also orthogonal to the array plane, 

which crossed the center of one of the four central magnets.  

This experiment produced a total of 102 measurements which are listed in Table 3.1. and shown 

in Figure 3.1. 

 

 

 

Distance to 
magnet geometric 

centre (m) 
Magnetic 
field (T) 

1 1,09E-02 1,00E-03 
2 1,06E-02 2,00E-03 
3 1,03E-02 3,00E-03 
4 9,98E-03 4,00E-03 
5 9,61E-03 6,00E-03 
6 9,25E-03 8,00E-03 
7 8,89E-03 1,00E-02 
8 8,80E-03 1,20E-02 
9 8,68E-03 1,30E-02 
10 8,41E-03 1,50E-02 
11 8,37E-03 1,60E-02 
12 8,28E-03 1,70E-02 
13 8,17E-03 1,80E-02 
14 8,04E-03 2,10E-02 
15 7,78E-03 2,50E-02 
16 7,47E-03 3,10E-02 
17 7,33E-03 3,40E-02 
18 7,20E-03 3,60E-02 
19 7,07E-03 4,10E-02 
20 7,04E-03 4,30E-02 
21 6,92E-03 4,70E-02 
22 6,54E-03 5,90E-02 
23 6,44E-03 6,30E-02 
24 6,41E-03 6,50E-02 
25 6,21E-03 7,20E-02 
26 6,15E-03 7,40E-02 
27 6,01E-03 8,30E-02 
28 5,85E-03 8,80E-02 
29 5,69E-03 9,60E-02 
30 5,46E-03 1,09E-01 
31 5,23E-03 1,26E-01 
32 5,12E-03 1,34E-01 
33 4,79E-03 1,64E-01 
34 4,61E-03 2,11E-01 
35 4,51E-03 2,62E-01 
36 3,90E-03 3,58E-01 
37 1,03E-02 4,00E-03 
38 9,59E-03 8,00E-03 
39 9,47E-03 9,00E-03 
40 9,04E-03 1,20E-02 
41 8,46E-03 1,60E-02 
42 8,17E-03 1,90E-02 
43 7,46E-03 3,30E-02 
44 6,76E-03 4,70E-02 
45 6,27E-03 5,80E-02 
46 4,64E-03 1,52E-01 
47 3,75E-03 3,50E-01 
48 1,05E-02 3,00E-03 
49 1,00E-02 5,00E-03 
50 9,77E-03 6,00E-03 

51 9,40E-03 8,00E-03 
52 9,06E-03 1,00E-02 
53 8,77E-03 1,20E-02 
54 8,55E-03 1,40E-02 
55 8,50E-03 1,50E-02 
56 8,18E-03 1,90E-02 
57 8,05E-03 2,00E-02 
58 8,03E-03 2,10E-02 
59 7,84E-03 2,40E-02 
60 7,71E-03 2,50E-02 
61 7,48E-03 2,80E-02 
62 7,32E-03 3,20E-02 
63 6,99E-03 3,90E-02 
64 6,40E-03 5,70E-02 
65 6,31E-03 5,90E-02 
66 6,22E-03 6,10E-02 
67 6,11E-03 6,40E-02 
68 6,08E-03 6,50E-02 
69 5,98E-03 7,20E-02 
70 5,83E-03 7,70E-02 
71 5,74E-03 8,00E-02 
72 5,62E-03 8,80E-02 
73 5,55E-03 9,20E-02 
74 5,40E-03 9,90E-02 
75 5,30E-03 1,06E-01 
76 5,20E-03 1,13E-01 
77 5,09E-03 1,21E-01 
78 4,96E-03 1,33E-01 
79 4,90E-03 1,40E-01 
80 4,85E-03 1,47E-01 
81 4,80E-03 1,52E-01 
82 4,74E-03 1,62E-01 
83 4,69E-03 1,69E-01 
84 4,68E-03 1,70E-01 
85 4,64E-03 1,73E-01 
86 4,59E-03 1,74E-01 
87 4,55E-03 1,80E-01 
88 4,54E-03 1,82E-01 
89 4,50E-03 1,88E-01 
90 4,45E-03 1,96E-01 
91 4,39E-03 2,03E-01 
92 4,37E-03 2,08E-01 
93 4,31E-03 2,18E-01 
94 4,27E-03 2,27E-01 
95 4,23E-03 2,34E-01 
96 4,17E-03 2,46E-01 
97 4,13E-03 2,62E-01 
98 3,95E-03 3,03E-01 
99 3,88E-03 3,19E-01 

100 3,81E-03 3,38E-01 
101 3,78E-03 3,45E-01 
102 3,74E-03 3,48E-01 

Table 3.1: Data gathered in experiment 1. The magnitude of the magnetic field is shown for each measurement at the respective 

distance to the array plane. 
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Figure 3.1 presents the trend line and its equation that best follows the data on the plot, 

computed using Microsoft Excel. The trend-line equation shows that the magnetic field measured over 

the array is varying with the inverse of the distance from the array plane powered to 4.386. This result 

is rather different from the cubic dipolar variation with distance (Equation (3.1)), which can be explained 

by the fact that the magnets are not all at the same distance to the point where the field is being 

measured and half of the magnets on the array have their magnetization inverted, due to the pattern 

used to assemble it. By these differences from a single dipole, it is obvious that the power of the distance 

variation is dependent on the way the magnets are arranged on the array and on the number of magnets 

on the array, trending to a finite limit as the number of magnets goes to very high number, as so does 

their distance to the measured point. 

Besides the empirical data, a MatLab function was developed to compute the expected value 

for the magnitude of the magnetic field at a given distance. For this function, a series of approximations 

was made: each magnet replaced a perfect dipole at its geometric center; all the magnets were 

considered to have the same magnetization (measured in Experiment 3 and described in section 3.3); 

the magnets were considered to be geometrically similar and the magnetic permeability of the metal 

from the magnets was not considered. 

This function considers a square matrix of 100 dipoles, all with the same magnetization, but 

arranged in an anti-parallel configuration. Similarly to the experiment, the computations were made for 

the intensity of the magnetic field along a line, perpendicular to the array plane, above one of the four 

dipoles that are closest to the center of the array. The formula used to compute the contribution of each 

individual dipole was the vectorial equation for the field of a dipole, shown below:  

�⃗� (�⃗⃗� , 𝑟 ) =
𝜇0
4𝜋
(
3(�⃗⃗� ∙ �̂�)�̂� − �⃗⃗� 

𝑟3
) 

where �⃗⃗�  is the vectorial magnetization of the dipoles, in the MatLab function the magnetization of each 

dipole is parallel to the others and perpendicular to the array plane; �̂� is a unitary vector pointing from 

the origin of the dipole to the position were �⃗�  is being computed; 𝑟 is the distance between he origin of 

the dipole to the position were �⃗�  is being computed and 𝜇0 is the magnetic permeability of vaccum. 

The value for �⃗�  was computed for 100 points along the vertical line, separated by 0.1 mm to a 

maximum height of 1 cm above the array plane. Furthermore, the computation was also run for a sigle 

dipole. These results are gathered in Table 3.2 and in Figure 3.2, where the trend lines for each of the 

data groups can be seen. The horizontal axis depicts the distance from the magnets; it starts at 3.17e-

3, half the edge of the magnets. As it was discussed, the variation of the magnetic field with the inverse 

of distance, according to the experimental data, follows a evolution powered to 4.386. The computational 

data disagrees with this result, since for the 100 dipole array the power was found to be 3.365. This 

discrepancy can be explained by the approximations considered. It is also important to note that the 

trend line diverges from the data for smaller distances. As a mean to validate the simulation, the 

evolution of the intensity of the magnetic field for a single dipole follows the expected dependance with 

the inverse of the distance powered to 3. 

 

(3.2) 
, 
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Based on the diamagnetic force equation, the force does not depend on the magnetic field 

directly but on the derivative of the field squared. As such, it is an important analysis to square the 

trendlines obtained and derivate them. The results of this exercise are the three next equations: 

𝜕

𝜕𝑥
(10−11 ∙ 𝑥−4.386)2 = −8.772 × 10−22 ∙ 𝑥−9.772 

𝜕

𝜕𝑥
(4 × 10−9 ∙ 𝑥−3.365)2 = −1.076 × 10−16 ∙ 𝑥−7.730 

𝜕

𝜕𝑥
(4 × 10−9 ∙ 𝑥−3)2 = −9.6 × 10−15 ∙ 𝑥−7 

The first equation refers to the data gathered during this experiment on the magnetic array, the 

second equation refers to the theoretical predictions using a dipolar model for the magnets, the third 

equation refers to the single magnet scenario; however, it is on the first two equations that our analysis 

will focus, as these represent the system we are studying. Comparing the two first equations we see 

that the two numerical paramaters that define them are significantly diffferent. Regarding the coefficients 

(−8.772 × 10−22 for Equation (3.3) and −1.076 × 10−16 for Equation (3.4)), the second theoretical 

equation has a coefficient four orders of magnitude larger than the empirical equation. On the other 

hand, the power (−9.772 for Equation (3.3) and −7.730 for Equation (3.4))of the empirical equation is 

larger by a difference of approximately 2.  
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(3.5) 

(3.3) 
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; 
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Parameter 

Vertical 
distance to 
the array of 

dipoles 

Magnetic 
field 

(array) 

Magnetic 
field 

(single 
magnet) 

Unit m T T 

1 1,00E-04 1,64E+04 1,64E+04 
2 2,00E-04 2,06E+03 2,06E+03 
3 3,00E-04 6,09E+02 6,09E+02 
4 4,00E-04 2,57E+02 2,57E+02 
5 5,00E-04 1,32E+02 1,32E+02 
6 6,00E-04 7,62E+01 7,62E+01 
7 7,00E-04 4,80E+01 4,80E+01 
8 8,00E-04 3,22E+01 3,21E+01 
9 9,00E-04 2,26E+01 2,26E+01 

10 1,00E-03 1,65E+01 1,64E+01 
11 1,10E-03 1,24E+01 1,24E+01 
12 1,20E-03 9,59E+00 9,52E+00 
13 1,30E-03 7,55E+00 7,49E+00 
14 1,40E-03 6,06E+00 5,99E+00 
15 1,50E-03 4,94E+00 4,87E+00 
16 1,60E-03 4,08E+00 4,02E+00 
17 1,70E-03 3,40E+00 3,35E+00 
18 1,80E-03 2,87E+00 2,82E+00 
19 1,90E-03 2,45E+00 2,40E+00 
20 2,00E-03 2,10E+00 2,06E+00 
21 2,10E-03 1,82E+00 1,78E+00 
22 2,20E-03 1,59E+00 1,54E+00 
23 2,30E-03 1,39E+00 1,35E+00 
24 2,40E-03 1,22E+00 1,19E+00 
25 2,50E-03 1,08E+00 1,05E+00 
26 2,60E-03 9,65E-01 9,36E-01 
27 2,70E-03 8,62E-01 8,36E-01 
28 2,80E-03 7,73E-01 7,49E-01 
29 2,90E-03 6,95E-01 6,74E-01 
30 3,00E-03 6,27E-01 6,09E-01 
31 3,10E-03 5,67E-01 5,52E-01 
32 3,20E-03 5,15E-01 5,02E-01 
33 3,30E-03 4,68E-01 4,58E-01 
34 3,40E-03 4,26E-01 4,19E-01 
35 3,50E-03 3,89E-01 3,84E-01 
36 3,60E-03 3,56E-01 3,53E-01 
37 3,70E-03 3,26E-01 3,25E-01 
38 3,80E-03 2,99E-01 3,00E-01 
39 3,90E-03 2,75E-01 2,77E-01 
40 4,00E-03 2,53E-01 2,57E-01 
41 4,10E-03 2,33E-01 2,39E-01 
42 4,20E-03 2,15E-01 2,22E-01 
43 4,30E-03 1,98E-01 2,07E-01 
44 4,40E-03 1,83E-01 1,93E-01 
45 4,50E-03 1,69E-01 1,81E-01 
46 4,60E-03 1,56E-01 1,69E-01 
47 4,70E-03 1,45E-01 1,58E-01 
48 4,80E-03 1,34E-01 1,49E-01 

49 4,90E-03 1,24E-01 1,40E-01 
50 5,00E-03 1,15E-01 1,32E-01 
51 5,10E-03 1,07E-01 1,24E-01 
52 5,20E-03 9,90E-02 1,17E-01 
53 5,30E-03 9,19E-02 1,10E-01 
54 5,40E-03 8,53E-02 1,04E-01 
55 5,50E-03 7,93E-02 9,89E-02 
56 5,60E-03 7,37E-02 9,37E-02 
57 5,70E-03 6,85E-02 8,88E-02 
58 5,80E-03 6,36E-02 8,43E-02 
59 5,90E-03 5,92E-02 8,01E-02 
60 6,00E-03 5,50E-02 7,62E-02 
61 6,10E-03 5,12E-02 7,25E-02 
62 6,20E-03 4,76E-02 6,90E-02 
63 6,30E-03 4,43E-02 6,58E-02 
64 6,40E-03 4,13E-02 6,27E-02 
65 6,50E-03 3,84E-02 5,99E-02 
66 6,60E-03 3,58E-02 5,72E-02 
67 6,70E-03 3,33E-02 5,47E-02 
68 6,80E-03 3,10E-02 5,23E-02 
69 6,90E-03 2,89E-02 5,01E-02 
70 7,00E-03 2,69E-02 4,80E-02 
71 7,10E-03 2,50E-02 4,60E-02 
72 7,20E-03 2,33E-02 4,41E-02 
73 7,30E-03 2,17E-02 4,23E-02 
74 7,40E-03 2,02E-02 4,06E-02 
75 7,50E-03 1,89E-02 3,90E-02 
76 7,60E-03 1,76E-02 3,75E-02 
77 7,70E-03 1,64E-02 3,60E-02 
78 7,80E-03 1,53E-02 3,47E-02 
79 7,90E-03 1,42E-02 3,34E-02 
80 8,00E-03 1,32E-02 3,21E-02 
81 8,10E-03 1,23E-02 3,10E-02 
82 8,20E-03 1,15E-02 2,98E-02 
83 8,30E-03 1,07E-02 2,88E-02 
84 8,40E-03 9,99E-03 2,78E-02 
85 8,50E-03 9,31E-03 2,68E-02 
86 8,60E-03 8,68E-03 2,59E-02 
87 8,70E-03 8,09E-03 2,50E-02 
88 8,80E-03 7,54E-03 2,41E-02 
89 8,90E-03 7,03E-03 2,33E-02 
90 9,00E-03 6,55E-03 2,26E-02 
91 9,10E-03 6,10E-03 2,18E-02 
92 9,20E-03 5,69E-03 2,11E-02 
93 9,30E-03 5,30E-03 2,05E-02 
94 9,40E-03 4,94E-03 1,98E-02 
95 9,50E-03 4,61E-03 1,92E-02 
96 9,60E-03 4,29E-03 1,86E-02 
97 9,70E-03 4,00E-03 1,80E-02 
98 9,80E-03 3,73E-03 1,75E-02 
99 9,90E-03 3,48E-03 1,70E-02 
100 1,00E-02 3,24E-03 1,64E-02 

 

Table 3.2: Results of the MatLab function for the theoretical magnitude of the magnetic field, for an array of 100 dipoles and 

also for a single dipole. The magnitude of the magnetic field is shown for each measurement at the respective distance to 

the array plane. 
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3.2. Magnetic Susceptibility Change with Temperature 

 

The purpose of this experiment is to acquire data on the evolution of the magnetic susceptibility 

of graphite with varying temperature. Furthermore, the variation of the levitating height with temperature 

will also be studied. 

According to Kobayashi and Abe [1], the 

magnetic susceptibility of pyrolytic graphite should 

decrease, in absolute value, with temperature in a 

nearly linear relation, as can be observed in Figure 3.3, 

which represents the data gathered during their own 

experiment on this phenomenon. Furthermore, also 

the levitation height will decrease with the increase of 

the temperature of the material. One of the goals of this 

experiment is to verify the data gathered by Kobayashi 

and Abe [1] and expand it for a wider temperature 

spectrum.  

With this data, about this unique property of pyrolytic graphite, the understanding of how to 

create an acceleration or a torque on a plate of graphite subjected to a magnetic field will be enhanced. 

It is expected that the dependence from temperature of the magnetic susceptibility continues to present 

the nearly linear behavior even for much lower temperatures than the ones shown in Figure 3.3. 

However,  a special regard to the lower temperatures found in a space environment must be considered. 

A broader temperature spectrum with relevant magnetic data is essential to develop the best design 

possible for an attitude control system using this technology. It is expected that the dependence with 

temperature of the magnetic susceptibility continues to present the nearly linear behavior even for much 

lower temperatures than the ones shown in Figure 3.3. 

This experiment was divided into two separate parts. In the first part, the levitation height of a 

plate of pyrolytic graphite floating on top of the array of 100 magnets was measured as a function of 

temperature. Using the results from Experiment 1 (see Table 3.2) for the variation of the magnetic field 

on top of the array, it is possible to compute the magnetic susceptibility. In the second part, the data for 

the magnetization and magnetic susceptibility of a sample of pyrolytic graphite was gathered using a 

Superconducting Quantum Interference Device (SQUID) magnetometer. 

 

Part 1 

 

The materials and instruments used for this experiment were: 

 Infrared camera (IR): IR Flex Cam from Infrared Solutions; 

 5 pyrolytic graphite plates; 

 100 neodymium magnets in a 10 by 10 array on an anti-parallel configuration; 

 Zoom stereomicroscope: Nikon SMZ1000; 

 Digital camera: Nikon Coolpix 5400; 

Figure 3.3: Variation on magnetic susceptibility of 

pyrolytic graphite with temperature. [2] 
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 Microscope adapter for Nikon Coolpix 5400 with Nikon SMZ1000; 

 Precision scale: Acculab VI-1mg; 

 Digital caliper; 

 Infrared laser with the the following characteristics: 

 Class III b; 

 Output power: 0.3 W; 

 Wavelength: 980 nm; 

 Beam divergence; 

 Beam diameter. 

All of these parts were assembled as shown in Figure 3.4. The laser and the infrared camera 

were both pointed at the plate of pyrolytic graphite from above with different view angles. The 

stereomicroscope was tilted horizontally to enable the inspection of the magnetic array and levitating 

plate from the side. For each measurement, both the IR camera and digital camera would take a picture 

for later analysis. The picture from the IR camera possessed the information about the temperature of 

the graphite plate and the digital camera would capture the height at which the plate was levitating above 

the magnet array. As the plate of pyrolytic graphite was further away from the aperture of the 

stereomicroscope than the closest side of the magnet array, all the pictures taken by the digital camera 

only have one of these elements in focus. To enable the levitation height to be measured, the first 

pictures taken focus on the magnet array were then superposed with pictures focusing on the plate, in 

order to measure the levitation height of the plate. Figures 3.5-7, present the steps to enable a correct 

Figure 3.4: Experiment 2 – Part 1 assembly.  
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measurement of the levitation height, they show: the focus on the array (Figure 3.5), the focus on the 

plate (Figure 3.6) and the resulting superposed picture (Figure 3.7). 

Depicted on Figure 3.7 is the distance used to measure the levitation height. This distance was 

corrected by adding half the side of the magnet and haft the thickness of the plate; as such, the levitation 

height is the distance from the horizontal plate that intersects all the magnet’s geometric center to the 

horizontal plane that intersects the plate’s geometric center. Furthermore, to measure a “real distance” 

on a photo it is necessary to have a reference on the same photo. As such, the reference to translate a 

distance on the photo to a “real distance” was the thickness of each plate, which was known a priori and 

constant throughout the experiment. 

To measure the correct temperature of 

the plate, two parameters were needed to be 

given to the IR camera: the ambient temperature 

and the emissivity of the pyrolytic graphite. An 

example of the photos taken by the IR camera is 

shown in Figure 3.8. In the bottom part of the 

figure, the parameters listed above can be seen: 

the ambient temperature was set to 25 oC and 

the emissivity of the pyrolytic graphite was set to 

0.91, [10]. The pictures taken from the IR camera 

show, at the center, a target surrounded by a 

square. The value close to the target (in Figure 

3.8, 25.1 oC) is the temperature of the object the 

target is pointing at. On the left of the image, the 

maximum, average and minimum temperature values of each pixel inside the square surrounding the 

target are displayed. For each image taken from the plate, the plate was captured completely inside the 

square and only the maximum temperature inside the square was measured; for the readings in which 

the plate was refrigerated, the minimum value of the temperature inside the square was registered.  

As a final remark regarding the apparatus for this experiment, the laser was pointed to the center 

of the pyrolytic graphite. The power came from a current source with voltage and current adjustable. 

The intensity of the laser was controlled by means of the maximum current available to the device.  

A total of 54 images from each camera were taken, from a few excluded sets of images (only 

focused on the array), a total of 51 measurements were gathered. For measurement 1 to 35, the 

Figure 3.5: Side view of the magnet 

array. 

Figure 3.6: Side view of the pyrolytic 

graphite plate. 

Figure 3.7: Superposition of the two 

figures on the right. 

levitation 

Figure 3.8: Example of one of the images captured using the 

infrared camera. The magnet array can be distinguished on 

the picture (with a blue “shadow”) as well as the plate of 

pyrolytic graphite, red polygon on the center. 
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temperature was varied following no set pattern. For measurements 36 to 54, the current given to the 

laser was carefully set to perform increments on the temperature of the plate of 0.5 K, having the 

temperature and levitation heights registered on each increment. This data is shown in Table 3.3. 

 

Measurement Height (m) Temperature (K) Gradient (T^2/m) Magnetic susceptibility (volume) 

1 7,080E-04 2,956E+02 -1,767E+02 -2,322E-04 

2 7,080E-04 2,956E+02 -1,767E+02 -2,322E-04 

4 1,479E-03 2,980E+02 -3,309E+01 -1,240E-03 

5 1,460E-03 2,958E+02 -3,437E+01 -1,193E-03 

6 8,480E-04 2,973E+02 -1,275E+02 -3,217E-04 

9 1,313E-03 3,007E+02 -4,636E+01 -8,848E-04 

10 1,312E-03 2,958E+02 -4,646E+01 -8,830E-04 

11 1,312E-03 2,958E+02 -4,646E+01 -8,830E-04 

12 1,034E-03 2,960E+02 -8,400E+01 -4,821E-04 

13 1,034E-03 2,961E+02 -8,400E+01 -4,821E-04 

14 1,045E-03 2,996E+02 -8,200E+01 -4,939E-04 

15 1,031E-03 2,993E+02 -8,456E+01 -4,789E-04 

16 9,460E-04 3,022E+02 -1,021E+02 -3,966E-04 

17 9,490E-04 3,006E+02 -1,014E+02 -3,993E-04 

18 9,380E-04 3,037E+02 -1,040E+02 -3,895E-04 

19 1,351E-03 2,977E+02 -4,287E+01 -9,991E-04 

20 1,351E-03 2,973E+02 -4,287E+01 -9,991E-04 

21 1,405E-03 3,017E+02 -3,840E+01 -1,115E-03 

22 1,341E-03 3,073E+02 -4,376E+01 -9,788E-04 

23 1,347E-03 3,063E+02 -4,323E+01 -9,909E-04 

24 1,943E-03 2,985E+02 -1,365E+01 -3,137E-03 

25 1,943E-03 2,985E+02 -1,365E+01 -3,137E-03 

26 1,437E-03 2,971E+02 -3,600E+01 -1,190E-03 

27 8,290E-04 2,916E+02 -1,332E+02 -3,126E-04 

28 8,280E-04 2,965E+02 -1,335E+02 -3,118E-04 

29 8,280E-04 3,002E+02 -1,335E+02 -3,118E-04 

30 9,590E-04 3,015E+02 -9,918E+01 -4,197E-04 

31 1,255E-03 3,028E+02 -5,230E+01 -7,959E-04 

32 1,232E-03 3,037E+02 -5,489E+01 -7,585E-04 

33 9,010E-04 2,977E+02 -1,130E+02 -3,870E-04 

34 9,230E-04 3,005E+02 -1,075E+02 -4,067E-04 

35 9,100E-04 3,032E+02 -1,107E+02 -3,949E-04 

36 1,325E-03 2,957E+02 -4,523E+01 -8,954E-04 

37 1,325E-03 2,957E+02 -4,523E+01 -8,954E-04 

38 1,325E-03 2,963E+02 -4,523E+01 -8,954E-04 

39 1,306E-03 2,961E+02 -4,704E+01 -8,609E-04 

40 1,301E-03 2,965E+02 -4,753E+01 -8,520E-04 

41 1,316E-03 2,970E+02 -4,607E+01 -8,789E-04 

42 1,313E-03 2,975E+02 -4,636E+01 -8,735E-04 

43 1,349E-03 2,970E+02 -4,305E+01 -9,407E-04 

44 1,336E-03 2,976E+02 -4,421E+01 -9,159E-04 

45 1,349E-03 2,980E+02 -4,305E+01 -9,407E-04 

46 1,355E-03 2,984E+02 -4,252E+01 -9,523E-04 

47 1,352E-03 2,990E+02 -4,278E+01 -9,465E-04 

48 1,362E-03 2,996E+02 -4,192E+01 -9,661E-04 

49 1,356E-03 3,000E+02 -4,244E+01 -9,543E-04 

50 1,343E-03 3,005E+02 -4,358E+01 -9,292E-04 

51 1,331E-03 3,013E+02 -4,467E+01 -9,065E-04 

52 1,333E-03 3,011E+02 -4,449E+01 -9,102E-04 

53 1,306E-03 3,010E+02 -4,704E+01 -8,609E-04 

54 1,321E-03 3,005E+02 -4,560E+01 -8,880E-04 

 

 

Table 3.3: Variation of the levitation height and magnetic susceptibility with temperature. 
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To compute the gradient of the squared magnetic field, the data gathered in Experiment 1 and 

analyzed in section 3.1 was used. To make this computation simply using the levitation height, the 

equation of the trend line from the data of the magnetic field’s intensity above the array was squared 

and derivated, as was also done in section 3.1. The equation and further operations are summarized 

below: 

𝜕

𝜕𝑥
(10−11 ∙ 𝑥−4.386)2 = −8.772 × 10−22 ∙ 𝑥−9.772 = ∇𝐵2 

With the gradient of the magnetic field squared, the magnetic susceptibility is easily computed 

with Equation (3.7): 

𝜒 =
2𝜇0𝑚𝑔

∇𝐵2𝑉
 

As usual 𝜒 is the magnetic susceptibility of the PG, 𝜇0 is the vacuum magnetic permeability, 𝑚 is the 

magnetization of each magnet, 𝑔 is the gravitational acceleration, 𝐵 is the magnetic field and, finally, 𝑉 

is the volume of the PG. The value for each plate’s volume was calculated geometrically approximating 

the plates to regular parallelepipeds. 

The field on top of the magnetic array is 

not uniform and, besides the vertical variation, 

it is also a function of the two horizontal 

coordinates, as can be deduced from Figure 

3.9. This means that also the gradient of the 

magnetic field squared is not constant 

throughout a horizontal plane parallel to the 

array plane. Ergo, computing the gradient of the magnetic field squared on a single point above the 

array and applying it at the complete pyrolytic graphite plate is committing an approximation error. As 

we are interested on the variation of the magnetic susceptibility, and on the variation of the levitation 

height, this error will not interfere with the analysis. 

The information gathered in Table 3.3 was used to build two plots. These plots show the 

computed magnetic susceptibility for each temperature measured during this experiment. In Figure 3.10 

the measurements made for random values of temperature for the five plates tested is presented. These 

correspond to measurements 1 to 11 for plate 1, 12 to 18 for plate 2, 19 to 26 for plate 3, 27 to 32 for 

number 4 and, finally, 33 to 35 regarding plate number 5. Figure 3.11 shows the measurements made 

with approximate increments of 0.5 K, which correspond to measurements 36 to 54 and plate 2 was 

used to make this part of the experiment. 

Figure 3.9: Side view of magnetic field lines on an alternating 

array of magnets. 

(3.6) 

(3.7) 

. 

. 
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According to Figure 3.3, from the paper by Kobayashi and Abe [1], the magnetic susceptibility 

should increase with temperature and the levitation height should decrease with temperature. However, 

the results shown by the data gathered on this experiment do not relate to the linear and steady behavior 

presented by the mentioned paper. In Figure 3.10, the data from the measurements on the five plates 

is disperse and contradictory, as the magnetic susceptibility of some plates seem to increase with 

temperature while the other plates show the opposite behavior. Regarding Figure 3.11, it is noticeable 

by the trend lines that magnetic susceptibility is decreasing while the levitation height seems to be 

increasing with increasing temperature. This is completely contradictory to the expected and to the paper 
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on the subject. Besides the contradictory results, the data gathered also do not show consistency as the 

maximum R2 value (coefficient of determination) presented by each trend line is never above 0.55. 

Given the dispersion of the results, and the inconsistency with the previous studies [1] another 

approach for this experiment was taken. 

 

 

Part 2 

 

Due to the inconsistency results achieved in Part 1 of this experiment, an alternate, more 

accurate and more precise method was selected.  

In order to perform the experiment, a SQUID Magnetometer, the Magnetic Property Measurement 

System (MPMS) 2 from Quantum Design was used. 

One of the pyrolytic graphite plates was broken into small square pieces of less than 2 mm. 

These were inserted in the MPMS inside an appropriate probe. The experiment ran for eight hours, 

during which the pyrolytic graphite sample was subjected to a magnetic field of 1000 Oersted and the 

temperature of the sample was variated in the range of 2.1 K to 300 K. During the experiment, the 

magnetization and the magnetic susceptibility of the sample were measured. 
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A total of 490 measurements were made. The table containing these data can be consulted on 

Appendix C. This includes information about the magnetic field the sample was subjected to, for the 

temperature it was when the measurement was made and the magnetization and magnetic susceptibility 

of the sample at that temperature. A plot was created from the data (Figure 3.12). 

Figure 3.12 shows the variation of magnetic susceptibility of the pyrolytic graphite sample with 

temperature. The equation shown on the plot corresponds to a trend line that has a close correlation 

with the data (this was computed using Microsoft Excel). A polynomial curve of seventh order was 

chosen as it was the lowest order to give a value of R squared of 1. This equation is used on the 

simulations to compute the magnetic susceptibility of the plate at the temperature reached with the laser 

beam. As the temperature on the simulations will not rise much above 300 K, the same curve will be 

used for temperatures outside the measured spectrum. 

In conclusion, it is certain that, contrarily to the general idea that diamagnetism is not dependent 

on temperature, the magnetic susceptibility of pyrolytic graphite certainly is. This means that the force 

generated by the magnetic field of Earth on the plate can be controlled using temperature variations on 

the plate. Having distinct sections of the plate at different temperatures, it is possible to generate the 

torque to control the attitude of the satellite, which is the fundamental principle of this novel technology. 

Furthermore, the goal to expand the range of temperatures for which this behavior is studied was also 

achieved. 

Figure 3.12: Variation of the magnetic susceptibility (volume) of the sample of pyrolytic graphite measured by the MPMS 2. 
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3.3. Magnet Magnetization by Magnetic Field and Magnetic Flux Measurements 

 

This experiment aims to measure the magnetization of the neodymium magnets by measuring 

the magnetic field that each one of them creates. 

The magnet array used in section 3.1 had 100 cubic neodymium magnets, these, more precisely 

parallelepipeds similar to cubes, had the following dimensions: a length of 6.34 mm, a width of 6.32 mm 

and a height of 6.35 mm. The height is the dimension parallel to the dipolar moment of the magnets. 

These dimensions where all obtained with a digital caliper. A small selection of magnets were measured 

and the mean of their dimensions for each axis was used. 

In this experiment the FW Bell model 5180 Gauss/Tesla Meter was used. The instrument was 

stabilized for 15 min prior to the realization of the experiment in order to stabilize the probe. The probe 

was put inside the Zero Field Chamber and the magnetometer was zeroed. After being zeroed the 

magnetometer still measured an “ambient” magnetic field with a maximum variation around zero up to 

5 μT. The HOLD MAX mode was used to measure the maximum direct current (DC) component of the 

magnetic field. 

Following this initial preparation, the measurements begun. The sensitive section of the probe 

was positioned in contact with the top face of the magnet: the one which had one of the poles of the 

magnet. With the Tesla Meter in HOLD MAX mode, the probe was moved along that face of the cube 

and the maximum value of the magnetic field recorded by the instrument was the one registered. Every 

single one of the one hundred magnets was measured. Every 25 measurements the instrument was 

reinitialized and zeroed. The magnetic flux of the magnets was also measured. 

With the data for the magnetic field on top of each magnet, and approximating each magnet to a 

dipole, the formula for the field created by a magnetic dipole can be inverted to compute the 

magnetization of that dipole.  

𝐵(𝑚, 𝑟, 𝜌) =  
𝜇0
4𝜋

𝑚

(𝑧2 + 𝜌2)3 2⁄
√1 +

3𝑧2

𝑧2 + 𝜌2
 

Equation (3.8), which explained in section 1.2.1, is here inverted to compute 𝑀 (using Equation (3.9)), 

the magnetization of the magnets. The relation of the magnetization, 𝑀, with the dipolar moment, 𝑚, is 

one of direct proportionality, where the constant of proportionality is the volume of the magnet, 𝑉, so: 

𝑚 = 𝑀 V. 

Assuming that the value of the magnetic field measured for each magnet was the maximum value of the 

field and that it is directly above the magnetic pole of the magnet, then 𝜌 is zero in Equation (3.8). The 

vertical distance to the origin of the dipole, represented by 𝑧 in the equation, will be assumed as being 

half of the height of the magnet. With this, the expression for the magnetization of each magnet is given 

by:  

𝑀 =
2𝜋𝑧3𝐵

𝜇0𝑉
 

The equation was applied to compute the magnetization of each magnet. The mean value was 

calculated using the 100 values computed. This value was used as the magnetization of each of the 

(3.8) 

(3.9) 

(3.10) 
. 
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magnets. This value is used in section 3.1, to compute a theoretical estimation of the magnetic field on 

top of the magnet array. As described on that experiment, the theoretical behavior of the magnetic field 

is very similar to the values measured, which enables the use of this dipolar approximation on the 

simulation described in section 2.1.2. 

The results of this experiment are presented on Table 3.5 for each of the magnets. Furthermore, 

the data for the magnetic field and magnetic flux generated by the magnets is displayed in Figure 3.13. 

Table 3.4 shows the mean values measured for both fields and the mean value for the computed 

magnetization. 

 

Mean value of the magnetic flux (mT) 513,950 

Standard deviation of the magnetic flux (mT) 6,890 

    

Mean magnetization of the magnetic field (kA/m) 406,570 

Standard deviation of the magnetic field (kA/m) 5,109 

    

Mean magnetization of the magnets (A/m) 323252,582 

Standard deviation of the magnetization (A/m) 4333,306 
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Figure 3.13: Relation between the magnetic field and magnetic flux for each magnet. 

Table 3.4: Mean values and standard deviation values for the three parameters 

measured. 
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Magnet 
number 

Magnetic 
flux 

density     
(mT) 

Magnetic 
field 

strength 
(kA/m) 

Magnetization 
(A/m) 

1 517 413 325170,901 
2 511 398 321397,158 
3 515 402 323912,987 
4 531 416 333976,303 
5 514 401 323284,030 
6 513 401 322655,072 
7 518 405 325799,859 
8 522 412 328315,688 
9 517 409 325170,901 
10 519 413 326428,816 
11 514 404 323284,030 
12 515 405 323912,987 
13 518 403 325799,859 
14 513 407 322655,072 
15 503 399 316365,500 
16 512 408 322026,115 
17 510 405 320768,201 
18 515 405 323912,987 
19 516 403 324541,944 
20 516 408 324541,944 
21 520 402 327057,773 
22 516 405 324541,944 
23 517 408 325170,901 
24 518 413 325799,859 
25 527 409 331460,474 
26 511 403 321397,158 
27 519 408 326428,816 
28 510 403 320768,201 
29 515 409 323912,987 
30 531 417 333976,303 
31 524 413 329573,602 
32 512 405 322026,115 
33 529 413 332718,388 
34 520 412 327057,773 
35 521 412 327686,730 
36 515 405 323912,987 
37 513 408 322655,072 
38 509 400 320139,243 
39 520 407 327057,773 
40 500 398 314478,628 
41 518 410 325799,859 
42 519 404 326428,816 
43 517 409 325170,901 
44 514 406 323284,030 
45 504 405 316994,457 
46 522 413 328315,688 
47 508 403 319510,286 
48 511 405 321397,158 

49 510 399 320768,201 
50 504 405 316994,457 
51 510 405 320768,201 
52 508 405 319510,286 
53 512 407 322026,115 
54 514 406 323284,030 
55 515 407 323912,987 
56 517 409 325170,901 
57 516 411 324541,944 
58 516 409 324541,944 
59 515 406 323912,987 
60 520 405 327057,773 
61 512 406 322026,115 
62 528 421 332089,431 
63 503 406 316365,500 
64 511 406 321397,158 
65 520 410 327057,773 
66 519 407 326428,816 
67 507 403 318881,329 
68 522 419 328315,688 
69 520 408 327057,773 
70 503 396 316365,500 
71 512 407 322026,115 
72 509 404 320139,243 
73 504 406 316994,457 
74 514 409 323284,030 
75 512 407 322026,115 
76 516 408 324541,944 
77 511 405 321397,158 
78 511 398 321397,158 
79 508 407 319510,286 
80 511 409 321397,158 
81 512 409 322026,115 
82 519 407 326428,816 
83 512 409 322026,115 
84 502 404 315736,543 
85 509 408 320139,243 
86 505 403 317623,414 
87 487 383 306302,184 
88 518 409 325799,859 
89 520 413 327057,773 
90 517 410 325170,901 
91 497 396 312591,756 
92 516 408 324541,944 
93 515 403 323912,987 
94 511 405 321397,158 
95 514 410 323284,030 
96 509 405 320139,243 
97 510 404 320768,201 
98 511 413 321397,158 
99 508 407 319510,286 
100 524 413 329573,602 

 

Table 3.5: Data from the measurements of the magnetic field and magnetic flux for each of the magnets, and computed values for the 

magnetization. 
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Chapter 4 

 

Satellite Scientific Payload Experiment 

 

 In this chapter it is proposed one possible design for the novel attitude control system. Section 

4.1. presents a basic design for this system. Moreover, in Section 4.2. and improvement upon this basic 

design is proposed and analyzed.  

 

The main objective of this work is to design an attitude control system for a cubesat using the 

technology of optical motion control of MagLev graphite. This technology has never been used before 

and its physical characteristics are still not very well understood. In section 2.1.1, the simulation that 

was developed to make a prediction on how useful this system could be had returned unsatisfactory 

results, as the maximum torque predicted by the simulation would not be enough to control the attitude 

of the satellite. Based on this simulation, improvements must be made on the design of the system in 

order to make its use practical. 

Based on a thorough analysis of the simulation, several reasons for the weak torque were 

identified: 

 As the satellite is far from the origin of the magnetic field created by the Earth, the intensity of 

the Earth’s magnetic field is very weak. Additionally, its intensity does not have a strong variation 

in the vicinity of the satellite. As the diamagnetic force is proportional to the gradient of the 

magnitude of the magnetic field square, if this value does not vary much close to the satellite’s 

position, its gradient will be small, therefore, so will the diamagnetic force created by the PG. 

 The temperature increase caused by the laser radiation is not very significant. This is due to 

various aspects: the laser power is small, only 0.25 W. The graphite also has good thermal 

conductivity, which means that even though the laser is pointed only at a small section of the 

plate, the thermal energy deposited there will soon spread throughout the entire plate, enabling 

it to easily radiate and not enabling a temperature increase restricted to the irradiated section. 

 As the temperature increase is not very sharp, or is constrained to the irradiated section, the 

difference in magnetic susceptibility from the high temperature section to the rest of the plate is 

not large, ergo, the diamagnetic force difference that causes the torque will be weak.  

 The volume of the irradiated section of the PGS is also directly proportional to the magnetic 

force. As the graphite plate is 0.7 mm thick, the volume of the irradiated section is also small.  

 Finally, as the plate has to be within the dimensions of a cubesat, this restrains the maximum 

length of the arm of the force causing the torque. In this case, it will never be longer than half of 

the side of the spacecraft, so 5 cm. 

Having identified the main weaknesses of the initial design, it is imperative to engineer an 

improved system in an effort to strengthen its actuation. 
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4.1. On Board Experiment 

 

The initial design of the attitude control system consisted of: a plate of pyrolytic graphite with 

the dimensions of the cubesat (10 by 10 cm) with no more than a millimeter of thickness; a set of four 

lasers, one focused to each corner of the PG plate in order to enable the creation of a torque in any 

direction, these would have 0.25 W of power and a wavelength of 980 nm (similar to one used on the 

laboratory described in Section 3.2). When in orbit, the PGS would be subjected to the Earth’s magnetic 

field. This will provoke a reaction on the plate due to its diamagnetic behavior. There will be a 

diamagnetic force on the plate pushing it to the exterior of the field. Heating a small section of the plate 

with a laser (away from its center), this diamagnetic force would be weakened on that specific section 

of the plate, causing an unbalance on the distribution of the force. This effect will produce a torque that 

could be used to control the attitude of the satellite.  

Currently, no adjustments can be made to address the intensity of the magnetic field of the Earth 

or the value of its gradient in orbit. 

In order to improve the heat distribution on the plate, one possible solution would be to, instead 

of a single 10 by 10 cm plate, use four 5 by 5 cm plates linked together on the same plane with a thermal 

insulator. This would restrict the energy given by the laser to the quadrant of the plate that is contributing 

positively to the torque desired. With this insulation the heat would not dissipate to unwanted areas of 

the plate increasing the maximum temperature that the laser could provide. 

The goal of having a large temperature difference in between sections of the plate stems from 

the need to have a diminution in the diamagnetic characteristics of one quadrant to the others. To 

achieve this, the initial temperature of the plate should be the one in which the magnetic susceptibility 

of the plate is greater, in absolute values. According to the experiment described in Section 3.2, the 

lowest value of the magnetic susceptibility was measured to be at 3.177 K (χV = -1.14922E-04). Keeping 

in mind that outer space has a microwave background radiation with a temperature of 2.725 K [42], a 

plate localized outside the structure of the satellite, with some thermal insulation from it, could be at a 

temperature much lower than room temperature. Furthermore, if the plate is also shielded from the Sun, 

for example: only running the experiment during eclipse, then the only sources of radiative heat would 

be the satellite, not taking into account the radiation received from Earth. With these modifications, the 

plate would be instead assembled on the top, or bottom, of the 3U cubesat. With this configuration the 

plate would have one side which only sees empty space and the other which sees empty space, the top 

side of the satellite, parallel to it, with the four lasers. The area facing the satellite could be covered with 

multi-layer insulation (MLI) to improve the radiative insulation between the plate and the cubesat, 

leaving, however, small holes for the laser beam to reach the plate. The outer side of the plate should 

have a coating suitable for its quick cooling after the laser is turned off, on the other hand, it should also 

maintain some of the heat inside the plate as to ensure the temperature of the quadrant of the graphite 

if this is being irradiated by the laser.  
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4.2. Thermal Analysis 

 

Briefly, this design consists of the following setup and 

considerations (Figure 4.1): the plate of graphite is divided into 

four quadrants with an insulator connecting them; it is mounted 

outside the main structure of the satellite, exposed to space, only 

connected to the satellite by an insulating simple structure; the 

lasers are inside the satellite and are focused on the center of 

each quadrant. Several approximations were taken as well: the 

only method to transmit energy by radiation; each quadrant of 

the plate has high conductivity, meaning that there is no 

temperature gradient inside each quadrant. For the thermal 

analysis node 1 is the quadrant to be studied and it’s the one 

irradiated by the laser; node 2 is the satellite and node 3 are the other quadrants of the graphite. The 

constants of the problem are: 

 ε1 and ε3 are the emissivity of the graphite, 0.91 [10], which correspond to nodes 1 and 3; 

 ε2 is the emissivity of the satellite, node 2, considered to be made of polished aluminum, its value 

is 0.05 [43]; 

 the satellite is at a temperature T2 = 300 K; 

 the emissivity and temperature of outer space are considered to be: εS = 1 and TS = 3 K; 

 the satellite and the PGS both are 10 by 10 cm, so each quadrant is 5 by 5 cm. 

First, it is necessary to compute the view factors that each node has to the others, it is 

considered that space has a unitary view factor to itself. To compute the view factor from node 2 to the 

bottom part of node 1, 𝐹1−2, the expression for this parameter applied in between two parallel finite 

squares is [44]: 

𝐹1−2 =
1

(𝑥2 − 𝑥1)(𝑦2 − 𝑦1)
∑∑∑∑(−1)𝑖+𝑗+𝑘+𝑙  𝐺(𝑥𝑖, 𝑦𝑗 , 𝜂𝑘 , 𝜉𝑙)

2

𝑖=1

2

𝑗=1

2

𝑘=1

2

𝑙=1

 

𝐺 =
1

2𝜋

(

 
 
 
 
 
(𝑦 − 𝜂) √(𝑥 − 𝜉)2 + 𝑧2 𝑡𝑎𝑛−1 [

𝑦 − 𝜂

√(𝑥 − 𝜉)2 + 𝑧2
]

+(𝑥 − 𝜉) √(𝑦 − 𝜂)2 + 𝑧2 𝑡𝑎𝑛−1 [
𝑥 − 𝜉

√(𝑦 − 𝜂)2 + 𝑧2
]

−
𝑧2

2
 𝑙𝑛[(𝑥 − 𝜉)2 + (𝑦 − 𝜂)2 + 𝑧2] )

 
 
 
 
 

 

 

The variables in this equation refer to the variables shown in Figure 4.2. The separation between the 

satellite and the plate was considered to be 1 cm. Using Equation (4.1) the view factor from note 2 to 

node 1 was computed to be: 𝐹2−1 = 0.2067. Taking into account the relations between view factor, 

mentioned in Equations (4.3) and (4.4), where 𝐴𝑖 is the area of node 𝑖, the remaining view factors were 

computed and are shown in Table 4.1. 

Figure 4.1: Configuration of the graphite 

plate assembles outside the main 

structure of the satellite. 

(4.1) 

(4.2) 

; 

. 
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𝐹𝑖𝑗𝐴𝑖 = 𝐹𝑗𝑖𝐴𝑗 

∑𝐹𝑖 = 1

𝑖

 

 

 

 

 

 

 

F 1 2 3 S 

1 (in) 0 0.8268 0 0.1732 

1 (out) 0 0 0 1 

2 0.2067 0 0.6201 0.1732 

3 (in) 0 0.8268 0 0.1732 

3 (out) 0 0 0 1 

S (space) 0 0 0 1 

 

The next step in our analysis is to compute the Gebhart factors, 𝐵𝑖𝑗, for each surface. These 

can be computed using Equation (4.5), where 𝑛 is the number of elements and 𝜀𝑖 is the emissivity of 

node 𝑖:  

𝐵𝑖𝑗 = 𝐹𝑖𝑗𝜀𝑗 +∑(1 − 𝜀𝑘)

𝑛

𝑘=1

𝐹𝑖𝑘𝐵𝑘𝑗 

From this equation, and with the relation shown in Equation (4.6), the Gebhart values were computed 

(Table 4.2). 

∑𝐵𝑖𝑗 = 1

𝑗

 

 

 

B 1 2 3 S 

1 (in) 0.1569 0.0439 0.4707 0.3285 

1 (out) 0 0 0 1 

2 0.1998 0.0033 0.5993 0.1976 

3 (in) 0.1569 0.0439 0.4707 0.3285 

3 (out) 0 0 0 1 

S 0 0 0 1 

 

With all the Gebhart factors computed, the radiative couplings between the surfaces can be 

calculated. These are given by Equation (4.7): 

𝑅𝑖𝑗 = 𝜀𝑖𝐴𝑖𝐵𝑖𝑗. 

In the expression above 𝑅𝑖𝑗 is the radiative coupling from surface 𝑖 to 𝑗; 𝜀 is the emissivity of 

surface 𝑖; 𝐴𝑖 is the area of surface 𝑖, and 𝐵𝑖𝑗 is the Gebhart factor from surface 𝑖 to 𝑗.  

Figure 4.2: View factor of a rectangle to a 
rectangle in a parallel plane. [44] 

Table 4.1: View factors from the elements on the first column 
to the elements on the first row. 

Table 4.2: Gebhart factor from the nodes on the first column 
to the nodes on the first row. 

(4.3) 

(4.4) 

(4.5) 

(4.6) 

(4.7) 

. 
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Having the value of the radiative coupling between each surface, the thermal analysis can now 

be performed. The goal is to compute the temperature of node 1, as this is the quadrant the will be 

irradiated by the laser. This node is facing only outer space, on the upside, and node two and outer 

space on the lower side. As such, the equation that describes the heat transferred through node 1 is:  

𝑃𝐿 + 𝑄2 1̇ = 𝑄1 𝑆̇ ⇔ 𝑃𝐿 + 𝑅2 1𝜎(𝑇2
4 − 𝑇1

4) = 𝑅1 𝑠𝜎(𝑇1
4 − 𝑇𝑆

4). 

In the expression: 𝑃𝐿 is the power transmitted by the laser, 𝑄 is the heat transferred between the nodes, 

𝜎 is the Stefan-Boltzmann constant and 𝑇 is the temperature of the node. 

Using the Equation (4.8) the values for the temperature of node 1 for the two situations can be 

easily computed. With the laser turned off, the temperature of node one is 126.87 K; with the laser turned 

on, this value increases to 202.19 K. This is a major improvement on the initial configuration where the 

plate is placed inside the satellite and starts at a temperature of 300 K. It is also possible to compute 

the laser power necessary to reach a determined temperature (using Equation (4.8)), for example: to 

reach a temperature of 350 K the laser should have a power of 2.61 W. 

Relative to the problem concerning the small variation on the magnetic susceptibility of the PGS 

when it is heated, the possibility of having it at temperatures so low as 126.87 K unveils the possibility 

of substituting it with a plate of a super conductive material. Choosing the appropriate superconductor 

alloy, the temperature at which the transition to superconductive characteristics is achieved can be 

designed to be inside the temperature difference that the laser can provide. Taking into account the 

Meissner effect (transition of a material to a superconductor) [45], the design of the temperature range 

could be tuned in such a way that only a small variation of temperature is needed. This setup would not 

require as much power for the laser as using a conventional diamagnetic material. 

With the design improvements presented, an estimation of the order of magnitude of the torque 

that this system could create can be performed. Here a simplified version of the equation for the 

diamagnetic torque generated was used:  

𝑇𝑞⃗⃗  ⃗ = 𝑑 (𝜒0 − 𝜒′) 
V′∇𝐵2

2 𝜇0
 

In Equation (4.9), 𝑑 is the length of the arm of the diamagnetic force that is producing the torque; 𝜒0 is 

the initial, unmodified, magnetic susceptibility; 𝜒′ is the magnetic susceptibility of the heated area and 

𝑉′ is the volume of the heated area. 

Assuming that the system uses a superconductor with high thermal conductivity. This means 

that the initial value for 𝜒 is -1, and assuming that, after the heating process in which the material loses 

its superconductive characteristics, its 𝜒 is now close to 1. As the material has high thermal conduction, 

when the laser is turned on all the quadrant is being heated, this means that the center of the 

diamagnetic force deficit created is the center of the quadrant, ergo, the value of 𝑑 will be half of the 

quadrant’s diagonal: 0.05 2⁄ ∙ √2 = 3.5𝑒−2. For the volume of the quadrant, we will assume that the 

thickness of the superconductive plate is 1 cm. Finally, according to the CHAOS-5 model, the gradient 

of the squared magnetic field for an orbit of 100 km is around 1.8𝑒−12. 

Taking into consideration the approximations presented on the last paragraph, we can use 

Equation (4.8) to make an estimation of the torque that will be possible to generate with this improved 

system. The result is a torque with an order of magnitude of 1𝑒−12. 

(4.8) 

(4.9) . 
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Knowing that the attitude determination system of the ECOSat would be capable of measuring 

torques with a precision of 1𝑒−7 Nm, it is obvious that, even with the improvements presented, this 

system would not be able to create a measurable torque on the satellite. 

This weak action of this system is due to the only slight variation of the intensity of the magnetic 

field of the Earth in outer space. As all the variables in the equation relate linearly to the torque created, 

it is nearly impossible to increase the torque created by the five orders of magnitude that are needed in 

order for it to be measurable. 
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Chapter 5 

 

Additional Applications 

 

Chapter 5 presents several other applications of MagLev graphite and of its optical control. A 

special emphasis is made in a concept of a MagLev train levitated and moved using PG. This new 

concept is studied mathematically in order to prove its working principles and its usefulness.  

 

5.1. Concept of a MagLev Train Using Pyrolytic Graphite 

 

Magnetic levitation (MagLev) is a highly advanced technology. It is used in various cases, 

including clean energy (small and huge wind turbines: at home, office, industry, etc.), building facilities 

(fan), transportation systems (magnetically levitated train), weapon (gun, rocketry), nuclear engineering 

(the centrifuge of nuclear reactor), civil engineering (elevator), advertising (levitating everything 

considered inside or above various frames can be selected) and even toys (train, levitating pen). The 

common point in all these applications is the lack of contact and thus no wear and friction. This increases 

efficiency, reduces maintenance costs and increase the useful life of the system. The magnetic levitation 

technology can be used as a highly advanced and efficient technology in the various industrial 

applications that already take advantage of its use. There are many countries that are already using and 

developing MagLev systems. [20] 

The word MagLev is created from the agglutination of the words magnetic and levitation. 

Although the term has a very omnibus definition, it is usually employed referring to magnetic levitation 

involving solely magnets, either permanent magnets or electromagnets. According to the Earnshaw’s 

Theorem it is impossible to have an object levitating on a field that exclusively creates inverse square 

forces, as it was discussed in section 1.2.2. This implies that nearly the applications that involve MagLev 

technology must have electromagnets in order to enable active control of the levitating field to provide 

stability to the object levitating and motion control. An alternative to the use of electromagnets to stabilize 

the levitation, diamagnetic materials also provide the means to achieve the equilibrium required to have 

steady levitation, which was also analyzed in Section 1.2.2. 

One of the most common applications of MagLev, and one of increasing demand and 

development, is MagLev trains. These trains have the important advantage of not being supported by 

contact force, therefore, there is no energy loss due to the friction between the wheels and the train 

track or in the mechanical systems to move the train. MagLev suspension systems are divided into two 

groups: electromagnetic suspension (EMS) and electrodynamic suspension (EDS). A MagLev train 

using electrodynamic suspension will have electromagnets in the train cars as well as the track it follows. 

The train is levitated and guided using repulsive and attractive forces, or, in some designs, only repulsive 
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forces. An electrodynamic suspension train is 

depicted on the left picture in Figure 5.1. The 

electrodynamic suspension has the disadvantage 

of not being strong enough to levitate the train at 

low speed so the majority of the MagLev trains 

using this method of levitation and guidance also 

have wheels for low speeds.  When 

electromagnetic suspension is used, the motion of 

the train is controlled by electromagnets in the train 

itself. In this case, the track is made of a strong 

ferromagnetic material allowing the train to maintain an attraction force with the track that levitates it and 

guides it along the track, this can be seen on the Electromagnetic model in Figure 5.1. 

In this section another method to achieve levitation of a MagLev train is proposed: Diamagnetic 

Suspension. Depicted on the right of Figure 5.1, this method of levitation would use electromagnets on 

the track, just like electromagnetic suspension, however, the train would have a base covered by 

pyrolytic graphite.  

A series of calculations 

were performed to evaluate the 

viability of this method of 

suspension. The main goal of 

these calculations was to compare 

this with the conventional MagLev 

trains that are currently in 

operation. For this analysis several 

data were gathered from existing 

train systems to enable a draft of a 

design of a train using diamagnetic 

suspension. The model used to 

perform the calculations is 

schematically presented in Figure 

5.2. The pyrolytic graphite on the 

base of the train will provide the 

necessary suspension and 

horizontal motion control for its operation. This layer has a length 𝐿𝑃𝐺 and a width 𝑤𝑃𝐺 , almost the same 

basal area as the train, in order to have the maximum area available; furthermore, the thickness of this 

layer will be denoted by 𝑡𝑃𝐺, and will be one of the variables analyzed on the calculations that are 

presented below. Under the side view of the train, the electromagnets can be seen. A top view of the 

electromagnets is also shown on the bottom part of Figure 5.2. These will have the same width of the 

train, 𝑤𝑃𝐺 , and will have a length 𝑙𝑒. The geometric centers of the electromagnets are spaced evenly by 

the distance denoted by 𝑝. The train is levitating at a distance from the magnets of 𝑧.  

Figure 5.1: Distinct methods used in the technology of 
magnetic levitating trains. 

Figure 5.2: Drawing: concept of a MagLev train using Diamagnetic Suspension. 
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Besides the dimension variables, some other parameters will be used on the calculations: 𝐼𝑒 is 

the electrical current flowing through each of the electromagnets; 𝑀𝑡 is the mass of the train; 𝜒 is the 

magnetic susceptibility of the pyrolytic graphite (the value measured on Part 2 of Experiment 2). 

Most of the variables were gathered from the article on the MagLev U (MLU) 002 [19]. The use 

of the same parameters as the MLU002 serves as a comparison and contrast between the two trains: 

the MLU002 using electrodynamic suspension and the diamagnetic suspension MagLev train. This 

comparison includes the following parameters: 

 𝐿𝑃𝐺 = 24 m 

 𝑤𝑃𝐺  = 3 m 

 𝑙𝑒 = 0.4 m 

 𝑝 = 0.5 m 

 𝐼𝑒 = 900 A 

 𝑀𝑡 = 17,000 kg 

 𝜒 = -5.762e-5 

 𝑧 = 2.5e-2 m 

First, it was tested if the diamagnetic force that the electromagnets exert on the graphite under 

the train is enough to levitate it. In the calculations, it was considered that the plate of graphite was 

divided vertically in order to assign to each electromagnet a portion of the plate right above it. It was 

also considered that one of this sections of the field generated by the electromagnet that is bellow and 

none from its neighbors. It is also assumed that each electromagnet behaves as a dipole. In order to 

proceed, we need to deduct the expression for the diamagnetic force. Firstly, consider the square of 

Equation (1.1), explained in section 1.2.1:  

𝐵2(𝑚, 𝑟, 𝜌) =  
𝜇0

2𝑚2

16𝜋2
𝜌2 + 4𝑧2

(𝑧2 + 𝜌2)4
 

The 𝑧 is the vertical axis, positive upwards; 𝑥 is the axis of forward motion of the train and 𝑦 is the lateral 

axis. Assuming that there is no deviation on the yy direction and applying the gradient to this equation, 

we have: 

∇𝐵2(𝑚, 𝑟, 𝜌) =  −
𝜇0

2𝑚2

16𝜋2
∙ [
6𝑥 (𝑥2 + 5𝑧2)

(𝑥2 + 𝑧2)5
0

24𝑧3

(𝑥2 + 𝑧2)5
] 

Replacing Equation (5.2) in Equation (1.16) for the diamagnetic force, we have: 

𝐹𝑑⃗⃗⃗⃗ =  −
𝜒0𝑉𝜇0𝑚

2

32𝜋2
[
6𝑥 (𝑥2 + 5𝑧2)

(𝑥2 + 𝑧2)5
0

24𝑧3

(𝑥2 + 𝑧2)5
] 

In the expression above, 𝑚 is the dipolar moment of each electromagnet. As the electromagnets are all 

vertical, and the section of the graphite their field is actuating on is also vertically above them, the dipolar 

moment can be treated as a scalar. The expression for the dipolar moment of each electromagnet is 

then given by: 

𝑚 = 𝐼𝑒 ∙ 𝐴𝑒, 

where 𝐴𝑒 is the cross-section of the electromagnet and 𝐼𝑒 is the electrical current in the electromagnet. 

Some other expressions need to be introduced before proceeding with this analysis, namely, the total 

volume of the graphite underneath the train is given by: 

𝑉 = 𝐿𝑃𝐺  𝑤𝑃𝐺  𝑡, 

(5.1) 

(5.2) 

(5.3) 

(5.4) 

(5.5) 

. 

. 

. 



62 

 

where 𝐿 is the length, 𝑤 the width and 𝑡 the thickness of the PG plate under the train. 

The total diamagnetic force applied on the train is the sum of all the forces that each 

electromagnet is inducing on its respective section of the graphite. As the force each electromagnet is 

inducing on its respective section is the same, it will have to be multiplied by the number of 

electromagnets to give the total force. Doing this step will make it unnecessary to know the volume of 

each section, as in the end it will be multiplied by the number of sections, totaling the complete volume 

of the plate. In Equations (5.1), (5.2) and (5.3) 𝑧 was considered to be the distance from the origin of the 

dipole to the point where the force is actuating, however, from now on, 𝑧 is considered to be the levitation 

height of the train, or, as it is shown on Figure 5.2 the distance from the top of the electromagnets to the 

bottom surface of the train. Taking the electromagnets as two dimensional, the distance from the dipole 

origin to the point where the force is applied is the distance  𝑧 plus half the thickness of the graphite 

layer. Ergo, the resulting force on the train is:  

𝐹𝑑⃗⃗⃗⃗ =  −
𝜒0 𝐿𝑃𝐺   𝑤𝑃𝐺   𝑡 𝜇0 𝐼𝑒

2 𝐴𝑒
2

32𝜋2

[
 
 
 6𝑥 (𝑥2 + 5(𝑧 +

𝑡
2
)
2

)

(𝑥2 + (𝑧 +
𝑡
2
)
2

)
5 0

24 (𝑧 +
𝑡
2
)
3

(𝑥2 + (𝑧 +
𝑡
2
)
2

)
5

]
 
 
 
 

Having each section directly above the corresponding electromagnet means that the value for 𝑥 is zero. 

So, the resulting vertical force applied on the train is: 

𝐹𝑧 = −
3𝜒0𝐿𝑃𝐺   𝑤𝑃𝐺   𝑡 𝜇0 𝐼𝑒

2 𝐴𝑒
2

4𝜋2
𝑡

(𝑧 +
𝑡
2
)
7 

To maximize the levitation force on the train, Equation (5.8) must be solved, in order to find the 

thickness of the graphite layer that maximizes this force: 

𝜕

𝜕𝑡

𝑡

(𝑧 +
𝑡
2
)
7 = 0 

Equation (5.8) is the derivative for 𝑥 of Equation (5.7). 

The maximizing equation gives 𝑡 =  8.3 𝑚𝑚. With this result, the maximum levitating force on 

the train is: 𝐹𝑧 = 2.145𝑒5𝑁. The weight of the train is 𝐹𝑔 = 1.667𝑒
5𝑁. As 𝐹𝑧 > 𝐹𝑔 it proves that the train 

can be levitated using this method using current technology electromagnets. 

With this basic design for a diamagnetic suspension system, the train would have two ways to 

accelerate, or break: one would be to have a forward phase towards the center of the electromagnets, 

on the other hand, the first electromagnet could be turned off while powering the next one after the last.  

To compute the acceleration force that can be produced by this system, then we will assume 

that each of the volume sections is slightly ahead of the respective electromagnet. Therefore, each 

electromagnet is creating two forces: a forward force on its respective volume section that is ahead of it 

and a breaking force on the section that is right before it. This is true for all the electromagnets except 

for the last one, it will only be producing an accelerating force. As the distance between the centers of 

each electromagnet is the same as the distance between the centers of each graphite section, it will be 

denoted by p. Using the xx component of Equation (5.6), the force acting on the train is given by: 

 

 

 

(5.6) 

(5.7) 

(5.8) 

. 

. 

. 
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𝐹𝑥 = −
3 𝜒0 𝑝  𝑤𝑃𝐺   𝑡 𝜇0 𝐼𝑒

2 𝐴𝑒
2

16𝜋2

[
 
 
 
𝐿𝑃𝐺  

𝑝

𝑥 (𝑥2 + 5(𝑧 +
𝑡
2
)
2

)

(𝑥2 + (𝑧 +
𝑡
2
)
2

)
5 − (

𝐿𝑃𝐺  

𝑝
− 1)                                    

]
 
 
 

 

[
 
 
 

                                                                     − (
𝐿𝑃𝐺  

𝑝
− 1)

(𝑝 − 𝑥) ((𝑝 − 𝑥)2 + 5(𝑧 +
𝑡
2
)
2

)

((𝑝 − 𝑥)2 + (𝑧 +
𝑡
2
)
2

)
5

]
 
 
 

 

Now, instead of computing the value of 𝑥 that would give the maximum acceleration, we will 

compute the maximum 𝑥 that still enables the levitation of the train with the zz component of Equation 

(5.6). Using the weight of the train as the minimum required levitating force, 𝑥 would be: 

𝑥 =  √√−
3 𝜒0 𝐿𝑃𝐺  𝑤𝑃𝐺   𝑡 𝜇0 𝐼𝑒

2 𝐴𝑒
2

4𝜋2 
(𝑧 +

𝑡

2
)
35

− (𝑧 +
𝑡

2
)
2

 

Equation (5.10) gives a result for 𝑥 equal to:  𝑥 =  6.63 𝑚𝑚. Substituting this result in Equation (5.9), 

the maximum acceleration force of the train would be: 𝐹𝑧 = 4.785𝑒4 𝑁. Assuming a frontal area of 𝐴𝐹 =

16 𝑚2, a drag coefficient 𝐶𝑑 =  0.3 and knowing the air density at sea level 𝜌𝑎𝑖𝑟 =  1.225 𝑘𝑔/𝑚3, we can 

use the equation for the aerodynamic drag to compute an estimation of the top velocity,𝑣𝑡 , of the train: 

𝐷 =
1

2
𝜌𝑎𝑖𝑟𝐶𝑑𝐴𝐹𝑣𝑡

2 

The equation results on a top velocity of 𝑣𝑡  =  397.75 𝑘𝑚/ℎ, which is very close to the fastest 

MagLev train that are nowadays in operation. 

Concluding this analysis, a MagLev train using Diamagnetic Suspension would be a viable 

option for a high velocity train. This evaluation lacked the economic and engineering points of view 

needed to scrutinize the cost of development and production of such a project. However, with a cheap 

production of pyrolytic graphite to cover the bottom part of the train, this technology presents great 

potential for future application. 

 

  

(5.9) 

(5.10) 

(5.11) 

. 

. 

. 
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Chapter 6 

 

Conclusions and future work 
 

When this project was first introduced to me, it was clear that it presented itself as challenge 

and an alternative concept from the ones in which other dissertations are based upon. This was a 

research project, an exploration project, the survey of new terrain, the invention of a totally new system 

and the exploration of yet poorly understood physical concepts, properties and phenomena. Due to the 

nature of this MSc thesis, its progression was filled with unpredictable results, dead ends, and loops. 

Several important conclusions were achieved during the research, analysis and creative processes that 

this work required.  

It is mathematically proven that diamagnetism is independent of temperature. However, it is 

certain that, contrarily to this general idea, the magnetic susceptibility of pyrolytic graphite certainly is 

dependent of temperature. This important result can bring new areas of study related to this unique 

characteristic of pyrolytic graphite and its applications. It is crucial that this thesis’s work to study the 

variation of the diamagnetic properties of materials with temperature, and specifically pyrolytic graphite, 

sees continuity in the future. More specifically, the possibility of heating only small sections of a PGS 

with light gives this phenomenon a wide range of possibilities and potentialities: from applications in 

transportation and energy production to electronics. 

The scientific experiments performed for this work helped to improve the comprehension of the 

physical phenomena associated with the attitude control system. These experiments also allowed for 

the comparison between the theoretical analyses performed, the expansion of the work of other 

researchers performed prior to this project as well as to improve the computational simulations 

developed in the context of this project. 

For application as an actuator for attitude control of a satellite, this system shows an actuation 

torque that is too weak to control the cubesat that it is intended for. Furthermore, with several 

improvements made on the simple initial design of this attitude control system, the effect caused by the 

system is still too weak to control the satellite, or even to suppress the perturbations that it is subjected 

by gravity and radiation, and even to be measured by the attitude determination systems of the 

spacecraft. It is noted that further studies are needed for a system using this interaction between the 

PG plate and the magnetic field of the Earth to be effective. 

As an extension to the potential applications of the proposed technology, the design of a new 

propulsion and levitation system for MagLev trains was theorized and physically analyzed. A MagLev 

train using diamagnetic suspension as described and studied on this work could travel close to 400 

km/h. However, some simplifications were assumed for the development of the mathematical models 

and analysis. Furthermore, and most importantly, the engineering, industrial and economic analysis 

needs to be performed, as the system is capable of levitating, propelling and guiding the train, it could 

present itself too expensive to be built or even impossible due to technical limitations. 
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Appendix A – In Orbit Simulation MatLab code 

 

Main Function PG.m 

 

function [M2, T, chi_l]=PG(P_L, r_L, d_L, a, b, l, T0, R, t, att) 
% This function iterates the temperature to which the laser beam is able to 
%   confer the area it covers of the pyrolytic graphite plate. Furthermore,  
%   it computes the momentum caused by the loss of diamagnetism due to the 
%   temperature rise. The inputs of the function are: P_L (laser power  
%   [W]), r_L (laser beam radius [m]), d_L (position of the centre of the  
%   laser beam respective to the PG geometric centre [m]), a (length of the  
%   PG [m]), b (width of the PG [m]), l (thickness of the PG [m]), T (room  
%   temperature [K]), R (vectorial position of the satellite from the  
%   centre of the Earth [m]), t (epoch in MJD2000), att (unitary vector on 
%   the Earth Cantered Inertial reference system 

  
R=R*1e-3;                   % From this point onward, the radius of the  
                            %   orbit is dealt in [km] 

  
%% Physical constants 

  
sig=5.670373e-8;            % Stefan-Boltzmann constant [W m^-2 K^-4] 
miu=4e-7*pi;                % vacuum magnetic permeability [H m^-1] 

  

  
%% PG characteristics 

  
chi=-5.6913e-5;           % magnetic susceptibility of the PG from exp 3 
Rj=3e-4;                   % thermal conductive coupling [m^2 K W^-1] 
emi=0.91;                  % emissivity 

  
%% Finite volume size 
% This will be used to compute the first derivative of the square of the  
%   magnetic field on the position of the satellite 

  
h_t=0.1;                    % theta step of the finite volume 
    % do not go to less than 1e-4 
h_p=1;                      % phi step of the finite volume 
    % do not go to less than 1e-3 
h_r=10;                     % radial step of the finite volume 
    % do not go to less than 1e-2 

  
%% Change to spherical coordinates 

  
r=sqrt(R(1)^2+R(2)^2+R(3)^2);   % [km] 
the=acos(R(3)/r)*180/pi;        % [deg] 
phi=atan2(R(2), R(1))*180/pi;   % [deg] 

  

  
%% Temperature iteration 

  
err=0.1;                        % maximum error on the iteration process 

  
% Surface areas of the cylinder section on the PG that is being heated by 
%   the laser beam 
A_l=2*pi*r_L*l;                 % lateral surface area 
A_s=pi*r_L^2;                   % basal area 
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T=T0; 

  
while 1 
    T1=(P_L+emi*sig*A_s*2*(T0^4-T^4))/(A_l*Rj^-1)+T0; 
        % temperature iteration considering heat losses to the rest of  
        %   the PG as well as radiation losses 
    if abs(T1-T)<=err 
        break 
    end 
    T=T1; 
end 

  
%% Magnetic susceptibility loss on the irradiated area 

  
chi_l=6.620326152908e-19*T1^6-6.990928767344e-16*T1^5+... 
      2.962370540637e-13*T1^4-6.390782638148e-11*T1^3+... 
      6.910117483314e-09*T1^2-7.181467967802e-08*T1-1.148781262481e-04; 
    % The equation was took from experiment 3  
    % This is the trend-line equation that best fits the data gathered 

using 
    % the MPMS 2  

     
%% Magnetic force calculation 

  
V_l=pi*r_L^2*l;             % volume of the laser irradiated PG section 

  
B=mag_f(r, the, phi, t, h_t, h_p, h_r);             % spherical 
    % magnetic field simulation 

  
grad=dB2(B, r, the, h_t, h_p, h_r)                  % spherical 
    % gradient of the square of the magnetic field 

  
F_m=chi*V_l*grad/(2*miu);                           % spherical 
    % magnetic force on the complete plate 

     

  
F_l=chi_l*V_l*grad/(2*miu);                         % spherical 
    % magnetic force on the irradiated area 

  

  
dF_m=F_m-F_l;                                       % spherical 
    % magnetic force deficit 

  
if norm(att)==0 
    att=F_m/norm(F_m);                              % spherical 
else 
    RM=[sin(the*pi/180)*cos(phi*pi/180), sin(the*pi/180)*sin(phi*pi/180),  

cos(the*pi/180); 
        cos(the*pi/180)*cos(phi*pi/180), cos(the*pi/180)*sin(phi*pi/180),  

-sin(the*pi/180); 
                       -sin(phi*pi/180),                 cos(phi*pi/180),                    

0]; 
    % rotation matrix from Cartesian ECI to the spherical coordinate system 
    % used to represent the force 

     
    att=RM*att';                                    % spherical 
end 
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d=body_to_sph(att, d_L);                            % spherical 
    % rotation of the d_L vector on the PG plate 2D coordinate system to 
    % the ECI 

  
M2=cross(d, dF_m);                                  % spherical 
    % torque computation 

  

  
end 

 

Function mag_f.m 

 

function [B]=mag_f(R, THE, PHI, T, h_t, h_p, h_r) 
%mag_f requests the simulator CHAOS-5 to compute the components of the 
%magnetic field on the position of the satellite as well as on four other 
%points at determined distances from the true position 
%The inputs of this function are: R, the satellite's distance from the  
%centre of Earth [km]; THE, the satellite's polar angle [deg]; PHI, the 
%satellite's azimuthal angle [deg]; h_t, the distance between the various 
%points in which the magnetic field will be computed on the theta 
%direction; h_p,  the distance between the various points in which the  
%magnetic field will be computed on the phi direction; h_r, the distance 
%between the various points in which the magnetic field will be computed on 
%the radius direction 

  
B=zeros(24, 3); 
R_E=6371.2;                 % Earth's mean radius [km] 

  
%% Cell array with the position elements to be computed 
P={THE-4*h_t, PHI, R-R_E, T; 
   THE-3*h_t, PHI, R-R_E, T; 
   THE-2*h_t, PHI, R-R_E, T; 
   THE-  h_t, PHI, R-R_E, T; 
   THE+  h_t, PHI, R-R_E, T; 
   THE+2*h_t, PHI, R-R_E, T; 
   THE+3*h_t, PHI, R-R_E, T; 
   THE+4*h_t, PHI, R-R_E, T; 
   THE, PHI-4*h_p, R-R_E, T; 
   THE, PHI-3*h_p, R-R_E, T; 
   THE, PHI-2*h_p, R-R_E, T; 
   THE, PHI-  h_p, R-R_E, T; 
   THE, PHI+  h_p, R-R_E, T; 
   THE, PHI+2*h_p, R-R_E, T; 
   THE, PHI+3*h_p, R-R_E, T; 
   THE, PHI+4*h_p, R-R_E, T; 
   THE, PHI, R-4*h_r-R_E, T; 
   THE, PHI, R-3*h_r-R_E, T; 
   THE, PHI, R-2*h_r-R_E, T; 
   THE, PHI, R-  h_r-R_E, T; 
   THE, PHI, R+  h_r-R_E, T; 
   THE, PHI, R+2*h_r-R_E, T; 
   THE, PHI, R+3*h_r-R_E, T; 
   THE, PHI, R+4*h_r-R_E, T; 
   THE, PHI, R-R_E,       T}; 
    % the first 24 rows are used to compute the derivative on the point of 
    % the ninth row 

  
%% Input file creation 
fileID=fopen('input.dat', 'w'); 
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formatSpec='%f %f %f %f\n'; 
for row=1:25 
    fprintf(fileID, formatSpec, P{row,:}); 
end 
fclose(fileID); 

  

  
%% Magnetic field model 
synth_CHAOS_preds 

  

  
%% Output file 
O=zeros(25, 13); 

  
fileID=fopen('CHAOS_preds.dat', 'r'); 
formatSpec='%s,'; 
for i=1:25 
    fscanf(fileID, formatSpec); 
end 

  
formatSpec='%f,'; 

  
for k=1:25 
    for j=1:13 
        O(k,j)=fscanf(fileID, formatSpec); 
    end 
end 

  
fclose(fileID); 

  

  
%% Creation of the matrix with only the computed values for the magnetic 

field 
for i=1:25 
    for j=1:3 
        B(i, j)=O(i, j+4)*1e-9; 
    end 
end 

 

 

Function dB2.m 

 

function [grad]=dB2(B, R, THE, h_t, h_p, h_r) 
%This function computes the gradient of the Earth's magnetic field squared 
%   Using the CHAOS 5 model, this function computes the gradient of the 
%   Earth's magnetic field squared with a central difference eighth order 
%   approximation 

  
B2=zeros(24, 1); 

  
for i=1:24 
    B2(i)=dot(B(i, :), B(i, :));   % square of each component of the mag f 
end 

  

  
%% Computation of the derivatives of the squared magnetic field 
dBdr=deriv8CD(B2(17:24), h_r); 
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dBdt=deriv8CD(B2(1:8), h_t); 
dBdp=deriv8CD(B2(9:16), h_p); 

  
%% Computation of the gradient of the squared magnetic field 
grad=[dBdr dBdt/R dBdp/(R*sin(THE*pi/180))]; 

  
end 

 

 

Function deriv8CD.m 

 

function [dd]=deriv8CD(u, h) 
%This function computes the derivative of a function 
%   Is a eighth order central differences differentiator  

  
dd=(1/280*(u(1)-u(8))+4/105*(u(7)-u(2))+1/5*(u(3)-u(6))+4/5*(u(5)-u(4)))/h; 

  
end 

 

 

Function body_to_sph.m 

 

function [d]=body_to_sph(a, d_L) 
%Rotates from body frame to the spherical coordinate frame 
%This function uses the attitude vector of the satellite, conventioned to 
%be coincident to the zz axis of the body frame of the satellite, to find 
%the rotation matrix from the body frame to spherical Cartesian referential 
%frame. Then, it computes the vector d_L on this frame 

  
a=a/norm(a); 
b=[0; 
   0; 
   1]; 

  
v=cross(a, b); 
s=norm(v); 
c=dot(a, b); 

  
vx=[    0, -v(3),  v(2); 
     v(3),     0, -v(1); 
    -v(2),  v(1),     0]; 

  
R=eye(3)+vx+vx^2*(1-c)/s^2; 

  
d_L3=[d_L; 
        0]; 

  
d=R*d_L3; 

  
end 
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Appendix 2 – Magnet Array Simulation MatLab code 

 

Function mag_arr_sim.m 

 

function [ax, ay, h_ff, ga_ff, de_ff, torqgg1, torqgg2, jjj]=mag_arr_sim(i, 

j, l, w, t, M, n, mm, chi, d_L) 
%mag_arr_sim computes the components of the acceleration on the PG 
%   Simulating the magnetic field above an array of neodymium magnets, this 
%   function discretizes the PG plate on small sections and computes the 
%   force each magnet is exerting on it. This function computes the 
%   levitating height and the tilt on the plate due to the heating of a 
%   portion of the plate to decrease its magnetic susceptibility. The 
%   temperature of this section is also computed. The inputs of the  
%   function are: i, number of magnets in the xx direction; j, number of 
%   magnets in the yy direction; l, length of the PG plate [m]; w, width of 
%   the PG plate [m]; t, thickness of the PG plate [m]; M, magnetization of 
%   the magnets [A/m]; n, number of divisions of the PG plate in one  
%   direction; mm, mass of the PG plate [kg]; chi, magnetic susceptibility 
%   of the plate at room temperature; d_L, vector with the position of the  
%   centre of the laser beam focus on the plate [m] 

  

  
%% Physical constants 

  
sig=5.670373e-8;                % Stefan-Boltzmann constant [W m^-2 K^-4] 
miu=4e-7*pi;                    % vacuum magnetic permeability [H m^-1] 
g=9.80665;                      % Standard acceleration due to gravity 

[m/s^2] 

  
%% Experiment characteristics 

  
mag_l=0.00634;                  % Length of the magnets [m] 
mag_w=0.00632;                  % Width of the magnets [m] 
mag_t=0.00635;                  % Height of the magnet [m] 
eps=1e-5;                       % Spacing to the derivative computation [m] 
Rj=3e-3;                        % thermal joint resistance of  
                                %    pyrolytic graphite [m^2 K W^-1] 
emi=0.91;                       % emissivity of graphite 
r_L=0.001;                      % laser beam radius [m] 
P_L=0.25;                       % laser power [W] 
T0=300;                         % initial temperature (laser off) [K] 

  
%% Matrix creation and variable initiation 

  
PG=zeros(n, n, 3);              % This structure will contain the 

coordinate  
                                %   of the discretization on its first two 
                                %   indexes and the third has the position 
                                %   in (x,y,z) of the centre of that 

section 
mag=zeros(i, j, 3);             % This structure will contain the three  
                                %   components of the magnetic field on its 
                                %   third index referring to the section of 
                                %   the PG plate which coordinates are the 
                                %   first two indexes of this structure 
aux=zeros(3,1);                 % Auxiliary vector 
de=1e-16;                       % Initial value for the tilt angle on the 

yy axis 
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ga=1e-16;                       % Initial value for the tilt angle on the 

xx axis 
de_ff=0;                        % Iteration past delta angle 
ga_ff=0;                        % Iteration past gamma angle 
%h=mag_t/7;                      % Initial levitation height  
%h_ff=mag_t/7;                   % Iteration past levitation height 
h=8.8e-4; 
h_ff=8.8e-4; 

  
jj=0;                           % Number of the iteration step 

  
%% Discretization of the PG plate 

  
a=l/n;                          % Length of each discretization 
b=w/n;                          % Width of each discretization 

  
for k=1:n 
    for m=1:n 
        PG(k, m, :)=[(k-1/2-n/2)*a; (m-1/2-n/2)*b; mag_t+h]; 
            % positions of the several geometric centres of the 
            % discretization 
    end 
end 

  
PG_aux=PG;                      % This matrix will be used so that the  
                                %   information on the PG structure is 
                                %   never overwritten  

  
%% Magnet position matrix 

  
for o=1:i 
    for p=1:j 
        mag(o, p, :)=[(o-1/2-i/2)*mag_l; (p-1/2-j/2)*mag_w; mag_t/2]; 
            % positions of the several geometric centres of the dipolar 
            % magnets 
    end 
end 

  
%% Temperature iteration 

  
err=0.1;                        % maximum error on the iteration process 

  
% Surface areas of the cylinder section on the PG that is being heated by 
%   the laser beam 
A_l=2*pi*r_L*t;                 % lateral surface area 
A_s=pi*r_L^2;                   % basal area 

              
T=T0; 

  
while 1 
    T1=(P_L+emi*sig*A_s*2*(T0^4-T^4))/(A_l*Rj^-1)+T0; 
        % temperature iteration considering heat losses to the rest of  
        %   the PG as well as radiation losses 
    if abs(T1-T)<=err 
        break 
    end 
    T=T1; 
end 
T=T1 
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%% Magnetic susceptibility loss on the irradiated area 

  
chi_l=6.620326152908e-19*T1^6-6.990928767344e-16*T1^5+... 
      2.962370540637e-13*T1^4-6.390782638148e-11*T1^3+... 
      6.910117483314e-09*T1^2-7.181467967802e-08*T1-1.148781262481e-04 
    % The equation was took from experiment 3  
    % This is the trend-line equation that best fits the data gathered 

using 
    % the MPMS 2  

  
%%  
Fg=mm*g;                        % Weight of the PG plate 
torq=[1, 1, 1];                 % Initial torque estimation 

     
%% Computation of the levitating height 
while abs(torq(2))>1e-8 || abs(torq(1))>1e-8 

     
    dB(1:3)=f_dB(PG_aux, mag, mag_l, mag_w, mag_t, M, eps, i, j, n); 
        % Magnetic field on each PG plate discretization 

  
    Fm=(chi+((chi_l-chi)*A_s/(w*l)))*w*l*t*dB/(miu*2); 
        % magnetic force on the plate 

  
    dFm_Fg=Fm(3)-Fg;            % force difference to vertical stability  

  
    h_f=h; 
    h=h*(1+dFm_Fg*60);          % levitation height update 

  
    for k=1:n 
        for m=1:n 
            PG_aux(k, m, 3)=PG_aux(k, m, 3)-h_f+h; 
                % discretization position update for levitating height 
        end 
    end 

     
    dF=chi*dB*A_s*t/(2*miu)*(chi_l/chi-1); 
        % torque inducing force from the heated area 

  
    d_L0=d_L; 

  
    %% Inclination of the PG plate 

  
    torq=cross(d_L, dF); 
        % torque on the plate 

     
    if torq(1)<-1e-7 || torq(1)>1e-7 
        ga=ga+torq(1)*5;      % update of the gamma angle 
    end 

     
    if torq(2)>1e-7 || torq(2)<-1e-7 
        de=de+torq(2)*5;      % update of the delta angle 
    end 

  
    R_de=[cos(de),  0, sin(de); 
                 0, 1,       0; 
          -sin(de), 0, cos(de)]; 

  
    R_ga=[1,       0,        0; 



78 

 

          0, cos(ga), -sin(ga); 
          0, sin(ga),  cos(ga)]; 

  
    RM=R_ga*R_de; 
        % rotation matrix of the PG plate due to the torque created 

  
    d_L=RM*d_L0; 
        % rotation of the focusing point referent to the centre of the 
        % PG plate 

  
    for k=1:n 
        for m=1:n 
            for o=1:2 
                aux(o)=PG(k, m, o); 
            end 
            PG_aux(k, m, :)=RM*aux; 
            PG_aux(k, m, 3)=PG_aux(k, m, 3)+mag_t+h; 
                % discretization position update for tilt angles 
        end 
    end 

  
    %% Save of the final values of the iteration step 
    jj=jj+1                     % iteration step number update 
    torqgg1(jj)=torq(1);        % Torque on the xx axis 
    torqgg2(jj)=torq(2);        % Torque on the yy axis 
    degg(jj)=de;                % Delta angle 
    gagg(jj)=ga;                % Gamma angle 
    hgg(jj)=h;                  % Levitation height 

         
    h_ff=h; 
    ga_ff=ga; 
    de_ff=de; 

     
    if jj==500 
        break 
    end 
end 

  

  
%% Plots of the iteration results 
jjj=1:1:jj; 
figure 
plot(jjj, gagg); 
title('Tilt angle (x axis)'); 
xlabel('Iteration step'); 
ylabel('\gamma [rad]'); 

  
figure 
plot(jjj, degg); 
title('Tilt angle (y axis)'); 
xlabel('Iteration step'); 
ylabel('\delta [rad]'); 

  
figure 
plot(jjj, hgg); 
title('Levitating height'); 
xlabel('Iteration step'); 
ylabel('h [m]'); 

  
figure 
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plot(jjj, torqgg1); 
%xlim([0 180]); 
ylim([-3e-6 1e-7]); 
title('Torque (x axis)'); 
xlabel('Iteration step'); 
ylabel('Torque (x component) [N m]'); 

  
figure 
plot(jjj, torqgg2); 
%xlim([0 180]); 
ylim([-1e-7 3e-6]); 
title('Torque (y axis)'); 
xlabel('Iteration step'); 
ylabel('Torque (y component) [N m]'); 

  
%% Horizontal components of the resulting acceleration 
ax=Fm(1)/mm; 
ay=Fm(2)/mm; 

  
end 

 

 

Function f_dB.m 

 

function [dB]=f_dB(PG, mag, mag_l, mag_w, mag_t, M, eps, i, j, n) 
%f_VdBd computes the coefficients V*(dB/dx+dB/dy+dB/dz) 
%   This function discretizes the PG plate and computes the derivative of 
%   the magnetic field squared that is applied on each volume 
%   discretization. The inputs of the function are: PG, a matrix n by n by 
%   3 (n is the number of segments of the PG plate) which contains the 
%   position x, y, z of each portion in the plate [m]; a is the length of 
%   each PG section [m]; b is the width of each PG section [m]; t is the 
%   thickness of the PG plate [m]; mag is a i by j by 3 matrix containing 
%   the position of each magnet on the i by j magnet array [m]; mag_l is 
%   the length of each magnet [m]; mag_w is the width of each magnet [m]; 
%   mag_t is the height of each magnet [m]; M is the mean magnetization of 
%   the magnets [A/m]; h, levitating height [m]; dh is the spacing to the  
%   derivative computation [m]; i is the number of magnets in the xx  
%   direction; j, number of magnets in the yy direction; n, number of  
%   divisions of the PG plate in one direction; 

  
miu=4e-7*pi;                    % Vacuum magnetic permeability [H/m] 

  
%% Variable initiation 
B_x=zeros(4, 3); 
B_y=zeros(4, 3); 
B_z=zeros(4, 3); 
B_f_x=zeros(4, 3); 
B_f_y=zeros(4, 3); 
B_f_z=zeros(4, 3); 
BB_x=zeros(4, 1);  
BB_y=zeros(4, 1);  
BB_z=zeros(4, 1); 
dBdx=0; 
dBdy=0; 
dBdz=0; 

  
m_v=M*mag_l*mag_w*mag_t*[0, 0, 1];  % dipolar moment of the magnets [A m^2] 
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%% Discretization of the PG plate and computation of the coefficient 

V*dB/dz 

  
% movement along the discretizations 
for k=1:n 
    % movement along the discretizations sections in xx 
    for m=1:n 
        % movement along the discretizations sections in yy 

         
        % movement along the magnets 
        for o=1:i 
            % movement along the magnets in xx 
            for p=1:j 
                % movement along the magnets in yy 

                 
                %% Relative position matrix 
                    % these matrices have the position of the points on  
                    % each axis, necessary to compute the derivative, on  
                    % the neighbourhood of the discretization  (k, m)  
                    % relative  to the magnet (o, p) 

                 
                r_x=[PG(k, m, 1)-mag(o, p, 1)-2*eps,  

PG(k, m, 2)-mag(o, p, 2), PG(k, m, 3)-mag(o, p, 3); 
                     PG(k, m, 1)-mag(o, p, 1)-  eps,  

PG(k, m, 2)-mag(o, p, 2), PG(k, m, 3)-mag(o, p, 3); 
                     PG(k, m, 1)-mag(o, p, 1)+  eps,  

PG(k, m, 2)-mag(o, p, 2), PG(k, m, 3)-mag(o, p, 3); 

                 PG(k, m, 1)-mag(o, p, 1)+2*eps,  
PG(k, m, 2)-mag(o, p, 2), PG(k, m, 3)-mag(o, p, 3)]; 

                
                r_y=[PG(k, m, 1)-mag(o, p, 1),  

PG(k, m, 2)-mag(o, p, 2)-2*eps, PG(k, m, 3)-mag(o, p, 3); 
                     PG(k, m, 1)-mag(o, p, 1),  

PG(k, m, 2)-mag(o, p, 2)-  eps, PG(k, m, 3)-mag(o, p, 3); 
                     PG(k, m, 1)-mag(o, p, 1),  

PG(k, m, 2)-mag(o, p, 2)+  eps, PG(k, m, 3)-mag(o, p, 3); 
                     PG(k, m, 1)-mag(o, p, 1),  

PG(k, m, 2)-mag(o, p, 2)+2*eps, PG(k, m, 3)-mag(o, p, 3)]; 

                 
                r_z=[PG(k, m, 1)-mag(o, p, 1),  

PG(k, m, 2)-mag(o, p, 2), PG(k, m, 3)-mag(o, p, 3)-2*eps; 
                     PG(k, m, 1)-mag(o, p, 1),  

PG(k, m, 2)-mag(o, p, 2), PG(k, m, 3)-mag(o, p, 3)-  eps; 
                     PG(k, m, 1)-mag(o, p, 1),  

PG(k, m, 2)-mag(o, p, 2), PG(k, m, 3)-mag(o, p, 3)+  eps; 
                     PG(k, m, 1)-mag(o, p, 1),  

PG(k, m, 2)-mag(o, p, 2), PG(k, m, 3)-mag(o, p, 3)+2*eps]; 

                 
                r_x_norm=[r_x(1, :)/norm(r_x(1, :)); 
                          r_x(2, :)/norm(r_x(2, :)); 
                          r_x(3, :)/norm(r_x(3, :)); 
                          r_x(4, :)/norm(r_x(4, :))]; 

                     
                r_y_norm=[r_y(1, :)/norm(r_y(1, :)); 
                          r_y(2, :)/norm(r_y(2, :)); 
                          r_y(3, :)/norm(r_y(3, :)); 
                          r_y(4, :)/norm(r_y(4, :))]; 

                 
                r_z_norm=[r_z(1, :)/norm(r_z(1, :)); 
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                          r_z(2, :)/norm(r_z(2, :)); 
                          r_z(3, :)/norm(r_z(3, :)); 
                          r_z(4, :)/norm(r_z(4, :))]; 

                                   
                % computation of the three components of the magnetic field 
                % on each of the 12 points 
                for q=1:4 
                    B_x(q, :)=(miu/4/pi)*((3*dot(m_v, r_x_norm(q, :))* 

r_x_norm(q, :)-m_v)/(norm(r_x(q, :)))^3); 
                    B_y(q, :)=(miu/4/pi)*((3*dot(m_v, r_y_norm(q, :))* 

r_y_norm(q, :)-m_v)/(norm(r_y(q, :)))^3);                   
                    B_z(q, :)=(miu/4/pi)*((3*dot(m_v, r_z_norm(q, :))* 

r_z_norm(q, :)-m_v)/(norm(r_z(q, :)))^3);         
                end 

                 
                % cumulative contribution for the intensity of the magnetic 
                % field for the discretization (k, m) from each magnet 
                B_f_x(:, :)=B_x(:, :)+B_f_x(:, :); 
                B_f_y(:, :)=B_y(:, :)+B_f_y(:, :); 
                B_f_z(:, :)=B_z(:, :)+B_f_z(:, :); 
            end 
        end 

         
        % computation of B^2 
        for q=1:4 
            BB_x(q)=dot(B_f_x(q, :), B_f_x(q, :)); 
            BB_y(q)=dot(B_f_y(q, :), B_f_y(q, :)); 
            BB_z(q)=dot(B_f_z(q, :), B_f_z(q, :)); 
        end 

         
        % computation of the three components of the derivative using the 
        % four points on each axis 
        dBdx=deriv4CD(BB_x(:), eps)+dBdx; 
        dBdy=deriv4CD(BB_y(:), eps)+dBdy; 
        dBdz=deriv4CD(BB_z(:), eps)+dBdz; 

         
        % reset of the magnetic field variable to compute it for the next 
        % discretization 
        B_f_x=zeros(4, 3); 
        B_f_y=zeros(4, 3); 
        B_f_z=zeros(4, 3); 
    end 
end 

  
dB=[dBdx, dBdy, dBdz]; 

  
end 

 

Function deriv4CD.m 

 

function [dd]=deriv4CD(u, h) 
%This function computes the derivative of a function 
%   Is a fourth order central differences differentiator  

  
dd=(-u(4)+8*u(3)-8*u(2)+u(1))/(12*h); 

  
end 
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Appendix C - Data gathered using the SQUID MPMS 2 

 

Sample Name: Pyrolytic Graphite 

Sample Weight (g): 0,03833 

Sample volume (cm3) 0,01276 

Density (g/cm3) 3,00418 

Comment: T dependence 

Data File: Pyrolytic Graphite 

Date: 8/13/2015, 4:57:13 PM 

 

 

 

Field 
(Oe) 

Temperature 
(K) 

Magnetization 
(emu/cm3) 

Magnetic 
Susceptibility 
(volume) 

1000 300,010 -5,691E-02 -5,691E-05 

1000 298,980 -5,698E-02 -5,698E-05 

1000 297,950 -5,713E-02 -5,713E-05 

1000 296,930 -5,721E-02 -5,721E-05 

1000 295,870 -5,739E-02 -5,739E-05 

1000 294,870 -5,750E-02 -5,750E-05 

1000 293,770 -5,762E-02 -5,762E-05 

1000 292,820 -5,770E-02 -5,770E-05 

1000 291,880 -5,786E-02 -5,786E-05 

1000 290,800 -5,798E-02 -5,798E-05 

1000 289,840 -5,805E-02 -5,805E-05 

1000 288,900 -5,821E-02 -5,821E-05 

1000 287,870 -5,835E-02 -5,835E-05 

1000 286,880 -5,848E-02 -5,848E-05 

1000 285,920 -5,859E-02 -5,859E-05 

1000 284,890 -5,875E-02 -5,875E-05 

1000 283,870 -5,882E-02 -5,882E-05 

1000 282,870 -5,895E-02 -5,895E-05 

1000 281,880 -5,910E-02 -5,910E-05 

1000 280,860 -5,924E-02 -5,924E-05 

1000 279,820 -5,943E-02 -5,943E-05 

1000 278,880 -5,947E-02 -5,947E-05 

1000 277,810 -5,964E-02 -5,964E-05 

1000 276,840 -5,976E-02 -5,976E-05 

1000 275,880 -5,984E-02 -5,984E-05 

1000 274,840 -6,000E-02 -6,000E-05 

1000 273,920 -6,019E-02 -6,019E-05 

1000 272,830 -6,029E-02 -6,029E-05 

1000 271,900 -6,043E-02 -6,043E-05 

1000 270,830 -6,055E-02 -6,055E-05 

1000 269,870 -6,068E-02 -6,068E-05 

1000 268,860 -6,077E-02 -6,077E-05 

1000 267,870 -6,094E-02 -6,094E-05 

1000 266,870 -6,110E-02 -6,110E-05 

1000 265,800 -6,127E-02 -6,127E-05 

1000 264,870 -6,136E-02 -6,136E-05 

1000 263,820 -6,153E-02 -6,153E-05 

1000 262,960 -6,162E-02 -6,162E-05 

1000 261,890 -6,175E-02 -6,175E-05 

1000 260,850 -6,188E-02 -6,188E-05 

1000 259,900 -6,210E-02 -6,210E-05 

1000 258,830 -6,221E-02 -6,221E-05 

1000 257,910 -6,230E-02 -6,230E-05 

1000 256,880 -6,246E-02 -6,246E-05 

1000 255,810 -6,257E-02 -6,257E-05 

1000 254,860 -6,275E-02 -6,275E-05 

1000 253,830 -6,284E-02 -6,284E-05 

1000 252,840 -6,305E-02 -6,305E-05 

1000 251,890 -6,318E-02 -6,318E-05 

1000 250,830 -6,335E-02 -6,335E-05 

1000 249,900 -6,349E-02 -6,349E-05 

1000 248,860 -6,367E-02 -6,367E-05 

1000 247,860 -6,371E-02 -6,371E-05 

1000 246,900 -6,389E-02 -6,389E-05 

1000 245,830 -6,405E-02 -6,405E-05 

1000 244,900 -6,423E-02 -6,423E-05 

1000 243,830 -6,437E-02 -6,437E-05 

1000 242,890 -6,452E-02 -6,452E-05 

1000 241,860 -6,471E-02 -6,471E-05 

1000 240,850 -6,486E-02 -6,486E-05 

1000 239,890 -6,494E-02 -6,494E-05 

1000 238,830 -6,516E-02 -6,516E-05 

1000 237,860 -6,529E-02 -6,529E-05 

1000 236,870 -6,535E-02 -6,535E-05 

1000 235,870 -6,549E-02 -6,549E-05 

1000 234,840 -6,570E-02 -6,570E-05 

1000 233,840 -6,581E-02 -6,581E-05 

1000 232,910 -6,599E-02 -6,599E-05 

1000 231,900 -6,615E-02 -6,615E-05 

1000 230,810 -6,631E-02 -6,631E-05 

1000 229,840 -6,646E-02 -6,646E-05 

1000 228,890 -6,662E-02 -6,662E-05 

1000 227,830 -6,675E-02 -6,675E-05 

1000 226,910 -6,696E-02 -6,696E-05 

1000 225,910 -6,709E-02 -6,709E-05 

1000 224,820 -6,727E-02 -6,727E-05 

1000 223,900 -6,740E-02 -6,740E-05 

1000 222,920 -6,759E-02 -6,759E-05 

1000 221,840 -6,767E-02 -6,767E-05 

1000 220,860 -6,792E-02 -6,792E-05 

1000 219,900 -6,805E-02 -6,805E-05 

1000 218,830 -6,829E-02 -6,829E-05 
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1000 217,880 -6,835E-02 -6,835E-05 

1000 216,810 -6,856E-02 -6,856E-05 

1000 215,920 -6,869E-02 -6,869E-05 

1000 214,880 -6,891E-02 -6,891E-05 

1000 213,830 -6,907E-02 -6,907E-05 

1000 212,870 -6,924E-02 -6,924E-05 

1000 211,840 -6,936E-02 -6,936E-05 

1000 210,840 -6,956E-02 -6,956E-05 

1000 209,880 -6,975E-02 -6,975E-05 

1000 208,880 -6,990E-02 -6,990E-05 

1000 207,840 -7,008E-02 -7,008E-05 

1000 206,810 -7,030E-02 -7,030E-05 

1000 205,910 -7,041E-02 -7,041E-05 

1000 204,840 -7,063E-02 -7,063E-05 

1000 203,900 -7,076E-02 -7,076E-05 

1000 202,830 -7,099E-02 -7,099E-05 

1000 201,910 -7,111E-02 -7,111E-05 

1000 200,900 -7,130E-02 -7,130E-05 

1000 199,850 -7,146E-02 -7,146E-05 

1000 198,900 -7,163E-02 -7,163E-05 

1000 197,880 -7,184E-02 -7,184E-05 

1000 196,870 -7,202E-02 -7,202E-05 

1000 195,890 -7,225E-02 -7,225E-05 

1000 194,850 -7,237E-02 -7,237E-05 

1000 193,890 -7,254E-02 -7,254E-05 

1000 192,870 -7,272E-02 -7,272E-05 

1000 191,870 -7,293E-02 -7,293E-05 

1000 190,870 -7,314E-02 -7,314E-05 

1000 189,820 -7,326E-02 -7,326E-05 

1000 188,910 -7,348E-02 -7,348E-05 

1000 187,860 -7,368E-02 -7,368E-05 

1000 186,860 -7,384E-02 -7,384E-05 

1000 185,870 -7,406E-02 -7,406E-05 

1000 184,810 -7,421E-02 -7,421E-05 

1000 183,900 -7,442E-02 -7,442E-05 

1000 182,900 -7,460E-02 -7,460E-05 

1000 181,840 -7,481E-02 -7,481E-05 

1000 180,880 -7,500E-02 -7,500E-05 

1000 179,900 -7,514E-02 -7,514E-05 

1000 178,880 -7,534E-02 -7,534E-05 

1000 177,920 -7,556E-02 -7,556E-05 

1000 176,900 -7,578E-02 -7,578E-05 

1000 175,830 -7,598E-02 -7,598E-05 

1000 174,870 -7,617E-02 -7,617E-05 

1000 173,900 -7,632E-02 -7,632E-05 

1000 172,810 -7,658E-02 -7,658E-05 

1000 171,870 -7,677E-02 -7,677E-05 

1000 170,910 -7,695E-02 -7,695E-05 

1000 169,850 -7,714E-02 -7,714E-05 

1000 168,870 -7,740E-02 -7,740E-05 

1000 167,850 -7,758E-02 -7,758E-05 

1000 166,890 -7,777E-02 -7,777E-05 

1000 165,910 -7,797E-02 -7,797E-05 

1000 164,840 -7,821E-02 -7,821E-05 

1000 163,880 -7,839E-02 -7,839E-05 

1000 162,860 -7,866E-02 -7,866E-05 

1000 161,860 -7,886E-02 -7,886E-05 

1000 160,820 -7,904E-02 -7,904E-05 

1000 159,890 -7,933E-02 -7,933E-05 

1000 158,890 -7,951E-02 -7,951E-05 

1000 157,800 -7,969E-02 -7,969E-05 

1000 156,910 -7,987E-02 -7,987E-05 

1000 155,860 -8,015E-02 -8,015E-05 

1000 154,840 -8,035E-02 -8,035E-05 

1000 153,850 -8,052E-02 -8,052E-05 

1000 152,880 -8,082E-02 -8,082E-05 

1000 151,850 -8,096E-02 -8,096E-05 

1000 150,880 -8,124E-02 -8,124E-05 

1000 149,840 -8,143E-02 -8,143E-05 

1000 148,890 -8,160E-02 -8,160E-05 

1000 147,870 -8,190E-02 -8,190E-05 

1000 146,880 -8,209E-02 -8,209E-05 

1000 145,860 -8,232E-02 -8,232E-05 

1000 144,810 -8,255E-02 -8,255E-05 

1000 143,890 -8,282E-02 -8,282E-05 

1000 142,780 -8,298E-02 -8,298E-05 

1000 141,870 -8,327E-02 -8,327E-05 

1000 140,920 -8,346E-02 -8,346E-05 

1000 139,810 -8,375E-02 -8,375E-05 

1000 138,890 -8,393E-02 -8,393E-05 

1000 137,900 -8,415E-02 -8,415E-05 

1000 136,840 -8,439E-02 -8,439E-05 

1000 135,870 -8,466E-02 -8,466E-05 

1000 134,810 -8,483E-02 -8,483E-05 

1000 133,880 -8,505E-02 -8,505E-05 

1000 132,900 -8,532E-02 -8,532E-05 

1000 131,820 -8,552E-02 -8,552E-05 

1000 130,900 -8,582E-02 -8,582E-05 

1000 129,860 -8,604E-02 -8,604E-05 

1000 128,840 -8,625E-02 -8,625E-05 

1000 127,890 -8,652E-02 -8,652E-05 

1000 126,860 -8,673E-02 -8,673E-05 

1000 125,900 -8,700E-02 -8,700E-05 

1000 124,840 -8,730E-02 -8,730E-05 

1000 123,870 -8,752E-02 -8,752E-05 

1000 122,910 -8,770E-02 -8,770E-05 

1000 121,850 -8,801E-02 -8,801E-05 

1000 120,900 -8,825E-02 -8,825E-05 

1000 119,910 -8,850E-02 -8,850E-05 

1000 118,840 -8,879E-02 -8,879E-05 

1000 117,920 -8,896E-02 -8,896E-05 

1000 116,840 -8,928E-02 -8,928E-05 

1000 115,860 -8,947E-02 -8,947E-05 

1000 114,830 -8,981E-02 -8,981E-05 

1000 113,880 -9,003E-02 -9,003E-05 

1000 112,870 -9,029E-02 -9,029E-05 

1000 111,820 -9,053E-02 -9,053E-05 

1000 110,870 -9,078E-02 -9,078E-05 

1000 109,810 -9,108E-02 -9,108E-05 

1000 108,890 -9,130E-02 -9,130E-05 

1000 107,890 -9,157E-02 -9,157E-05 

1000 106,850 -9,181E-02 -9,181E-05 
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1000 105,880 -9,208E-02 -9,208E-05 

1000 104,850 -9,241E-02 -9,241E-05 

1000 103,890 -9,260E-02 -9,260E-05 

1000 102,810 -9,289E-02 -9,289E-05 

1000 101,860 -9,313E-02 -9,313E-05 

1000 100,880 -9,343E-02 -9,343E-05 

1000 99,847 -9,368E-02 -9,368E-05 

1000 98,894 -9,392E-02 -9,392E-05 

1000 97,870 -9,417E-02 -9,417E-05 

1000 96,851 -9,452E-02 -9,452E-05 

1000 95,848 -9,480E-02 -9,480E-05 

1000 94,786 -9,506E-02 -9,506E-05 

1000 93,869 -9,533E-02 -9,533E-05 

1000 92,855 -9,558E-02 -9,558E-05 

1000 91,829 -9,586E-02 -9,586E-05 

1000 90,879 -9,614E-02 -9,614E-05 

1000 89,806 -9,638E-02 -9,638E-05 

1000 88,912 -9,671E-02 -9,671E-05 

1000 87,888 -9,692E-02 -9,692E-05 

1000 86,869 -9,728E-02 -9,728E-05 

1000 85,849 -9,749E-02 -9,749E-05 

1000 84,837 -9,786E-02 -9,786E-05 

1000 83,886 -9,814E-02 -9,814E-05 

1000 82,895 -9,843E-02 -9,843E-05 

1000 81,845 -9,862E-02 -9,862E-05 

1000 80,896 -9,891E-02 -9,891E-05 

1000 79,907 -9,923E-02 -9,923E-05 

1000 78,868 -9,944E-02 -9,944E-05 

1000 77,892 -9,980E-02 -9,980E-05 

1000 76,830 -1,000E-01 -1,000E-04 

1000 75,913 -1,003E-01 -1,003E-04 

1000 74,905 -1,006E-01 -1,006E-04 

1000 73,851 -1,009E-01 -1,009E-04 

1000 72,879 -1,011E-01 -1,011E-04 

1000 71,878 -1,014E-01 -1,014E-04 

1000 70,818 -1,017E-01 -1,017E-04 

1000 69,855 -1,020E-01 -1,020E-04 

1000 68,866 -1,023E-01 -1,023E-04 

1000 67,820 -1,026E-01 -1,026E-04 

1000 66,874 -1,029E-01 -1,029E-04 

1000 65,810 -1,031E-01 -1,031E-04 

1000 64,879 -1,034E-01 -1,034E-04 

1000 63,883 -1,037E-01 -1,037E-04 

1000 62,809 -1,039E-01 -1,039E-04 

1000 61,881 -1,042E-01 -1,042E-04 

1000 60,885 -1,045E-01 -1,045E-04 

1000 59,872 -1,047E-01 -1,047E-04 

1000 58,859 -1,051E-01 -1,051E-04 

1000 57,844 -1,053E-01 -1,053E-04 

1000 56,851 -1,056E-01 -1,056E-04 

1000 55,862 -1,059E-01 -1,059E-04 

1000 54,892 -1,061E-01 -1,061E-04 

1000 53,955 -1,064E-01 -1,064E-04 

1000 52,947 -1,066E-01 -1,066E-04 

1000 51,948 -1,069E-01 -1,069E-04 

1000 50,975 -1,072E-01 -1,072E-04 

1000 49,999 -1,074E-01 -1,074E-04 

1000 48,964 -1,077E-01 -1,077E-04 

1000 48,465 -1,078E-01 -1,078E-04 

1000 47,974 -1,080E-01 -1,080E-04 

1000 47,478 -1,081E-01 -1,081E-04 

1000 46,975 -1,083E-01 -1,083E-04 

1000 46,468 -1,083E-01 -1,083E-04 

1000 45,979 -1,085E-01 -1,085E-04 

1000 45,471 -1,086E-01 -1,086E-04 

1000 44,964 -1,088E-01 -1,088E-04 

1000 44,462 -1,088E-01 -1,088E-04 

1000 43,969 -1,089E-01 -1,089E-04 

1000 43,457 -1,091E-01 -1,091E-04 

1000 42,960 -1,093E-01 -1,093E-04 

1000 42,458 -1,094E-01 -1,094E-04 

1000 41,956 -1,095E-01 -1,095E-04 

1000 41,438 -1,096E-01 -1,096E-04 

1000 40,951 -1,097E-01 -1,097E-04 

1000 40,447 -1,098E-01 -1,098E-04 

1000 39,941 -1,100E-01 -1,100E-04 

1000 39,450 -1,101E-01 -1,101E-04 

1000 38,945 -1,103E-01 -1,103E-04 

1000 38,439 -1,103E-01 -1,103E-04 

1000 37,917 -1,105E-01 -1,105E-04 

1000 37,427 -1,106E-01 -1,106E-04 

1000 36,930 -1,106E-01 -1,106E-04 

1000 36,417 -1,109E-01 -1,109E-04 

1000 35,902 -1,110E-01 -1,110E-04 

1000 35,420 -1,111E-01 -1,111E-04 

1000 34,942 -1,111E-01 -1,111E-04 

1000 34,415 -1,113E-01 -1,113E-04 

1000 33,889 -1,114E-01 -1,114E-04 

1000 33,410 -1,115E-01 -1,115E-04 

1000 32,935 -1,116E-01 -1,116E-04 

1000 32,450 -1,118E-01 -1,118E-04 

1000 31,936 -1,118E-01 -1,118E-04 

1000 31,409 -1,119E-01 -1,119E-04 

1000 30,944 -1,121E-01 -1,121E-04 

1000 30,430 -1,121E-01 -1,121E-04 

1000 29,943 -1,123E-01 -1,123E-04 

1000 29,439 -1,125E-01 -1,125E-04 

1000 28,924 -1,125E-01 -1,125E-04 

1000 28,451 -1,125E-01 -1,125E-04 

1000 27,929 -1,126E-01 -1,126E-04 

1000 27,436 -1,128E-01 -1,128E-04 

1000 26,942 -1,128E-01 -1,128E-04 

1000 26,397 -1,129E-01 -1,129E-04 

1000 25,920 -1,130E-01 -1,130E-04 

1000 25,413 -1,132E-01 -1,132E-04 

1000 24,897 -1,133E-01 -1,133E-04 

1000 24,444 -1,133E-01 -1,133E-04 

1000 23,909 -1,134E-01 -1,134E-04 

1000 23,428 -1,135E-01 -1,135E-04 

1000 22,944 -1,135E-01 -1,135E-04 

1000 22,427 -1,137E-01 -1,137E-04 

1000 21,948 -1,138E-01 -1,138E-04 
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1000 21,408 -1,138E-01 -1,138E-04 

1000 20,960 -1,139E-01 -1,139E-04 

1000 20,459 -1,140E-01 -1,140E-04 

1000 20,005 -1,140E-01 -1,140E-04 

1000 20,010 -1,141E-01 -1,141E-04 

1000 19,846 -1,142E-01 -1,142E-04 

1000 19,708 -1,142E-01 -1,142E-04 

1000 19,591 -1,141E-01 -1,141E-04 

1000 19,479 -1,142E-01 -1,142E-04 

1000 19,357 -1,142E-01 -1,142E-04 

1000 19,257 -1,141E-01 -1,141E-04 

1000 19,177 -1,141E-01 -1,141E-04 

1000 19,109 -1,142E-01 -1,142E-04 

1000 19,054 -1,142E-01 -1,142E-04 

1000 18,975 -1,143E-01 -1,143E-04 

1000 18,871 -1,142E-01 -1,142E-04 

1000 18,770 -1,142E-01 -1,142E-04 

1000 18,677 -1,142E-01 -1,142E-04 

1000 18,571 -1,142E-01 -1,142E-04 

1000 18,482 -1,142E-01 -1,142E-04 

1000 18,377 -1,143E-01 -1,143E-04 

1000 18,280 -1,143E-01 -1,143E-04 

1000 18,181 -1,143E-01 -1,143E-04 

1000 18,077 -1,143E-01 -1,143E-04 

1000 17,978 -1,143E-01 -1,143E-04 

1000 17,864 -1,143E-01 -1,143E-04 

1000 17,776 -1,143E-01 -1,143E-04 

1000 17,678 -1,143E-01 -1,143E-04 

1000 17,579 -1,144E-01 -1,144E-04 

1000 17,478 -1,143E-01 -1,143E-04 

1000 17,361 -1,144E-01 -1,144E-04 

1000 17,279 -1,144E-01 -1,144E-04 

1000 17,180 -1,144E-01 -1,144E-04 

1000 17,073 -1,146E-01 -1,146E-04 

1000 16,976 -1,145E-01 -1,145E-04 

1000 16,879 -1,145E-01 -1,145E-04 

1000 16,780 -1,144E-01 -1,144E-04 

1000 16,679 -1,145E-01 -1,145E-04 

1000 16,576 -1,145E-01 -1,145E-04 

1000 16,479 -1,145E-01 -1,145E-04 

1000 16,370 -1,145E-01 -1,145E-04 

1000 16,279 -1,145E-01 -1,145E-04 

1000 16,179 -1,147E-01 -1,147E-04 

1000 16,076 -1,145E-01 -1,145E-04 

1000 15,982 -1,146E-01 -1,146E-04 

1000 15,869 -1,146E-01 -1,146E-04 

1000 15,774 -1,146E-01 -1,146E-04 

1000 15,679 -1,146E-01 -1,146E-04 

1000 15,580 -1,146E-01 -1,146E-04 

1000 15,473 -1,146E-01 -1,146E-04 

1000 15,382 -1,147E-01 -1,147E-04 

1000 15,265 -1,147E-01 -1,147E-04 

1000 15,182 -1,146E-01 -1,146E-04 

1000 15,071 -1,146E-01 -1,146E-04 

1000 14,966 -1,147E-01 -1,147E-04 

1000 14,883 -1,147E-01 -1,147E-04 

1000 14,782 -1,147E-01 -1,147E-04 

1000 14,684 -1,147E-01 -1,147E-04 

1000 14,581 -1,147E-01 -1,147E-04 

1000 14,475 -1,147E-01 -1,147E-04 

1000 14,370 -1,147E-01 -1,147E-04 

1000 14,275 -1,147E-01 -1,147E-04 

1000 14,172 -1,148E-01 -1,148E-04 

1000 14,079 -1,148E-01 -1,148E-04 

1000 13,979 -1,148E-01 -1,148E-04 

1000 13,875 -1,147E-01 -1,147E-04 

1000 13,777 -1,148E-01 -1,148E-04 

1000 13,673 -1,148E-01 -1,148E-04 

1000 13,576 -1,149E-01 -1,149E-04 

1000 13,477 -1,149E-01 -1,149E-04 

1000 13,379 -1,148E-01 -1,148E-04 

1000 13,269 -1,148E-01 -1,148E-04 

1000 13,180 -1,148E-01 -1,148E-04 

1000 13,084 -1,149E-01 -1,149E-04 

1000 12,971 -1,149E-01 -1,149E-04 

1000 12,881 -1,149E-01 -1,149E-04 

1000 12,781 -1,149E-01 -1,149E-04 

1000 12,670 -1,149E-01 -1,149E-04 

1000 12,577 -1,149E-01 -1,149E-04 

1000 12,482 -1,149E-01 -1,149E-04 

1000 12,381 -1,149E-01 -1,149E-04 

1000 12,282 -1,149E-01 -1,149E-04 

1000 12,178 -1,149E-01 -1,149E-04 

1000 12,083 -1,148E-01 -1,148E-04 

1000 11,981 -1,150E-01 -1,150E-04 

1000 11,876 -1,149E-01 -1,149E-04 

1000 11,773 -1,150E-01 -1,150E-04 

1000 11,684 -1,149E-01 -1,149E-04 

1000 11,583 -1,150E-01 -1,150E-04 

1000 11,484 -1,149E-01 -1,149E-04 

1000 11,377 -1,150E-01 -1,150E-04 

1000 11,283 -1,150E-01 -1,150E-04 

1000 11,174 -1,150E-01 -1,150E-04 

1000 11,078 -1,150E-01 -1,150E-04 

1000 10,982 -1,150E-01 -1,150E-04 

1000 10,877 -1,151E-01 -1,151E-04 

1000 10,779 -1,149E-01 -1,149E-04 

1000 10,673 -1,150E-01 -1,150E-04 

1000 10,581 -1,150E-01 -1,150E-04 

1000 10,477 -1,150E-01 -1,150E-04 

1000 10,380 -1,151E-01 -1,151E-04 

1000 10,259 -1,150E-01 -1,150E-04 

1000 10,186 -1,149E-01 -1,149E-04 

1000 10,077 -1,151E-01 -1,151E-04 

1000 9,979 -1,150E-01 -1,150E-04 

1000 9,871 -1,150E-01 -1,150E-04 

1000 9,784 -1,151E-01 -1,151E-04 

1000 9,675 -1,151E-01 -1,151E-04 

1000 9,577 -1,151E-01 -1,151E-04 

1000 9,472 -1,151E-01 -1,151E-04 

1000 9,378 -1,151E-01 -1,151E-04 

1000 9,273 -1,151E-01 -1,151E-04 
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1000 9,181 -1,152E-01 -1,152E-04 

1000 9,070 -1,151E-01 -1,151E-04 

1000 8,974 -1,150E-01 -1,150E-04 

1000 8,876 -1,150E-01 -1,150E-04 

1000 8,775 -1,151E-01 -1,151E-04 

1000 8,669 -1,151E-01 -1,151E-04 

1000 8,584 -1,151E-01 -1,151E-04 

1000 8,478 -1,151E-01 -1,151E-04 

1000 8,380 -1,150E-01 -1,150E-04 

1000 8,265 -1,151E-01 -1,151E-04 

1000 8,181 -1,150E-01 -1,150E-04 

1000 8,082 -1,151E-01 -1,151E-04 

1000 7,974 -1,151E-01 -1,151E-04 

1000 7,883 -1,151E-01 -1,151E-04 

1000 7,780 -1,150E-01 -1,150E-04 

1000 7,684 -1,151E-01 -1,151E-04 

1000 7,576 -1,150E-01 -1,150E-04 

1000 7,474 -1,151E-01 -1,151E-04 

1000 7,378 -1,151E-01 -1,151E-04 

1000 7,278 -1,151E-01 -1,151E-04 

1000 7,174 -1,151E-01 -1,151E-04 

1000 7,069 -1,151E-01 -1,151E-04 

1000 6,980 -1,152E-01 -1,152E-04 

1000 6,885 -1,151E-01 -1,151E-04 

1000 6,782 -1,152E-01 -1,152E-04 

1000 6,674 -1,151E-01 -1,151E-04 

1000 6,590 -1,150E-01 -1,150E-04 

1000 6,484 -1,151E-01 -1,151E-04 

1000 6,374 -1,152E-01 -1,152E-04 

1000 6,277 -1,150E-01 -1,150E-04 

1000 6,183 -1,150E-01 -1,150E-04 

1000 6,080 -1,150E-01 -1,150E-04 

1000 5,969 -1,151E-01 -1,151E-04 

1000 5,873 -1,151E-01 -1,151E-04 

1000 5,784 -1,151E-01 -1,151E-04 

1000 5,677 -1,150E-01 -1,150E-04 

1000 5,584 -1,151E-01 -1,151E-04 

1000 5,482 -1,149E-01 -1,149E-04 

1000 5,371 -1,151E-01 -1,151E-04 

1000 5,269 -1,151E-01 -1,151E-04 

1000 5,171 -1,150E-01 -1,150E-04 

1000 5,061 -1,151E-01 -1,151E-04 

1000 4,975 -1,150E-01 -1,150E-04 

1000 4,878 -1,151E-01 -1,151E-04 

1000 4,783 -1,150E-01 -1,150E-04 

1000 4,683 -1,150E-01 -1,150E-04 

1000 4,580 -1,150E-01 -1,150E-04 

1000 4,470 -1,151E-01 -1,151E-04 

1000 4,387 -1,150E-01 -1,150E-04 

1000 4,280 -1,150E-01 -1,150E-04 

1000 4,179 -1,149E-01 -1,149E-04 

1000 4,085 -1,150E-01 -1,150E-04 

1000 3,976 -1,150E-01 -1,150E-04 

1000 3,857 -1,150E-01 -1,150E-04 

1000 3,760 -1,150E-01 -1,150E-04 

1000 3,682 -1,150E-01 -1,150E-04 

1000 3,576 -1,150E-01 -1,150E-04 

1000 3,478 -1,149E-01 -1,149E-04 

1000 3,375 -1,149E-01 -1,149E-04 

1000 3,281 -1,149E-01 -1,149E-04 

1000 3,177 -1,149E-01 -1,149E-04 

1000 3,079 -1,148E-01 -1,148E-04 

1000 2,974 -1,148E-01 -1,148E-04 

1000 2,873 -1,148E-01 -1,148E-04 

1000 2,778 -1,148E-01 -1,148E-04 

1000 2,678 -1,148E-01 -1,148E-04 

1000 2,578 -1,147E-01 -1,147E-04 

1000 2,480 -1,147E-01 -1,147E-04 

1000 2,382 -1,147E-01 -1,147E-04 

1000 2,282 -1,147E-01 -1,147E-04 

1000 2,185 -1,147E-01 -1,147E-04 

1000 2,081 -1,147E-01 -1,147E-04 

 


