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Abstract 

In order to obtain an ultra-fast actuator functionality in mechanical 

switching mechanisms, Thomson-type coils (TC) can be a suitable choice 

to be employed, with the ability to exert massive forces in short time. In 

this Master thesis, a practical Thomson coil was designed and simulated 

with finite element methods to present features and the performance of 

TC-type actuators,  primarily from the mechanical aspects.  

In view of the fact that some attributes of TC have dynamic mechanical 

behavior, transient and time-dependent simulation plays a very significant 

role in modeling such an actuator. Once the proper model was approached, 

a prototype was built to verify the accuracy of simulation models. As 

illustrated in the results, the TC model can forecast characteristic behavior 

in an actual applications. Sensitivity analysis was carried out in order to 

explore the order of influence of  variables with parameters. Consequently, 

multi-objective optimization techniques were employed to find optimum 

design performance for all parts of the TC with respect to maximum speed. 

Various conductive materials were investigated for the moving armature in 

order to fulfill the electrical requirements, as well as the mechanical. 
Key words:  

Thomson Coil, Ultra-fast Actuators, Circuit Breakers, Multi objective 

Optimization, Electromagnetic Force, Finite Element Method, COMSOL 

Multiphysics. 
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Notations 

A                                    Magnetic Vector Potential 

AC                                  Alternating Current 

a                                      Acceleration 

ai                                     Weighting Values 

B                                     Magnetic Flux Density 

Bc                                    Peak Amplitude of the Flux Density 

C                                     Capacitor 

Ci                                    Constraint Limits 

CBs                                Circuit Breakers 

D                                     Elasticity  

DC                                  Direct Current 

E                                     Electric Field Intensity 

E                                     Young's Modulus 

F                                     Electromagnetic Force 

FEM                               Finit Element Method 

f                                      Frequency 

fi                                      Objectives 

H                                     Magnetic Field Intensity 

I                                       Current 

J
e
                                      External Current Density 

L                                      Inductance 

MOO                              Multiobjective Optimization 

m                                     Mass 

Q                                     Charge 

R                                     Resistance 

SOO                                Single Objective Optimization 

TC                                   Thomson Coil 

t                                       Time 

Vloop                                 Loop Voltage 

W                                     Magnetic Energy 

x                                       Displacement 

휀                                       Stain 

μ                                       Magnetic Permeability 

𝜈                                       Poisson's Ratio 

σ                                       Electrical Conductivity 

σmax                                  Maximum Stress 

σyield                                 Strength Yield 
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2 Introduction 

2.1 Background 

In modern interrelated power networks a greater demand for high-

performance circuit breakers (CBs) appears. This type of equipment has to 

fulfill the following requirements: 

• large current capability in the conducting state, with reasonable power 

losses; 

• be able to shift fast from the conducting to blocking state in case of a 

fault, without failure nor any destructive transient phenomena; 

• high insulation altitude in the open state in order to block any current and 

withstand the system voltage. 

Ultra fast contact operations may be used to enhance the performance and 

functionality of switches and breakers. 

In traditional mechanical circuit breakers, contacts with an extremely low 

contact resistance (a few micro-ohms) in the closed position are used also 

for galvanic separation in the open state. However, these apparatuses have a 

time-consuming response also due to the arc instinction process in an arc 

chamber [1].  

2.2 Aim 

Optimizing a Thomson Coil (TC) design to reach the fastest possible 

performance is the scope of this research. The project plan was to model 

and simulate Thomson coils (TC) by using a Finite Element (FEM) 

methods. The commercial software namely COMSOL Multiphysics was 

used for the modeling 

To satisfy purposes of this project, the electrical circuit must be considered 

as well as the mechanical parts, in particular with respect to the mechanical 

stress of the moving parts which was in the interest of ABB Corporate 

Research dept. Power technologies as part of this report. 
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2.3 Objectives 

In this Project, main purpose is to simulate a Thomson coil in an analyzing 

software which is based on Finite Element Method in order to methodically 

investigating the physics behind it. The simulation model is used to analyze 

different parts in Thomson coil from structural mechanical point of view in 

order to protect devices from unpredicted failures.  

In addition, multi-objective optimization methods are applied to this model 

on the basis of best possible performance of a system in both mechanical 

and electrical aspects. When, a satisfactory Thomson Coil model is 

achieved and applied, a prototype is built to perform testes and verify the 

simulation model. Experimental verification data will be used to validate 

the final simulation model. Consequently, in order to understand the 

involved variables and their degree of influence they have on the TC 

performance, sensitivity analysis shall be carried out. Once the relation 

between TC variables have been attained, then multi-objective optimization 

tool will be implemented on the simulation model to find the optimum 

design for a TC. 
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3 Problem Description 

3.1 Thomson Coil 

An ideal Thomson coil contains two concentric coils with opposite current 

directions, applied as shown in Figure 3.1. The coil consists of a number of 

turns of conducting wire, usually made of copper with an enameled coating. 

 

Figure 3.1 Thomson coil schematic. 

The magnetic field produced by the coils causes electromagnetic force 

trying to separate the coils from each other. A Thomson coil also can be 

designed as a single sided coil and a conductive body acting as a “magnetic 

mirror”. As shown in Figure 3.2, the metallic chunk  on top of the coil is 

made of purely conductive non-magnetic material, e.g copper or aluminum 

[2]. In spite of the fact that aluminum is lighter and has higher yield 

strength than copper, it is not as good electrical conductor as copper. As a 

consequence, in this research both copper and aluminum has been used so 

as to investigate the proper material for an actual application using the 

model. 

 

Figure 3.2 Single sided coil with conductor. 

F 

Conductive 

Chunk 

Coil 
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3.2 Different electromagnetic coils 

Basically, coils in Thomson drives are designed to satisfy specific goals of 

the design system. In other words, there is a vast variety of coils where each 

one follows the purpose of the system. Broadly speaking, electromagnetic 

coils that are used in TC concepts may be divided in to two major types.  

Helix shape coils are mostly designed with circular cross section, as shown 

in Figure 3.3.a. At the same time, helix coils with rectangular shapes 

(Figure 3.3.b) are designed for actuators which work in angular 

transmission. In this project, rectangular cross section coil is chosen as the 

worst case in order to structurally analyze from this group.  

 

 

 

Figure 3.3 a)Circular helix coil, b)Rectangular helix coil.  

 

A second group of coils is flat coils which, generally are being used for 

driving direct translative movements 

  

a)  Circular 
a)  Rectangular 
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As same as the previous group,  these types of coils are designed with 

various cross sections to fulfill different purposes. Whereas, circular cross 

section, as shown in Figure 3.4 is a classic example, other cross sections 

such as square or ellipse, are used in this group. 

 

 

Figure 3.4 Flat coil. 

 

3.3 Multi-objective Optimization 

Optimization persist in finding the values of decision from a set of free 

variables, that fulfill the conditions to provide the minimum or maximum of 

one or more specified objectives. It is omnipresent that people 

unconsciously optimize things in daily life,  even for straight forward things 

such as traveling from one place to another, time management, and 

similarly for important decisions such as finding the best combination of 

job, study and investments. In the same way, optimization can be found in 

many applications of engineering, economics , business, science, etc. Apart 

from that, quantitative methods and models that are used in these 

applications are different from  qualitative estimations of options in daily 

life. Including optimization in engineering, operations, design, and 

manufacturing will  improve the efficiency [3]. Most design problems 

appear as multi-objective, in which the designer searches for optimization 

of multiple objectives characterizing the design. 

An enhancement in one objective is often only obtained on the cost of other 

objectives, i.e.  “trade-off” is essential [4]. The suitable objectives for a 

specific application are often conflicting, which means that attaining the 
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optimum for one objective needs negotiation on one or more of the others. 

Conflicting objectives could be treated by combining them in to one 

objective [3]. 

 

TC actuators have been used as driving mechanism of an arc protection 

system due that their speed in terms of a few milliseconds full operation 

time. In order to reach a quick movement, the thickness and the design of 

the conducting plate should be optimized as well as the electrical 

parameters such as capacitive energy store with initial charging voltage, 

electrical circuit parameters and coil configuration [5].  
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4 Theory 

In this section, background information will be presented in order to give 

basic understanding of the problem. An electric current  in a conductor 

produces a magnetic field around it. Besides, changes in the magnetic field, 

induce currents in a conductor loop. This phenomenon is governed by 

Faraday’s law [2]. 

4.1 Thomson Coil 

Numerous research have been done on TCs and their applications for high 

speed protection systems and hybrid circuit breakers [6]. The Thomson coil 

was named after Elihu Thomson. Later, Noel Barry discovered how to use a 

helix shaped Thomson coil excited by an AC source in order to levitate a 

conducting non-magnetic ring. Also, he invented a control plan to adjust the 

amplitude of the AC source so that the ring remains in a stationary levitated 

position. 

Maxwell’s equations play an essential role in understanding the theory 

behind the TC operation. Current goes through terminals of the coil once an 

alternating voltage source is attached. This current will generate a magnetic 

field. A sinusoidal current  𝑖𝑐 = 𝐼𝑐  𝑠𝑖𝑛(𝜔𝑡)  is assumed to represent the 

flowing current in a helix coil and the copper regarded as a thin ring with 𝑟 

as outer radius [7]. The flux density directed along the normal axis of the 

coil is: 

 

𝐵 𝑡 = 𝐵𝑐  𝑟, 𝑧 𝑠𝑖𝑛 𝜔𝑡                   (4.1)                                         
 

𝐵𝑐 demonstrates the peak amplitude of the flux density. “ Unfortunately, not 

all this flux will reach the copper disk since some flux lines will exit 

through the coil or in between the coil and the copper. Hence, let the value 

of the flux density at a height 𝑧 and radial distance 𝑟 from the coil 

symmetry line be 𝐵. The flux can be represented by two components, a 

radial flux density 𝐵𝑟 = 𝐵𝑟  𝑠𝑖𝑛(𝜔𝑡) and a vertical flux density 𝐵𝑧 =
𝐵𝑧  𝑠𝑖𝑛(𝜔𝑡). Since we have a time variable magnetic flux, currents will be 

induced in the copper ring. Lenz’s law states: Currents induced by changing 

magnetic flux always flow in the direction so as to oppose the change in 

flux” [8]. As a result,  since the magnetic flux increases, currents is induced 
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through the copper disk generating another magnetic field which is in the 

opposite direction in order to reduce the offset. By applying Maxwell’s 

equation: 

∇xE = −
∂B

∂t
                                 (4.2) 

 

The electric field intensity is given as [7]: 

 

𝐸 𝑟, 𝑡 = −
𝜔𝑟𝐵𝑧

2
cos 𝜔𝑡                      (4.3) 

 

The electric field strength is heading for the length of the surrounding 

environment of the copper disk. The induced voltage in the copper ring can 

obtained from: 

𝜈𝑐𝑜𝑝 =  𝐸. 𝑑𝑙 = −
𝜔2𝜋𝑟2𝐵𝑧

2
cos 𝜔𝑡            (4.4) 

 

The current in the 𝜙 direction is generated on base of the 𝑧 component of 

the field: 

𝑖𝜙 =
𝜈𝑐𝑜𝑝

𝑍𝑐𝑜𝑝
                                 (4.5) 

 

𝑍𝑐𝑜𝑝  represents the impedance in the copper disk. 

The current in the 𝜙 direction and the radial component of the field 

contributed to a vertical directed force which is given by: 

 

𝐹𝑧 = 2𝜋𝑟𝑖𝜙𝐵𝑟                           (4.6) 

 

To put it more simple, the force applied on the disk is relative to the 

induced current in the 𝜙 direction 

multiplied by the magnetic flux density in 𝑟 direction. Consequently, a 

greater magnetic flux density leads to greater force and acceleration. 

According to Newton’s law, the displacement of the ring can be obtained 

from: 

𝐹𝑡𝑜𝑡𝑎𝑙 = 𝑚𝑎                             (4.7) 
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Where, [2, 6-8] 

𝑎 = 𝑥                                  (4.8) 

 

4.1.1 Eddy Current 

As mentioned before,  a time varying current flowing in a conductor 

produce a time varying magnetic field. It is notable that a conductor does 

not necessarily have to be a wire which means that  conductive materials 

such as an aluminum plates, flat steel, or any other type of items could be 

consider as a conductor. The induced currents streaming in loops are 

similar to eddies in a watercourse (tornado shaped water eddies). Their 

magnitude decrease along penetration depth as shown in Figure 4.1 [9]. The 

eddy currents produce a magnetic field conflicting with the variation of flux 

that is created.[2]. 

 

 
Figure 4.1 Induced eddy current on conductive chunk. 

4.1.2 Skin effect 

Skin effect is a phenomenon which occurs in conductors carrying time 

varying currents and does not occur with continues currents (DC). 

The currents arises from the fact that elements or filaments of current 

variations in different points in the cross section of a conductor do not 



16 
 

encounter equal components of inductance, but the central or axial 

filaments meet the maximum inductance, and in general the inductance 

offered to other filaments of current decrease as the distance of the filament 

from axis increases, becoming a minimum at the surface or periphery. Such 

distribution of current density produces an increase in effective resistance 

and a decrease in effective internal inductance. The former is of more 

practical importance than the latter. In the case of large copper conductors 

at commercial power frequencies the increase in resistance should be 

considered [10]. An important parameter, which occurs due that skin effect 

in eddy currents, is the skin depth (penetration depth). 

 

𝛿 =
1

 𝜋𝑓𝜇𝜎
                              (4.9) 

                                                      

where 𝜎 is penetration depth (m), 𝑓 is frequency (Hz), 𝜇 is magnetic 

permeability, 𝜎 electrical conductivity (S/m). 

4.2 Solid Mechanics 

The formulation employed in structural analysis for both small and finite 

deformations is entirely Lagrangian. In simpler terms, the calculated stress 

and deformation state is referred to the material configuration  at all times, 

more willingly than to existing position in space. Equally, material 

properties are constantly given for material particles and with tensor 

components referring to a coordinate system based on the material frame. 

This has the apparent benefit that spatially changing material properties can 

be assessed just once for the initial material configuration and do not 

change as the solid deforms and rotates. The gradient of the displacement, 

that takes place repeatedly in the subsequent theory, is always calculated 

regarding material coordinates. In 3D: 
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𝛻𝑢 =

 
 
 
 
 
 
𝜕𝑢

𝜕𝑋

𝜕𝑢

𝜕𝑌

𝜕𝑢

𝜕𝑍
𝜕𝑣

𝜕𝑋

𝜕𝑣

𝜕𝑌

𝜕𝑣

𝜕𝑍
𝜕𝑤

𝜕𝑋

𝜕𝑤

𝜕𝑌

𝜕𝑤

𝜕𝑍 
 
 
 
 
 

                     (4.10) 

 

The total strain tensor is presented in terms of the displacement gradient 

 

휀 =
1

2
(𝛻𝑢 + 𝛻𝑢𝑇)                        (4.11) 

 

or in components as 

 

 

휀𝑚𝑛 =
1

2
 
𝜕𝑢𝑚

𝜕𝑥𝑛
+

𝜕𝑢𝑛

𝜕𝑥𝑚
                     (4.12) 

 

 

4.2.1 Tensor  vs. Matrix Formulation  

As a result of the symmetry, the strain tensor can be: 

 

 

휀𝑥 휀𝑥𝑦 휀𝑥𝑧
휀𝑥𝑦 휀𝑦 휀𝑦𝑧
휀𝑥𝑧 휀𝑦𝑧 휀𝑧

                       (4.13) 

 

 

A similar demonstration applies to the stress and the thermal expansion 

tensors: 

 

 

𝑠𝑥 𝑠𝑥𝑦 𝑠𝑥
𝑠𝑥𝑦 𝑠𝑦 𝑠𝑦𝑧
𝑠𝑥𝑧 𝑠𝑦𝑧 𝑠𝑧

  ,   

𝛼𝑥 𝛼𝑥𝑦 𝛼𝑥

𝛼𝑥𝑦 𝛼𝑦 𝛼𝑦𝑧

𝛼𝑥𝑧 𝛼𝑦𝑧 𝛼𝑧

     (4.14) 
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Due to the symmetry, the elasticity tensor can be totally demonstrated as a 

symmetric 6-by-6 matrix: 

 

𝑫 =

 
 
 
 
 
 
𝐷11 𝐷12 𝐷13 𝐷14 𝐷15 𝐷16

𝐷12 𝐷22 𝐷23 𝐷24 𝐷25 𝐷26

𝐷13 𝐷23 𝐷33 𝐷34 𝐷35 𝐷36

𝐷14 𝐷24 𝐷34 𝐷44 𝐷45 𝐷46

𝐷15 𝐷25 𝐷35 𝐷45 𝐷55 𝐷56

𝐷16 𝐷26 𝐷36 𝐷46 𝐷56 𝐷66 
 
 
 
 
 

=  

 
 
 
 
 
 
𝐶1111 𝐶1122 𝐶1133 𝐶1112 𝐶1123 𝐶1113

𝐶1122 𝐶2222 𝐶2233 𝐶2212 𝐶2223 𝐶2213

𝐶1133 𝐶2233 𝐶3333 𝐶3312 𝐶3323 𝐶3313

𝐶1112 𝐶2212 𝐶3312 𝐶1212 𝐶1223 𝐶1213

𝐶1123 𝐶2223 𝐶3323 𝐶1223 𝐶2323 𝐶2313

𝐶1113 𝐶2213 𝐶3313 𝐶1213 𝐶2313 𝐶1313  
 
 
 
 
 

    (4.15) 

 

 

which 𝐷 is called the elasticity matrix. 

Then the Hooke’s law can be written in the form which involves the 

elasticity matrix and the following vectors: 

 

 
 
 
 
 
 
𝑠𝑥
𝑠𝑦
𝑠𝑧
𝑠𝑥𝑦
𝑠𝑦𝑧
𝑠𝑥𝑧  

 
 
 
 
 

=

 
 
 
 
 
 
𝑠𝑥
𝑠𝑦
𝑠𝑧
𝑠𝑥𝑦
𝑠𝑦𝑧
𝑠𝑥𝑧  

 
 
 
 
 

0

+ 𝐷

 

 
 
 
 

 
 
 
 
 
 

휀𝑥
휀𝑦
휀𝑧

2휀𝑥𝑦
2휀𝑦𝑧
2휀𝑥𝑧  

 
 
 
 
 

−

 
 
 
 
 
 

휀𝑥
휀𝑦
휀𝑧

2휀𝑥𝑦
2휀𝑦𝑧
2휀𝑥𝑧  

 
 
 
 
 

0

− 𝜃

 
 
 
 
 
 

𝛼𝑥

𝛼𝑦

𝛼𝑧

2𝛼𝑥𝑦

2𝛼𝑦𝑧

2𝛼𝑥𝑧  
 
 
 
 
 

 

 
 
 
 

   (4.16) 

4.2.2 Isotropic  Material and Elastic Module 

In this case, the elasticity matrix becomes 

 

 
 

where 𝐸 is Young's modulus and 𝜈 Poisson's ratio [11,12]. 

(4.17) 
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To sum up, equations 4.10 to 4.16 are employed to compute the applied 

stress and deformation on the moving armature, which plays a significant 

role in design decisions. 

4.3 Finite Element Method (FEM) 

Until this moment, various studies have been take place on all parts of the 

world in order to find a general method for solving differential equation 

which govern in all physics. The analytical methods are the most accurate 

way to solve these equations. At the same time, these methods can be 

implemented on very small range of problems. On the other hand, 

experimental methods are time and cost consuming , as an individual 

method. Therefore, numerical methods innovated to be able satisfy all 

demands which other methods could not fulfill. Finally by combining the 

simulation model with experiments, validation tests and calibrations the 

ultimate goals can be reached. 

The finite element method (FEM) is one of the best numerical techniques 

for solving diverse differential forms. Nowadays, the FEM is one of the 

most powerful tools for numerical of any differential equation, regardless of 

basis physics, which can be structural mechanics, electromagnetic, fluid 

mechanics, thermodynamics or any other field of science. In this method, 

the modeled geometry is divided into smaller elements (meshes) which 

make the implementation of differential equation become easier. Meshes 

can be of different types as triangles or quadrangles in two dimensional 

problems, or tetrahedron, polyhedron or cuboids for three dimensional 

models. FEM plays a significant role in multiphysics (coupled) problems. 

In this case, the governing coupled equations are according to Maxwell's 

and Hook's law. Consequently, FEM  is an influential tool for solving the 

headline problems [2,11-14]. 
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5 Modeling 

In this project, transient and time dependent models will be used, which are 

complicated, and more design details are included (as shown in Figure 5.1),  

in order to get an accurate estimate of the behavior of a realistic TC.  
The TC inductance and resistance depend significantly on the position of 

the moving copper disk. Therefore, while the disk moves away from the 

coil, the inductance, resistance, and induced currents change which is 

affecting the applied force. As a consequence, a static and stationary 

models are not satisfactory to model dynamic changes. In order to simulate 

the induced currents at every time-step while taking the displacement of the 

copper disk into consideration, a multiphysics simulation is required. The 

following model consist of a multiphysics finite element transient model. 

 

Figure 5.1 Thomson coil mechanism. 

 

5.1 Theory 

COMSOL Multiphysics 4.1a 64-bit is employed as finite element 

simulation software which works on a Windows 7 64-bit platform. Also, 

MATLAB R2010-b 64-bit interface with COMSOL is coupled so that the 

TC inductance and resistance is computed in different vertical position of 

the moving copper disk, also with different thickness [15]. The four 

coupled modules to be solved in COMSOL are: "ODEs and DAEs" , 

"Magnetic Fields", "Moving Mesh",  and "Solid Mechanics". 
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To make clear how those four modules in COMSOL function, we refer to 

Ampere’s law:  

 

𝛻  ⨯ 𝐻   = 𝐽 𝑓𝑟𝑒𝑒
𝜕𝐷   

𝜕𝑡
                       (5.1)  

 

with 

 

𝐵 = 𝜇𝑟𝜇0𝐻                                (5.2) 

 

𝐵 = 𝛻 ⨯ 𝐴                                (5.3) 
 

𝐽 𝑓𝑟𝑒𝑒 =  𝜕𝐸 + 𝐽𝑒                           (5.4) 

 

𝐽𝑒  is the external current density 

 

𝐸 = −𝛻𝑉 −
𝜕𝐴

𝜕𝑡
                           (5.5) 

 

Current and charge changes during time are represented in agreement with 

Maxwell’s equations. 

The Lorentz force per unit charge is given by:  

 
𝐹

𝑞
= 𝐸 + 𝜈 ⨯ 𝐵                           (5.6) 

 

If electrostatic forces are passed over the Lorentz force per volume in the z 

direction is given by:  

 

𝐹𝑧 = −𝐽𝜙𝐵𝑟                              (5.7) 

 

𝐹𝑧  is in [𝑁/𝑚3]  
Newton’s law states:  

 
𝑑𝑥

𝑑𝑡
= 𝑣                                  (5.8) 
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𝑑𝑣

𝑑𝑡
= 𝑎                                  (5.9) 

 

𝐹 = 𝑚𝑎                               (5.10) 
 

 

COMSOL will solve the following equations:  

 

𝜎
𝜕𝐴

𝜕𝑡
+ 𝛻 ⨯  𝜇𝑟

−1𝜇0
−1𝛻 ⨯ 𝐴 =  𝐽𝑒𝜙 +

𝜎𝑉𝑙

2𝜋𝑟
 𝑒𝜙      (5.11) 

 

𝐹𝑧 = 𝑚𝑎                                   (5.12) 
 

where 𝑉𝑙  represent the loop voltage of each coil turn [11,12]. 

 

5.2 Simulation Model 

In view of the fact that taking the displacement of the copper disk into 

consideration is extremely important, COMSOL Multiphysics solves all the 

physics at the same time. It calculates dynamically the induced currents and 

the applied force while the copper disk is moving away from the fixed coil, 

with the help of moving mesh module. Using COMSOL allows us to 

simulate TCs with a very high order of accuracy [2]. 

For simplifying calculation and reducing computation time, single side coil 

and a conductive copper desk is chosen to be simulated in 2D axi-

symmetric model in an 𝑟𝑧-plan, where horizontal axis represent 𝑟-axis and 

consequently, the vertical axis represents the 𝑧-axis. Figure 5.2, domain 2 

displays the cross section of the armature (disk) and the rectangle domains 

3-12 represent cross sections of coil wires. In order to be able to model 

electromagnetic physics in COMSOL, an environment is needed to define 

the magnetic field. In this model, domain 1 (the gray rectangle) air is 

chosen as medium for surrounding magnetic field domain. 
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Figure 5.2 COMSOL simulation geometry.  

To increase accuracy of the modeled Thomson coil, an inter-distance 

separation between the coil turns is taken into account in order to represent 

the enameled coating on the wires. Moreover, circuit resistance and 

inductance are considered due to the feeding and the internal resistance of 

the capacitor bank. The configuration of simulated TC displayed in table 

5.1 below: 

Table 5.1 COMSOL simulation configuration. 

Item Data Item Data 

Coil Turns 10 Copper Disk Thickness [mm] 6 

Coil Outer Radius [mm] 44 Copper disk Radius [mm] 44 

Coil Width [mm] 2.24 Circuit Resistance [Ω] 9.1e-3 

Coil Height [mm] 2.24 Circuit Inductance [H] 3.6e-6 

Inter Distance Coil Turns [mm] 0.1 Initial Voltage [V] 80 

Air Gap between Coil and Disk [mm] 0.53 Capacitor Bank [F] 30e-3 
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5.3 Performance and Results 

By Assuming that the operating energy discharge current is provided by a 

capacitor C (or a battery bank) and that the current path can be modeled by 

RL series circuit. The current  𝐼 can be calculated approximately with the 

following equations: 

𝐿
𝑑2𝑄

𝑑𝑡2
+ 𝑅

𝑑𝑄

𝑑𝑡
+

𝑄

𝐶
= 0               (5.13) 

𝑑𝑄

𝑑𝑡
= 𝐼                            (5.14) 

where 𝑄 represent the charge, 𝐿 represents inductance and 𝑅 represents 

resistance. The variable 𝐿 includes the inductances of wire circuit, the 

inductance of the capacitor (or battery), and the total inductance of the coil. 

The corresponding values of resistances are considered in the variable 𝑅. 

Assuming that the capacitor 𝐶 is charged at the voltage 𝑉𝑐  at the instant of 

the fault, the initial condition for the charge in the system is estimated as: 

 𝑄 𝑡0 = 𝑉𝑐 .𝐶                          (5.15) 

Since TC is studied in time, two significant factor, coil resistance and 

inductance, are varying by time owning to geometry variation. In other 

words, resistance and inductance of the moving disk change in time due to 

changes in position of the copper disk from coil.  However, exact values for 

these parameters are not available. By defining and setting initial values for 

𝑅 and 𝐿 in the model, a rough estimation for current will be reachable. 

Then, new values for 𝑅 and 𝐿 will be computed by using estimated current 

and following equations: 

𝑅 =
𝑃

𝐼2
                             (5.16) 

where 𝑃 is resistive loss of the coil. And  

𝐿 =
2 𝑊

𝐼2
                           (5.17) 
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where 𝑊 is magnetic energy [10]. The inductance can be calculated at 

every instant of time based on the magnetic energy. However, this approach 

has a serious disadvantage once the magnitude of the current comes to zero. 

The values of the inductance are not reliable in this area. Consequently, 

these values are obtained from peak of current. 

The estimated values for 𝑅 and 𝐿 are closer to the real ones, which means 

obtained R and L could be used as an initial value for finding better results. 

As a result, the COMSOL interface with MATLAB is used to compute 

approximate  values for resistance and inductance in dynamic simulation of 

the coil by using the following procedure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 Time dependent model process flowchart.  

where δ represents the tolerance. 

Initial Values 

( 𝑅𝑖𝑛𝑖  & 𝐿𝑖𝑛𝑖  ) 

Find current, 𝐼 ( equation 5.13 ) 

Find current, 𝑅𝑒𝑠𝑡𝑖  & 𝑅𝑒𝑠𝑡𝑖  

( equation 5.16, 5.17 ) 

 (𝑅𝑖𝑛𝑖 − 𝑅𝑒𝑠𝑡𝑖 )  < δ 

& 

 (𝐿𝑖𝑛𝑖 − 𝐿𝑒𝑠𝑡𝑖 )  < δ 

End 

No 

Yes 
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By using calculated 𝑅_𝑐𝑜𝑖𝑙, 𝐿_𝑐𝑜𝑖𝑙, 𝑅_𝑐𝑖𝑟𝑐𝑢𝑖𝑡  and 𝐿_𝑐𝑖𝑟𝑐𝑢𝑖𝑡  in equations 

5.17, 5.18, input current is estimated (see Figure 5.4).  

 

 

Figure 5.4 Input current thorough coil. 

Current source can be modeled by an estimated input current into coils 

cross sections. Current flowing in the coil contribute to induced eddy 

currents on the armature as shown in Figure 5.5. As for the current 

distribution which is not homogeneous, the current density is higher on the 

way to the top surface of the coil facing the copper disk owing to skin 

effects. The skin depth of the current is given by: 

𝛿 =
1

 𝜋𝑓𝜇𝜎
                             (5.18) 

The characteristic skin depth for an applied current of 2.8 𝑘𝐴 and a 

frequency of 600 Hz will be 2.7 𝑚𝑚. Without the copper disk, the current 

should be distributed in the direction of the outer surfaces of the coil turns. 

Even so, the copper disk has a major effect on the magnetic field in this 

case. Figure 5.6 shows that the magnetic streams cannot penetrate into 
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armature essentially more than 2.7 𝑚𝑚 and is likely to diverge , having a 

large radial component. Consequently, eddy currents will be induced (see 

Figure 5.5) and opposite current directions in coil and armature lead to 

circulating magnetic field. As a result, the magnetic flux density is 

concentrated in the air gap area between the coil and the copper disk as 

shown in Figure 5.5. The eddy currents in 𝑝𝑖 component and the radial 

direction of the magnetic field results in an downward force which ends in 

moving disk (see Figure 5.7). It is obvious that electromagnetic force at 

𝑡 = 1.2 𝑚𝑠 has small magnitude. However, at that same time current with 

approximately high amplitude is applied on the coil. This represents the 

effect of distance between coil and the disk on electromagnetic force. 

 

 

Figure 5.5 Time: 0.15ms, Stream: magnetic field, Surface: magnetic flux 

density. 
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Figure 5.6 Time: 0.15ms, Induced current density, phi component. 

 

 

Figure 5.7 Electromagnetic force in z component. 
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Figure 5.8 shows that the copper disk has moved a distance of 5.6 𝑚𝑚 in 

1.7 milliseconds. Also, stress analysis of TC is significant in order to study 

failure possibilities. Figure 5.9 shows the stress contour displayed in the 

first time step at 𝑡 = 2 ⨯ 10−6 𝑠 while the disk is close to the fixed coil, 

and last time step 𝑡 = 1.7 ⨯ 10−3 𝑠 while the disk moves away from the 

coil. In the first time step, the exerted electromagnetic force on the coil 

causes high local stress on disk which is close to the coil. However, by 

increasing force, the critical stresses moves to the central part of disk. The 

main reason is that while the force implemented on the outer part of the 

disk, the inertia of the central mass in the disk causes a bending stress, 

which is illustrated in Figure 5.9. 

 

 

Figure 5.8 Displacement of armature. 
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Figure 5.9 Stress analysis of armature  

in 𝑡1 = 2 ⨯ 10−6 𝑠 and 𝑡1 = 1.7 ⨯ 10−3 𝑠. 
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6 Optimization 

6.1 Sensitivity Analysis 

So far, it has been clarified that nonlinear relations between different 

parameters of TC and understanding the movement of the armature become 

complicated. As a consequence, sensitivity analysis is needed to understand 

the mutual effect of all parameters. Since the main purpose of this project is 

maximizing acceleration of the armature, the best analysis would be 

varying the  thickness of the disk to investigate the influence of thickness of 

the armature on other important parameters, such as resistance and 

inductance of the coil, current, electromagnetic force and etc.  

6.1.1 Simulation Model 

For sensitivity analysis, a more complicated TC model is used to take more 

detailed mechanic physics into consideration.  Therefore, as it shown in 

Figure 6.1, another part is added to copper armature to represent the joint 

part, which connects the disk to other parts of breaker. Also, mass of other 

parts of the breaker, such as connection shaft, has to be considered, which 

domain 3 is added to model for this reason. Detailed configuration of the 

model is mention in table 6.1. 

 

Table 6.1 COMSOL simulation configuration.  

Item Data Item Data 

Coil Turns 15 Copper Disk Thickness [mm] 20-60 

Coil Outside Radius [mm] 45 Copper disk Radius [mm] 45.5 

Coil Width [mm] 1.5 Circuit Resistance [Ω] 2.7e-3 

Coil Height [mm] 5 Circuit Inductance [H] 1e-6 

Inter Distance Coil Turns [mm] 0.3 Initial Voltage [V] 1200 

Air Gap between Coil and Disk [mm] 0.5 Capacitor Bank [F] 1.6e-3 
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Figure 6.1 Axi-symmetric 2D simulated TC in COMSOL.  

In this analysis, thickness of disk changes from 20 𝑚𝑚 to 60 𝑚𝑚 has been 

made in order to investigate the effect of this change on other dependent 

variables in the time domain. In the following sections of this report, it will 

be obvious why that  thickness range has been selected. COMSOL with 

MATLAB interface has used to perform the sensitivity analysis. 

 

6.1.2 Performance and Results 

In simulating the capacitor bank discharge through the Thomson coil, it has 

been obtained that resistance and inductance of the coil do not change in 

this range of thickness, as shown in Figure 6.2 and Figure 6.3 respectively. 

Consequently, constant resistance and inductance of coil lead on to the 

conclusion that input current through the coil does not change by changing 

thickness, as shown in Figure 6.4. In Figure 6.5, it has been shown that the 

peak of the input current is constant for different thicknesses of the copper 

armature. The eddy currents in 𝑝𝑖 component and the magnetic field in 

radial direction contribute to a downward electromagnetic force (see Figure 

6.6). 
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To crystallize the sensitivity of electromagnetic force by varying thickness, 

maximum amplitudes of forces are represented in Figure 6.7. This figure 

displays that electromagnetic force decreases by increasing armature 

thickness, as it was expected. However, rate of variation of force in this 

range of thickness is so small and may consider as constant. By increasing 

thickness of copper disk and remaining the applied electromagnetic force 

approximately constant, it is expected that stresses on the armature 

decrease. For better studying sensitivity of stresses on changing thickness 

of the disk, maximum value of stresses in the copper disk are represented as 

in Figure 6.8 . Figure 6.9 shows how increased thickness of the disk results 

in heavier moving mass, which contributes to the reduction of acceleration 

of the armature as well as less displacement of the coil. Figure 6.10, 

represents the displacement of the disk at 0.3 𝑚𝑠, which represent the rate 

of increasing displacement by increasing the coil thickness. 

 

 

Figure 6.2 Resistance vs. armature thickness. 
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Figure 6.3 Inductance vs. armature thickness. 

 

Figure 6.4 Estimated input current for different armature thickness. 
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Figure 6.5 Peak amplitude of current vs. armature thickness. 

 

Figure 6.6 Exerted Electromagnetic force for different armature thickness. 
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Figure 6.7 Peak amplitude of electromagnetic force vs. armature thickness. 

 

Figure 6.8 Peak amplitude of stress vs. armature thickness. 
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Figure 6.9 Displacement for different armature thickness. 

 

Figure 6.10 Time. 0.3ms, Displacement vs. armature thickness. 

As where the relations in variables of Thomson coil are studied and a basic 

knowledge is obtained from the sensitivity analysis, optimizing the system 
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in order to improve the efficiency and performance of TC became easier 

and more sensible.  

6.2 Geometry Modification 

Before processing the optimization of the TC, some modification has to be 

applied on the armature in order to decrease the maximum stress, such as 

reducing concentrated stress e.g. due to sharp edges in the geometry, as 

shown in Figure 6.11 . As a result, fillets were implemented between the 

disk and joint connection  to avoid concentrated stress, as shown in Figure 

6.12. To reach the minimum of maximum stress at the edge, optimum fillet 

size must be chosen. Therefore, the model is run through different cases of 

fillet radius ranging from 0.1 𝑚𝑚 to 10 𝑚𝑚. In Figure 6.13, 6.14 the 

maximum stresses for different fillet radius (R) is shown. As where the 

fillet withstand the maximum stress and the maximum stress is a vital 

parameter in optimization, the maximum possible fillet is chosen for further 

process, which is 10 𝑚𝑚. 

 

 
Figure 6.11 Simulation model with fillet radius R=0.1 mm. 
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Figure 6.12 Concentrated stress due to sharp edge in geometry.  

 

 

 
Figure 6.13 Stress vs. time for different fillet radius. 
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Figure 6.14 Maximum stress vs. fillet radius. 

6.3 Multi-objective Optimization 

It is difficult to find a problem which concern only one single value or 

objective. In general speaking, before any global solution is considered 

sufficient, multiple objectives or variables have to be met or optimized. 

The optimal design of Thomson coil is a difficult problem in such that: 

1) involves many parameters in which nonlinearly have an effect on each 

and every characteristics and performance of the electrical properties 

itself; 

2) requires parameters to be chosen in order to make the design practicable; 

3)  often involves a  vast range of conflicting objectives and purposes. 

For these motivations, the person as a designer can advantageously state the 

problem as a nonlinear encoding problem which solution method could 

handle some or all the difficulties and with an appropriate numerical 

optimization method [16]. 

 

http://www.calresco.org/lucas/holarch.htm
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6.3.1 Optimization methods 

In this project, the optimum design of a TC as a nonlinear multi-objective 

optimization problem is simulated. In multi-objective problem, each 

objective conflicts with another and the solution is not a single point, but a 

group of solutions known as the Pareto-optimal set, dissimilar to a single 

objective optimization. It is the designer's decision to choose the best 

compromise considering the appropriate characteristics and features of the 

treated problem. 

There are two typical techniques for handling multi-objective problems, in 

order to use one of the classical optimization methods, which minimizes a 

single objective. One way is assembling a combined objective problem: 

 

Minimize fi =  aifi
N
i=1                     (6.1) 

 

where the fi represent the objectives which has to be minimized and the ai 

represent positive-valued weightings. 

The second way is putting constraints on all objectives except one of them, 

i.e: 

Minimize fj  subject to fi ≤ Ci    ∀   i = 1, N ;  i ≠ j     (6.2) 

 

where the Ci represent the constraint limits [4-6,16]. 

Regardless of using any of these methods, by solving each of the single 

objective problem contributed to produce results as a single point on the 

trade-off surface.  

 

6.3.2 Problem Statement 

In order to investigate the trade-off surface in first method, several different 

optimization case runs must be carried out with different weightings which 

is practically time consuming and computationally expensive to implement, 

even if it were possible. In this study, a second method has been chosen due 

to simplicity of application and less optimization process time. 
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Since the main purpose of optimizing TC is to maximize the acceleration of 

moving conductor, three parameters have to be considered as optimization 

objectives. 

1- Minimizing mass of the armature 

2- Maximizing electromagnetic force 

3- Minimizing maximum stress in armature 

In order to minimize armature mass, the material of armature has to change 

to lighter one, or minimizing thickness of the disk. As conductivity of the 

disk is playing a significant role in this model, changing the material is not 

a good option. Consequently, thickness of the disk has to minimize. Also, 

as it shown in section 6.1, electromagnetic force increases by decreasing 

armature thickness. As a consequence, it is possible to consider minimizing 

thickness causes maximizing force. In other words, it can be assumed that 

TC optimization is faced to two conflict objectives, mass and stress. To use 

second method for optimizing the objectives, one of them has to be stated 

as constraints and turn the problem to single objective optimization. 

Therefore, stress in copper armature selected as constraint, which the 

armature has not go into plastic deformation. Which means: 

𝑓1 = 𝑚      , 𝑓2 = 𝜎𝑚𝑎𝑥               (6.3) 

 

where 𝑚 is mass of copper armature and 𝜎𝑚𝑎𝑥  is maximum stress in 

armature. 

𝐶 =  𝜎𝑦𝑖𝑒𝑙𝑑                         (6.4) 

 

where C is constraint and 𝜎𝑦𝑖𝑒𝑙𝑑  is yield strength of  copper (70 𝑀𝑃𝑎). 

Therefore, 

𝑓2 < 𝜎𝑦𝑖𝑒𝑙𝑑                         (6.5) 

 

Since all these objectives depends on number of turns in coil, all the 

optimization process has to be applied on number of turns as an input. This 

method is implemented on MATLAB and it is coupled with COMSOL. Let 

𝛿 represent the tolerance and N represents the number of coil turns. The 

following flowchart illustrates how this process is carried out. 
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Initial Values 

( 𝑅𝑖𝑛𝑖  & 𝐿𝑖𝑛𝑖  ) 

Find current, 𝐼 ( equation 5.13 ) 

Find current, 𝑅𝑒𝑠𝑡𝑖  & 𝑅𝑒𝑠𝑡𝑖  

( equation 5.16, 5.17 ) 

 (𝑅𝑖𝑛𝑖 − 𝑅𝑒𝑠𝑡𝑖 )  < δ 

& 

 (𝐿𝑖𝑛𝑖 − 𝐿𝑒𝑠𝑡𝑖 )  < δ 

End 

No 

Yes 

Input  No. Coil Turns 

Initial Thickness 

Find Maximum Stress, σ 

Save Data 

σ < σ𝑦𝑖𝑒𝑙𝑑  
No 

Import Geometry from 

COMSOL to MATLAB 

Yes 

Figure 6.15 Optimization process flowchart.  
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6.4 Conductor Material 

6.4.1 Copper Armature 

In order to apply optimization on Thomson Coil (TC) models, COMSOL 

with MATLAB interface is used. To begin with, copper is chosen as one 

good conductive material for the armature.  

Optimization cases have been made with a number of coil turns ranging 

from 6 to 15. The simulated Thomson coil is illustrated in Figure 6.16 and 

configurations of the  model are represented in Table 6.2. 

Table 6.2 COMSOL simulation configuration.  

Item Data Item Data 

Coil Turns 6-15 Fillet Radius [mm] 9 

Coil Outside Radius [mm] 45 Copper disk Radius [mm] 45.5 

Coil Width [mm] 1.5 Circuit Resistance [Ω] 2.7e-3 

Coil Height [mm] 5 Circuit Inductance [H] 1e-6 

Inter Distance Coil Turns [mm] 0.3 Initial Voltage [V] 1200 

Air Gap between Coil and Disk [mm] 0.5 Capacitor Bank [F] 1.6e-3 
 

 
Figure 6.16 Axi-symmetric 2D simulated TC in COMSOL for copper 

armature. 
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As shown in Figure 6.17, the result of multi-objective optimization will be 

a group of solutions with trade-off on surface, and the decision depends on 

the designers choice for the best solution. At the same time, the main goal 

of this optimization is making the TC working as fast as possible and to 

avoid any failure, the optimum design would be minimum thickness of the 

disk, keeping the armature within the threshold of plasticity. Consequently, 

using the stress as a constraint can be helpful to select the proper solution. 

 
Figure 6.17 Pareto-optimal set for copper armature. 

In Figure 6.18, minimum thickness of disk for each coil turns ranging from 

6 to 15 is represented. As it was expected, minimum thickness increases 

with increase of number of turns. As shown in Figure 6.19, magnitude of 

optimum input current through TC decreases by increasing number of coil 

turns. The generated electromagnetic force in each optimum case illustrated 

in Figure 6.20 and Figure 6.21. Unlike current, electromagnetic force 

increases by raising number of turns. In Figure 6.22 and Figure 6.23, 

procedure of increscent displacement of armature from the coil is 

represented.  

All in all, choosing number of coil depends on the designer. TC with 

39.4 𝑚𝑚 disk thickness and 15 number of turns in coil fulfills the main 

goal of this project, which is maximum acceleration for moving armature. 
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Figure 6.18 Minimum thickness of copper armature vs. number of coil 

turns.  

 
Figure 6.19 Estimated input current vs. time for different number of coil 

turns. 
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Figure 6.20 Exerted electromagnetic force vs. time for different number of 

coil turns. 

 
Figure 6.21 Peak amplitude of electromagnetic force vs. number of coil 

turns. 
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Figure 6.22 Displacement of copper armature vs. time for different number 

of coil turns. 

 

 
Figure 6.23 Time. 0.3ms, Displacement vs. number of coil turns. 
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6.4.2 Aluminum Armature 

As mentioned above, the maximum stress in the armature is initially always 

on the location where the fillet was introduced. In order to decrease the 

maximum stress, it would be a good option to use another conductive 

material which has better mechanical properties, such as higher yield 

strength. Aluminum is another good conductive material second to copper. 

However, pure aluminum, even in the hard-worked version, is a relatively 

weak metal for construction purposes. Strengthening for casting can be 

obtained by introducing alloy elements. By alloying and heat-treatment, it 

is possible to obtain tensile strength properties ranging from 58.6 𝑀𝑃𝑎 for 

pure annealed aluminum and up to 565 𝑀𝑃𝑎 for special wrought heat-

treated  alloy, with density ranging from 2650 to 3000 𝑘𝑔 𝑚3  . While 

copper is a better conductive material than aluminum, aluminum is lighter 

and stronger from a mechanical point of view. 

Aluminum alloy 6063 T-83 could be a proper alternative for copper, which 

has a density of  2700 𝑘𝑔 𝑚3  , an electric conductivity of  3.03 ⨯ 107 

𝑆 𝑚  and a yield strength of 241 𝑀𝑃𝑎.  Subsequently, optimization is 

applied on same model (see configuration on Table 6.3) with aluminum 

alloy armature in order to find the minimum thickness of the disk in number 

of coil turns ranging from 6 to 15, as shown in Figure 6.24.  

Like optimization on copper armature, the results are on a  

“trade-off surface”. Also, in order to select a single suitable solution for this 

optimization model, maximum stress is used as a constraint on the results 

obtained from aluminum armature. 

 

Table 6.3 COMSOL simulation configuration.  

Item Data Item Data 

Coil Turns 6-15 Fillet Radius [mm] 9 

Coil Outside Radius [mm] 45 Aluminum disk Radius [mm] 45.5 

Coil Width [mm] 1.5 Circuit Resistance [Ω] 2.7e-3 

Coil Height [mm] 5 Circuit Inductance [H] 1e-6 

Inter Distance Coil Turns [mm] 0.3 Initial Voltage [V] 1200 

Air Gap between Coil and Disk [mm] 0.5 Capacitor Bank [F] 1.6e-3 

 

 



50 
 

 
Figure 6.24 Axi-symmetric 2D simulated TC in COMSOL for aluminum 

armature. 

The minimum thickness of disk for each coil turns varying from 6 to 15 is 

represented in Figure 6.25. Again as it was expected that minimum 

thickness increases by increasing the number of turns, the magnitude of 

optimum input current through TC also decreases by increasing number of 

coil turns, as shown in Figure 6.26. The produced electromagnetic force in 

each optimum cases are illustrated in Figure 6.27 and Figure 6.28. 

Dissimilar to the decrease of current magnitude, electromagnetic forces 

increase by raising number of turns. In Figure 6.29 and Figure 6.30, 

procedure of increscent displacement of armature from the coil is 

represented.  
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Figure 6.25 Minimum thickness of aluminum armature vs. number of coil 

turns.  

 

 
Figure 6.26 Estimated input current vs. time for different number of coil 

turns. 
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Figure 6.27 Exerted electromagnetic force vs. time for different number of 

coil turns. 

 
Figure 6.28 Peak amplitude of electromagnetic force vs. number of coil 

turns. 
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Figure 6.29 Displacement of aluminum armature vs. time for different 

number of coil turns. 

 
Figure 6.30 Time. 0.3ms, Displacement vs. number of coil turns. 
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6.4.3 Aluminum Armature Coated with Copper 

As mentioned above, copper is a better conductive material compared with 

aluminum. However, aluminum has a higher yield strength. Therefore, it is 

possible to use both materials as a combination. Since, it is noted in 

previous sections, penetration depth of copper in this model is about 2 𝑚𝑚. 

Consequently, copper can be used as conductor on an aluminum support 

armature to defend against failure. The aluminum armature coated with 

2 𝑚𝑚 copper is demonstrated in Figure 6.31. In this model, in order to 

reduce mass of moving armature, width of domain 4 is chosen to be same 

as width of group of coils. Configuration of the simulation model 

represented in Table 6.4. 

Table 6.4 COMSOL simulation configuration. 

Item Data Item Data 

Coil Turns 6-15 Fillet Radius [mm] 9 

Coil Outside Radius [mm] 45 Aluminum disk Radius [mm] 45.5 

Coil Width [mm] 1.5 Circuit Resistance [Ω] 2.7e-3 

Coil Height [mm] 5 Circuit Inductance [H] 1e-6 

Inter Distance Coil Turns [mm] 0.3 Initial Voltage [V] 1200 

Air Gap between Coil and Disk [mm] 0.5 Capacitor Bank [F] 1.6e-3 
 

 
Figure 6.31 Axi-symmetric 2D simulated TC in COMSOL for aluminum 

armature coated with copper. 
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In Figure 6.32 the minimum thickness of disk for each coil turns varying 

from 6 to 15 is represented. The displacement of armature at time 0.3 𝑚𝑠 

for each number of turn is represented in Figure 6.33. 

 
Figure 6.32 Minimum thickness of aluminum armature coated with copper 

vs. number of coil turns. 

 

 
Figure 6.33 Time. 0.3ms, Displacement vs. number of coil turns. 
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6.4.4 Comparison 

In order to conclude the three previous  study cases, the displacement of 

optimum design for every number of coil at 0.3 𝑚𝑠 is gathered in Figure 

6.34. As illustrated, aluminum has more displacement in compare with 

coated and copper armature. There are two main reasons for the 

considerable difference between copper armature and aluminum armature 

displacements. First reason is low yield stress of copper contribute to 

increase of the armature thickness for keeping the maximum stress in 

elasticity. The second one is the high density of causes total mass of 

moving armature increases. 

While the coated aluminum armature was expected to perform better than 

the aluminum armature, Figure 6.34 shows the aluminum armature is faster. 

The coating copper on the aluminum exert a greater force which contributes 

to thicker armature and more moving mass, and consequently, less 

displacement in compare with aluminum armature. In Figure 6.35, the 

displacement for the 15 turns coil is shown. 

 

 

  Figure 6.34 Time. 0.3ms, Displacement vs. number of coil turns. 
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Figure 6.35 Displacement vs. Time for 15 turns coil. 

6.5 Coil Optimization 

To complete the analysis and optimization of Thomason Coils,  the fixed 

coil has to be analyzed as well. It is important to keep the wires in the 

elastic deformation. As a consequence, the coil must be considered as 

structure to obtain stress which are due to electromagnetic force produced 

by group coil. In other words, since each wire in the coil affected by other 

wires, and because of magnetic fields around wires, each wire is influenced 

by other wires in same group. Therefore, maximum current that the coil can 

have without plastic deformation can be obtained. In order to find out the 

maximum current COMSOL with MATLAB interface has used. In Figure 

6.36, 2D axi-symmetric simulation model of flat (spiral) copper coil with 

circular cross section with 2.5 𝑚𝑚 diameter is displayed. Input current to 

the model estimated as exponential flows thorough coils cross section. 
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Figure 6.36 Axi-symmetric 2D simulated fixed coil with circular cross 

section in COMSOL. 

 

The maximum input current which can be implemented on coil cross 

section of this model is approximately 15.5 𝑘𝐴, as shown in Figure 6.37. 

As the amplitude of input current is high, large electromagnetic force is 

produced accordingly which leads to large stresses in the coil. As shown in 

Figure 6.38 - 6.39, maximum stress in the coil is around 70 𝑀𝑃𝑎 which is 

in the limitation of plastic deformation. As a result, maximum amplitude of 

applied current must not exceed 15.5 𝑘𝐴. 
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Figure 6.37 Maximum estimated current that coil can resist vs. time. 

 

Figure 6.38 Stress in fixed coil vs. time. 



60 
 

 

Figure 6.39 Stress contour in spiral fixed coil. 
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7 Conclusion 

In this master thesis, an ultra-fast actuator which perform base on  Thomson 

coil mechanism have been studied. Simulating simple TC in a finite 

element software as first step was started, and has gradually developed into 

to more complicated models. In order to approach accurate features in 

modeled TC, transient simulation is being employed and verified by a TC 

prototype. 

 In view of the fact that the simulation model could accurately predict 

characteristics of Thomson coil, multi-objective optimization techniques 

were implemented in order to achieve the best possible performance design 

with maximum speed. Consequently, optimum design  for both moving 

armature and fixed coil was carried out, by considering that no failures in 

the TC components are allowed. In order to explore the possibilities of 

improving moving armature from  a mechanical point of view and at the 

same time having acceptable electrical features, copper and aluminum as 

materials of armature were studied to select an appropriate material which 

fulfills both mechanical and electrical requirements. Copper armatures were 

considered as a suitable choice due to good electrical conductivity. At the 

same time, copper has high density which conflicts with the acceleration of 

the armature. Consequently, aluminum was chosen as construction material 

for the armature due to the combination of fairly good electrical 

conductivity and low density with good mechanical properties. In order to 

use  high conductivity of copper and high yield strength of aluminum in the 

armature, aluminum is used as main construction of armature with 2mm 

coated copper. However, the performance of aluminum armature with 

coated copper is not as good as aluminum armature. This study 

demonstrated that using a conductive material for the whole part of 

armature is not necessary and a lighter material with higher yield stress can 

be replaced by aluminum. Composites and  sandwich structures can be 

appropriate materials. 

In future, to develop the practical performance of these actuators, an extra 

force can be added to the model in order to increase the contact surface 

between armature and the fixed coil.  
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9 Appendix A 

Technical drawing of the flat coil (circular): 

 

Technical drawing of the Bakelite flat coil (circular): 
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Technical drawing of the assembled flat coil (circular): 

 

Technical drawing of the Bakelite flat coil (ellipse): 
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10  Appendix B 

Technical drawing of the Bakelite helix coil: 

 

Technical drawing of the assembled helix coil: 
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11   Appendix C: 

Picture of 11 turns circular flat coil: 
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Picture of 11 turns ellips flat coil: 
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