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Sammanfattning 
Högspänd likström (HVDC, från engelskans High Voltage Direct Current) är en snabbt växande 

form av kraftöverföring som har många fördelar jämfört med konventionella växelströmsnätverk. 

Ett av huvudelementen i nätet är strömbrytaren (CB, från engelskans Circuit Breaker), vilken 

möjliggör avbrott i de höga likströmmarna på extremt korta tider. Användandet av en Thomson-

spole (TC, från engelskans Thomson Coil) för att generera höga drivkrafter anses vara en 

lämplig arbetsprincip för manöverdonet inuti CB. 

I detta projekt konstruerades ett koncept av ett mekaniskt manöverdon baserat på Thomson-

spolen för SCiBreak AB, ett företag vars slutliga mål är att skapa en komplett ultrasnabb 

strömbrytare för HVDC-linjer. Designfasen mötte utmaningar med de höga krafter som krävs för 

att öppna ett gap mellan elektriska kontakter på bara några millisekunder. En detaljdesign för de 

olika komponenterna i manöverdonet utfördes och analytiska och CAD-modeller av systemet 

genererades. 

Projektet omfattade också tillverkning och provning av en prototyp i företagets lokaler. 

Slutprodukten var en analys och en diskussion av prototypens experimentella resultat samt 

förslag till framtida utveckling av det mekaniska manöverdonet. 
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Abstract 
High Voltage Direct Current (HVDC) is a rapidly growing form of power transmission that 

offers advantages with respect to conventional AC networks. One of the key elements that will 

allow the generalization of the HVDC grids is the Circuit Breaker (CB), which has to interrupt 

high DC currents in extremely short times. The use of a Thomson coil (TC) to generate high 

driving forces is being considered as a suitable working principle for the mechanical actuator 

inside the CB.  

This thesis presents the design of a concept of a mechanical actuator based on the Thomson coil 

for SCiBreak AB, a company whose final objective is to create a complete ultra-fast circuit 

breaker for HVDC lines. The design phase had to face challenges with the high forces required 

to open a gap between electrical contacts in just a few milliseconds. A detail design for the 

different components of the actuator was performed and analytical and CAD models of the 

system were generated. 

This thesis also included the construction and testing of a prototype at the company’s premises. 

The final output was the analysis and discussion of the experimental results of the prototype, as 

well as suggestions for the future development of the mechanical actuator. 
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NOMENCLATURE 

Here are the Notations and Abbreviations that are used in this Master thesis. 

Notations 

Symbol Description 

E Young’s modulus (Pa)  

t Thickness of the disk (m) 

FTC Force provided by the Thomson coil (N) 

M Total mass of the system (kg) 

ay Acceleration in the vertical direction (m/s
2
) 

α Angle between the arms and the horizontal axis (rad) 

Fp Pretension force of the springs (N) 

k Stiffness of the springs (N/m) 

Δx Incremental compression of the spring (m) 

c Damping constant (N·s/m) 

vy Velocity of the mass in the vertical direction (m/s) 

ν Poisson’s ratio (-) 

pm,c Hertzian Pressure in the contact between shaft and roller (Pa) 

Fc/l Linear force distribution in an elliptic contact (N/m) 

E’ Equivalent Young’s modulus (Pa) 

R’ Equivalent radius in an elliptic contact (m) 

Larm Length of the arms in the system (m) 

Fhorizontal Horizontal force in the joints used for friction calculations (N) 

σ Bending stress on the shaft (Pa) 

d Diameter of the shaft (m) 

L0 Length of the springs when no forces are applied (m) 

Lp Length of the springs when pre-stressed (m) 

Farm Force transmitted by the arms (N) 

Ksb Service factor depending on the pin type (-) 

Ksp Service factor depending on connection loading character (-) 

τ Shear stress in a pin (Pa) 

P1 Pressure in the rod (Pa) 

P2 Pressure in the clevis (Pa) 
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Abbreviations 

CAD Computer Aided Design 

DC Direct Current 

AC Alternate Current 

HVDC High Voltage Direct Current 

CB Circuit Breaker 

TC Thomson Coil 

VSC Voltage Source Converter 

FRP Fiber-Reinforced Plastic 
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1 INTRODUCTION 

This chapter describes the background, the purpose, the limitations and the method used in the 

present project. 

1.1 Background 

SCiBreak is a company that was founded in 2014 with the goal of developing and 

commercializing a new concept of ultra-fast electric circuit breakers. SCiBreak’s technology 

relies on standard mechanical and electronic components, which are already manufactured in 

large volumes for other applications. Thus the aimed final concept would have a lower cost than 

the already available competitors. 

In addition, the amount of components of SCiBreak’s design is lower compared to other 

solutions. The final goal of the company is the complete development of a 40 kV circuit breaker 

module for protection of HVDC grids. 

HVDC grids and lines are considered to be a growing technology due to its advantages when it 

comes to power losses and connectivity with renewable energy sources. The development and 

commercialization of HVDC lines (such as the one shown in Figure 1) and networks requires 

that the used components have to be fully optimized before starting the installation of this kind 

of lines for general purposes. 

 

Figure 1. HVDC Line in Brazil (picture by Ivolines) 

Vacuum interrupters and other technologies used in electrical circuit breakers require actuators 

capable of opening a gap of few millimeters in tenths of milliseconds, whereas ultra-fast breakers 

have to be ten times faster. The achieved motion should be well-controlled, without bouncing, 

over-travelling or causing damages to the system. However, the extreme forces and accelerations 

needed for operating the breaker in such a reduced time are opposed to the stability and control 

requirements. 

This project deals with solving those problems and helping the company achieve its goals in 

terms of developing its concept. Parallel to this thesis, two projects at the company were carried 

out and there was some interdependence between them and the present thesis, especially in the 

final stages of the project. On the one hand, there was another master thesis, carried out by a 

student of the Electronic Department of KTH, focused on the electrical aspects of the actuator. 

On the other hand, a similar system was being developed by workers at the company and the 
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transmission of knowledge and materials was possible between them and the author of this 

thesis.  

1.2 Purpose 

The purpose of this thesis is to provide the company with a suitable design for the mechanical 

system that should handle the extreme motions generated in the circuit breaker operated with a 

Thomson coil. This mechanical design should be able to fulfill the main requirements of the 

motion, mainly in terms of displacement, ensuring as well the integrity of the whole system. 

The design includes not only an analytical model of the system, but also a CAD model of the 

system and drawings of the different designed components. 

Finally, a prototype of the system is included into this thesis, which once manufactured has to be 

tested in the premises of the company, comparing the achieved motion with the theoretical one. 

1.3 Delimitations 

The delimitations applied to this project are summarized in the following list: 

 There is a time constraint, as a Master Thesis project is limited to 20 weeks/4.5 months of 

full-time work. The complete design and implementation of the concept would take more 

than that, therefore clear boundaries and reasonable goals have been set for the work. 

 Although the author of this thesis was able to freely suggest and design different concepts, 

all of them had to be based on the principle that the acting force of the actuator is produced 

in a Thomson coil. The technical requirements that the design had to fulfil were provided 

by the company and later discussed in this report. 

 The purpose of this project was to design a mechanical system that could handle the 

motion of SCiBreak’s concept. This means that the system is not independent on its own 

and needs to be coupled with another electromagnetic system. That complementary system 

is the main object of another master thesis, implying certain coordination between both 

projects. It should be noted that the required forces from the Thomson coil have to be 

communicated to the other part so that the electric design of the circuit can be made.  

 There was no targeted budget for the prototype that had to be built and tested. However, 

reasonable costs and manufacturer’s availability had to be considered. 

 The built prototype was tested together with the electrical circuit that operates the 

Thomson coil, but not with a full HVDC current flowing in a real system. More advanced 

testing will be part of a future stage of the design process. 

1.4 Method 

When approaching the problem faced in this project, an engineering method was to be chosen to 

make sure that all the requirements were fulfilled in a systematic and clear way. The used 

method was inspired by the V-model, a common approach in engineering design problems. 

During the whole length of the project weekly meetings took place with the supervisor and the 

student from the Electronic Power department, to clearly set a path to follow and weekly goals 

where set for the following meeting. The experimental part was performed at the premises of the 

company, located in Järfälla, north of Stockholm. 
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Figure 2. V-Model architecture, by Ulf Sellgren 

The first step, consisting of the identification of customer needs and the system requirements 

definition, had already been made in the proposal of the Master Thesis by the supervisors at 

SCiBreak AB. They provided the author with specific technical requirements that had to be 

fulfilled. 

A literature review was done to decide the system architecture. It covered the significant work 

already done in the field and served as a starting point when getting ideas for designing the 

system. Two different architectures for the system were proposed, and a Pugh’s matrix was used 

to compare them and select the most suitable one. Once the main architecture of the system was 

decided, the detail design of the different components was done. 

In order to do the verification of the system, the standard components were bought or 

manufactured and the system was assembled. During this process, collaboration with another 

master student from the Electronic Power Department was essential to agree on certain critical 

parameters and clearly define the interactions between this thesis and the complimentary one. 

Once the system was assembled, tests were performed in order to verify if the system 

requirements, in terms of technical values achieved by the performance of the system, were 

fulfilled. That was the end of this project, and further development can be expected from the 

work done, which will be detailed later in the report. 
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1.5 Requirements specification 

The technical requirements that the system has to fulfill at the end of the design process were 

specified by the company based on their own previous research. Those requirements are listed 

next. 

 A gap of at least 6 mm must be created between two contacts in no more than 2 

milliseconds. The motion should be limited, as the vaccum interrupter can only allow 

contact openings of 12 mm.  

 The weight of the parts that have to be moved is estimated of at least 2 kg. This will imply 

minimum accelerations as high as 1250 m/s
2
. However, the Thomson coil cannot provide a 

constant force over high periods of time (it is usually limited to a couple of hundreds of 

milliseconds), so the actual accelerations – and forces – will be even higher. 

 When the system is held in a closed position, the force keeping the contacts together must 

be of at least 1 kN to counteract electromagnetic forces trying to force apart the contact in 

case of high fault currents. In the open position, a force of 200N is enough to maintain the 

contacts separated. 

The experimental validation of these requirements should be done by building a prototype that 

satisfies the constructive requirements and performing position measurements that confirm that 

the motion of the system fulfils them.  
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2  FRAME OF REFERENCE 

The reference frame is a summary of the existing knowledge and former performed research on 

the subject. This chapter presents the theoretical reference frame that is necessary for the 

performed project. 

2.1 HVDC history, advantages and challenges 

High-voltage direct current (HVDC) is an electric power transmission system that, in contrast to 

commonly used alternate current (AC) lines, uses direct current in the transmission. The history 

of HVDC dates back to the end of the 19
th

 century, and it experienced its first successes even 

before than AC (Guarnieri, 2013). 

However, most of the electricity that is produced, transmitted and distributed nowadays is done 

through AC poly-phase systems, with HVDC limited to specific systems where they are more 

adequate. This can be explained by the great progresses in building successful AC transmissions 

made around year 1900, whereas HVDC had to deal with some problems (such as rectification of 

the current or power generation) that took decades to solve (Guarnieri, 2013). 

Some of these problems were resolved thanks to the development of the mercury arc rectifier 

during the 1930s, which has been replaced since the 1970s with thyristor valves. These valves do 

not show material deposition problems due to the fact that they are solid-state devices (Barnes et 

al., 2017). Problems regarding current interruption and circuit breakers, which constitute the 

main background for this thesis, will be discussed in the next section. 

The development of insulated gate bipolar transistors in the 1990s allowed the construction of 

Voltage Source-Converters (VSC) in HVDC. These devices control the switch-on and off of a 

high voltage source, allowing the connection between phases.  

Nowadays, HVDC is preferred in certain applications. Some of the advantages when compared 

to classical AC transmission (Barnes et al., 2017) are: 

 HVDC allows the connection of two AC networks of different frequency or 

unsynchronized. 

 HVDC does not have reactive losses (when controlled with VSC), not needing reactive 

power compensation and thus not being limited the length of the line. This would allow the 

construction of long lines, such as underwater lines that connect different islands. 

Therefore, the cost per km of HVDC line is lower than for an AC line, as it HVDC has 

lower losses. 

 For a specific corridor size, HVDC is able to transmit more power than the same size in 

AC. When the physical space is a limitation, HVDC would be preferred, as wires of lower 

diameters can be used for the same power transmission capacity of the system. 

 Different support functions such as AC voltage control or reactive power support can be 

achieved with a HVDC line supporting an AC network. 

The two main applications of HVDC at the present have already been cited: connecting different 

AC networks (for example, in connections between the United Kingdom and continental Europe, 

where the networks are not synchronized to each other) and transmitting large amounts of power 

over long distances (there are lines of more than 2000 km, with power up to 8000 MW and 

±800kV in China) (Barnes et al., 2017). 

It should also be noted that these applications are port-to-port networks, as multi-terminal 

networks in HVDC have not been fully implemented yet. In all of the cases, one key element of 
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the network is the circuit breaker (CB), which can have several functions, as neutral bus switch 

(NBS), neutral bus ground switch (NBGS), isolation switch… (Franck, 2001). 

2.2 HVDC circuit breakers 

Extinguishing a current in DC has certain particularities that are not present when trying to do so 

in AC. The main difficulty appears due to the fact that there is no natural-zero crossing in a DC 

current (see Figure 3). 

 

Figure 3. Current shape in DC and AC 

In order to extinguish a DC current with a CB, three steps are performed. First, an artificial zero 

crossing has to be created in the current. Then, the energy stored in the system inductance has to 

be dissipated. Finally, the voltage response of the network after interrupting the current has to be 

withstood. 

There are different devices achieving the DC current extinction in low- and medium- voltage 

applications, using switching arc or solid-state switches. In high-voltage, these devices have been 

typically limited to 250 kV, 8kA or 500 kV, 4 kA with opening times of 35 ms. However, those 

currents are barely 1.6 times the nominal current, not enough to ensure the integrity of the 

system (Franck, 2001). 

One way of doing this operation could be to insert an additional resistance or inductance in the 

current path. This way, a counter voltage of similar or larger amplitude than the system can be 

introduced and then the current is brought to zero. The added resistance will dissipate the 

remaining energy. Bigger counter-voltages will extinguish faster the current, but also will require 

more energy to dissipate. 

In this case, semi-conductors are used to open the system, as their properties favor the opening of 

a gap between the conductors. Unfortunately they have high conduction losses and it would be 

better not to use them as inline switches. That is why hybrid switches are proposed. 

2.3 HVDC hybrid circuit breakers 

In hybrid circuit breakers there are several paths for the current (see Figure 4), and each of them 

contains different elements that will do the functions cited in the previous section to interrupt the 

current. 

 

Figure 4. Simplified structures of a hybrid CB (Schultz, 2016 and Franck, 2011) 
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There are three paths in a hybrid CB. The nominal current path is where the current flows during 

the normal operation of the system. It contains a mechanical interrupter with low losses in the 

closed position. When it opens, an arc is created and it is used for the commutation of the current 

to another line. Therefore this breaker only has to counteract the commutation voltage, and not 

the full voltage of the network. 

In the current commutation path, a counter voltage is built exceeding the system voltage, and the 

current is commutated to the energy absorption path, decreasing the fault current. There, the 

current is extinguished and the main flow of current is successfully interrupted. 

In Figure 5 it can be seen graphically how the current is extinguished in a HVDC breaker. 

Initially the current flows at low levels until a short circuit happens in the network. Then, it starts 

growing and thus damaging the system if it reaches too high levels. Meanwhile, the CB detects 

that unusual peak of current and the mechanical switch is triggered. After the inevitable delay it 

suffers, the current now flows in the commutation path, remaining constant in the main path. 

In the commutation path, an opposing voltage generates an opposing current (in green in the 

picture) that, after some delay, manages to bring to zero the main current, completing the 

opening operation of the system. 

 

Figure 5. Control of hybrid HVDC breaker (Callavik, 2012) 

Transforming this concept into a fully operating real system has been a problem that the industry 

has faced for many years (ABB, 2014). It was ABB who, in 2012, developed the first 

commercially available HVDC Hybrid CB, being capable of extinguishing a current of 320 kV 

and 2 kA in just a few milliseconds. (Callavik, 2012). 

The main focus of this thesis is the mechanical switch in the main line that has to open really fast 

in less than 10 milliseconds to limit the main current of the system. 

2.4 The mechanical switcher in the HVCD hybrid DC 

Several mechanisms have been proposed to achieve the fast motion that is required for the 

correct functioning of the system. Many of them include a vacuum circuit breaker, due to the 

favorable situation of interrupting a current in vacuum. 

2.4.1 Concepts based on permanent magnets 

Permanent magnet actuators are a possible solution. They consist of a vacuum interrupter held 

opened or closed by permanent magnets operated without electrical energy, resulting in a really 

simple system, with a reduced number or parts or maintenance. A mechanism with a lever and 

two permanent magnets operated by two coils was presented by (Dullni, 1998), see Figure 6. 
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Figure 6. Operating mechanism of mechanical switcher with permanent magnets (Dullni, 1998). 

Problems with the permanent magnets may appear due to their speed, therefore they have been 

used as replacement for the spring based mechanisms in vacuum breakers. 

2.4.2 Concepts based on the Thomson coil 

Another working principle suitable for this kind of operators is the Thomson coil, which has 

been known for more than a century (Thomson, 1897). The Thomson coil is a coil that can 

produce a repulsive force on an opposing plate. This principle has been used to design ultra-fast 

mechanical switches that have already been tested in several researches. They are based on a 

configuration where the plate that receives the repulsive force from the Thomson coil is attached 

to a moving part that opens a contact gap and thus operates the mechanical switch. 

The design and analysis of a Thomson coil is certainly a challenge and it has led to a high 

number of research papers describing its properties and different simulation techniques (Lim et 

al., 2013). Likewise, the design of the driving circuit that triggers the Thomson coil (see Figure 

7) and generates the force that moves the plate is also an interesting task, with many possible 

configurations and crucial decisions on the electronic components that are to be used (Peng et al., 

2016). 

Those tasks, essential for the complete design of the system, were out of the scope of this 

project, and some of them were carried out concurrently in another master thesis in the company. 

 

Figure 7. Left: FEM analysis of Thomson coil showing the current density. Right: Example of driving circuit (both 

from Peng et al. 2016) 
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A couple of notes can be made at this point. The Thomson coil efficiency is usually as low as 

5%, although its simplicity and longevity make it a better mechanism compared to other high-

efficiency solutions as a double-sided drive coil (Bissal et al., 2012). Double sided Thomson 

coils seem to be a way to radically increase the efficiency of the coil (up to 70%), although no 

CB has been proposed yet based on this system (Vilchis-Rodriguez et al., 2016). 

Focusing on how the gap is opened and how the motion of the contacts is controlled and 

extinguished, a simple mechanism is presented at Figure 8 from (Roodenburg and Evenlij, 

2008). It consists of a pawl pressed towards a shaft, which is at the same time pressed axially 

against a spring. When due to the displacement of the shaft the pawl reaches a hole on it, it goes 

inside and stops the motion, locking the shaft into that position. The motion is damped with an 

air damper specifically designed for this application. 

  

Figure 8. Mechanism presented at (Roodenburg and Evenlij, 2008) and air damper. 

With this mechanism the authors were able to displace a mass of 2.7 kg at 18 m/s over 25 mm. 

Accelerations in this case reach extreme values such as 38000 m/s
2
 during 450 μs. During the 

motion, the shaft compresses the spring, which provides a vertical forces in the static position 

that helps keeping the contacts closed.  

One commonly used mechanism in switchers based on the Thomson coil is schematically shown 

in Figure 9 from (Peng et al, 2016). 

 

Figure 9. Structure of a fast mechanical switch based on the Thomson coil (Peng et al, 2016). 
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A system with this structure consists of four main parts: 

1. An interrupter, commonly a vacuum one, which conducts the current during the normal 

operation of the line (with low losses) and is able to open the circuit within a really short 

span of time.  

2. An operating mechanism that drives the actuator. In this case it consists of two Thomson 

coils (one for opening and one for closing) that displace a disk attached to the line. When 

one of the coils receives a current impulse, a high force is generated displacing the whole 

system and thus opening the contact. The closing coil operates the same way but without 

strict time limitations. 

3. A damping and holding mechanism, able to provide closing force during normal operation 

of the system (as the electrical current will tend by itself to open the contact), and able to 

damp the extremely high accelerations obtained when opening the system. 

4. An energy storage and control unit, where capacitors play a major role, able to store energy 

in advance so that the system operates fast when the current breaking is necessary. 

With this mechanism promising results have been achieved. In Figure 10 it can be seen several 

aspects of one of the research groups in this field (Peng et al., 2017). In the top left picture, a 

simplified drawing of the damping mechanism is depicted; on the bottom left, an example of the 

FEM simulations with the coil and the disk is shown; and the right image shows the complete 

setup that they used to perform the experiments. These authors claim that a gap of 1 mm is 

opened in 1 ms with a mass travelling at a speed of 1.3 m/s, claiming that a voltage of 10 KV 

could be interrupted in 2 ms, opening a gap of 1.3 mm in 1 ms that reaches 3.1 mm in 2 ms 

(Peng et al., 2016).  

 

Figure 10. Left, up: detailed mechanism. Left, down: detailed view of FEM analysis. Right: Experimental setup for 

the fast switcher (all from Wen et al., 2015) 

A clear representation of this mechanism is presented and implemented in (Wen et al., 2015), 

where the authors claim to have built a prototype of 40.5-kV ultra-fast vacuum switch with an 

operating time of about 2.3 ms (see Figure 10). 

Having gone through the most relevant papers and experiments conducted in the field in this 

literature review, the designing part of the project is described in the next section, starting with 

the proposal of concepts for the system that SCiBreak aims to design. 
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3  THE PROCESS 

In this chapter the working process is described. A structured process is often called a 

methodology and its purpose is to help the designer to reach the goals for the project. 

3.1 First bi-stable system concept 

The first system proposal that was analyzed (Figure 11) was based on the one presented in 

(Roodenburg and Evenlij, 2008). It consists of a shaft that has attached to it a conductive plate 

that will receive the force from the Thomson coil. The shaft has a section with a special shape, 

which is confronted to two rollers that are pressed towards the shaft in the radial direction by two 

pre-stressed springs.  

 

Figure 11. Schematic implementation of the proposal. 

Two main differences can be observed when comparing it with the mechanism in (Roodenburg 

and Evenlij, 2008). The vertical force on the shaft is provided by two pre-stressed horizontal 

springs. As proved by equation (1), an adequate shape of the shaft combined with proper design 

of the springs allows the application of the desired closing forces that keep the contact opened or 

closed in two static positions (see Figure 12). 

The second important difference is that during the movement of the shaft, two elements roll 

against the shaft’s profile, whereas in the previous concept the pawls were pressed against the 

shaft, with sliding friction between them.  

 

Figure 12. Detailed view of the contact point. 

In this preliminary analysis some simplifications have been made. Friction in the rolling contact 

is ignored, and the mass of the pusher is considered negligible compared to the mass of the shaft 

and the rest of the elements that have to be moved when opening the contact. Therefore, only the 

vertical motion of the system is of interest, and its equation is: 
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 2· ·tan( ) ·TC spring YF F M a    (1) 

Where: 

 FTC is the force provided by the Thomson coil actuator. 

 Fspring is the horizontal force that the spring is exerting on the roller. It can be defined in 

terms of its pretension (Fp), the spring stiffness (k) and the horizontal compression of the 

spring (Δx): 

 ·springF Fp k x     (2) 

 α is the angle between the horizontal and the radius in the contact point. 

 M is the total mass of the system, set to 2 kg. 

 ay is the vertical acceleration of the system. 

In order to simulate the performance of the system, several decisions have to be made, starting 

with the profile of the shaft, which will be the determinant factor of the whole motion. The initial 

slope of the shaft is set to 45 degrees, achieving a compromise solution between the required 

spring force and the material stress. The rest of the shape should allow a soft transition as the 

shaft is displaced the required distance. 

The Thomson coil force was not clearly defined at this stage of the project. In fact, an output of 

the design could have been a required force that had to be provided by the Thomson coil, and it 

would have been the input for the other Master Thesis student. 

Going through the references used in the previous chapter, the Thomson coil force can be 

assumed to be a constant force that acts over a few hundreds of microseconds (or over a couple 

of millimetres of travelled distance). Its value can range from few kN to some dozens. 

Two preliminary different profile shapes were found to give acceptable results and are shown in 

Figure 13. 

 

Figure 13. Proposed profiles (blue) and rolling element (red). 
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Both of the profiles provide the requiring opening and closing forces in the static positions of the 

motion. The difference between them is that the second one has an extra opening force that 

accelerates the motion. Note that the simulation has been done using numerical methods in 

Matlab, therefore some singular points or small instabilities may appear (see Figure 14). 

  

Figure 14. Vertical force in the shaft produced by the springs during the motion in the two proposed profiles 

For the proposed profiles, the needed TC force was 20 kN during the first 2 mm of the motion. 

With that force, the system is able to open a gap of more than 6 mm in 2 ms. The springs, with a 

stiffness of 60 N/mm, are pre-stressed to 1 kN each. The profiles for velocity and acceleration 

are similar in both cases. 

A viscous damper is introduced to stop the motion. The shaft is supposed to hit the damper after 

a few millimetres of displacement, starting then the damping effect. The damper is modelled in 

the equations as a damping constant c (N·s/m). 

 · 2· ·tan( ) ·y spring Yc v F M a     (3) 

 

Figure 15. Velocity, position and acceleration of the shaft during the motion in the two proposed profiles 

One more calculation that can be done is the contact pressure between the roller and the shaft, to 

check if it is too high for this application and problems may appear during its motion. Assuming 

for simplicity, a linear contact between the roller and the shaft (instead of more complex 

geometries such as the elliptical contact) the maximum contact pressure is (van Beek, 2006): 
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Where: 

 Fc/l is the linear contact load in N/m. In this case corresponds to the maximum contact 

force from the springs (2 kN) divided by the length of the rollers (5 mm), which has a 

value of 400·10
3
 N/m. 

 E’ is the equivalent Young modulus of the materials of the roller and the shaft. It also 

depends on the Poisson modulus of the materials (steel in both cases) and its expression is 

the following. 
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 R’ is the equivalent radius, calculated as it follows. The radius of the roller is 4 mm, and 

for the shaft in this first approximation it is considered as a flat surface. 
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With the previous equations and data, the maximum Hertzian pressure achieved in the contact is 

around 2 GPa. According to (van Beek, 2006), the maximum pressure a roller bearing can take is 

around 4 GPa, thus no major problems are expected in this system due to the forces in the 

contact point. 
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3.2 Second bi-stable system concept 

The second proposal for the system is based on the one shown in (Wen et al., 2015). A schematic 

but more complete drawing of the system is shown in the following picture. 

 

Figure 16. Schematic view of the proposed concept 

The force is applied by the Thomson coil on the top disk, which is attached to the shaft. The 

shaft and disk move downwards, opposing the pre-stressed springs during the first part of the 

motion, and being driven by them in the second part. The motion is stopped by a damper (non-

depicted) that is hit by the bottom part of the shaft. 

This is a bi-stable system, as it has two positions were it can be stopped in equilibrium. One of 

them happens when the shaft is at the top. Then, the contact is closed and the springs make a 

closing force that opposes the electromagnetic forces that try to open it. The other stable position 

is at the bottom, where the frame takes the separating forces of the spring, which also prevents 

that some residual electrical forces try to close the contact again. 

 

Figure 17. Forces in the system 

The motion of the system can be considered unidirectional (along the axis of the shaft), as all the 

mass is assumed to be attached to the shaft and behave as a solid-rigid, neglecting the masses of 

the arms and the elements that transmit the force from the springs. Friction at the joints is also 

neglected at this stage. 
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With the previous simplifications and the geometrical constraints seen in Figure 17, the equation 

that describes the motion of the system is: 

 2· ·tan( ) ·TC spring YF F M a    (7) 

Which is the same as equation (1) showed for the previous concept, with α being this time the 

angle of the connecting arm with respect to the horizontal. The spring force is again modelled as 

a constant pretension and a variable force depending on the compression: 

 ·springF Fp k x     (8) 

The compression of the spring is determined by both the angle and the length of the arm (Larm). 

At a certain point of time, being α0 the angle at which Δx is considered zero, the horizontal 

displacement of the spring is: 

 0·(cos( ) cos( ))armx L       (9) 

A suitable combination of the parameters could be the following one: 

 Larm, length of the arms, is 20 mm. 

 α0, initial angle of the arms with respect to the horizontal, is 20º. 

 k, the stiffness of the springs, is estimated as 60 N/mm, similar to the stiffness of the 

springs suggested by the company. 

When the motion of the shaft is extinguished through a damper, equation (7) is modified to 

include a viscous damping force, consisting of the product of a damping constant c (which in this 

case has a value of 1500 N·s/m) and the velocity v of the shaft. 

 2· ·tan( ) · ·TC spring YF F c v M a     (10) 

With the previous values and conditions, the results of the simulations are shown in the 

following figures. 

 

Figure 18. Velocity, position and acceleration of the system during a normal operation 
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Figure 19. Angle and vertical force caused by the springs during a normal operation 

From Figure 18, it is observed that the system can travel up to 7 mm in 2 ms, achieving the 

required gap in the specified time with a driving force of less than 30 kN. The accelerations and 

velocities in the system have the same order of magnitudes compared to the ones obtained in the 

previous concept. 

When looking at the vertical force exerted by the springs, it can be seen that the force in the two 

stable positions is 1.5 and 1 kN respectively. Although its value is bigger than the required one 

(in the open position), it is not a problem as it is going to be taken by the frame. 

3.3 Comparison between concepts 

Before going deeper and further analyzing, a concept to work with had to be selected. Several 

criteria were presented and discussed, and after that a Pugh’s matrix will help to choose which of 

them is more suitable for this application. 

 Manufacturability. The first concept seems easier to manufacture. Although the shaft 

would require small tolerances as it is a critical part of the motion of the system, the rest of 

the parts can be easily made of standard components and easily assembled. The second 

concept will have as well small tolerances in certain dimensions such as the arm length or 

the pin joints. Using standardized components could be a solution for this, but may not be 

possible in all the cases. 

 Cost. Related to manufacturability, it will depend on how cheap it is to obtain the non-

standard parts. Both of them may need customized frames and supporting elements for the 

springs and pushers. At this stage and without the final designs it is hard to say which of 

the concepts would have been costlier, but in all the cases the cost difference is not 

expected to be significant. 

 Control of the motion. In the first concept, the motion is mainly determined by the shaft 

shape. Once it is manufactured, the springs and forces can be changed, but the changes on 

the motion are limited. In the second one, the motion is determined by the length of the 

arms, which are easier to manufacture than the shaft. The springs and damper have a 

bigger effect on the motion. 
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 Design complexity. The shaft profile of the first concept requires a deep analysis to 

achieve exactly the desired motion. In the second one, several simplifications can be made 

and the design decisions can be taken through motion simulations in Matlab that can be 

checked in ANSYS. 

 Speed and acceleration. Both of the systems meet the requirements in terms of opening a 

gap in the specified time, at least theoretically. In the first one, the correct performance of 

the roller in contact to the shaft is critical, and if sliding appears the motion can be out of 

control. In the second one, the correct sliding in the rotating joints may be critical, although 

friction can be minimized with adequate lubrication. 

 Damping. The shape of the shaft itself can be used to stop the motion although it can 

induce vibrations. On both of them, an external damping would be included in the system 

to adjust the motion. 

 Opening and closing force. In the first concept, the vertical force in the static positions is 

defined by the profile of the shaft, whereas in the second one it depends on the initial angle 

of the arms. Aligning both sides of the shaft to achieve the required contact force is easier 

to do and measure in the second concept. 

With the previous considerations, a Pugh’s matrix can be done, being its output favourable to 

Concept 2. As this concept has already been successfully tested in other papers and it is in line 

with the general idea that was expected by SCiBreak AB, it was decided to continue developing 

it and refine it in order to build a prototype.  

A Pugh’s matrix is a model for decision making that allows the comparison between alternatives 

with respect to different criteria. The rows of the matrix correspond to criteria, which have been 

weighed from 1-3 according to their relative importance in the project. The columns of the 

matrix contain the alternatives to choose from, selecting one of them as a reference for the 

comparisons. 

Table 1. Pugh’s Matrix comparing the two concepts for the system 

 Weight (1-3) Concept 1 Concept 2 

Manufacturability 2 R - 

Cost 2 E S 

Control of the motion 3 F + 

Design complexity 1 E + 

Speed and acceleration 2 R + 

Damping 2 E S 

Opening and closing force 3 N + 

Positive points - C 5 

Negative points - E 1 

Neutral points - - 2 

Weighed result - 0 +7 
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3.4 Further analysis of the concept 

Having decided to go with the concept 2, a deeper analysis of the motion of the system was 

made. When analyzing the velocity profile of the system during a normal operation cycle (for the 

system’s parameters used in section 3.2), three different sections can be distinguished (Figure 

20): 

 

Figure 20. Velocity profile of the system during a normal operation 

 0-1. There is an almost constant acceleration. The Thomson coil drives the system during 

few hundreds of milliseconds. The angle-varying force provided by the arms and the 

springs is negligible compared to the one from the Thomson coil. 

 1-2. The system keeps moving due to the inertia achieved in the previous phase. The 

velocity is reduced due to the force coming from the springs. 

 2-3. The system hits the damper and a drastic reduction of velocity starts. When the system 

goes to angles lower than zero, the force from the springs now favors the motion but is 

opposed by the damper, which finally extinguishes the motion. 

This analysis reveals that from point 1 until the angle of the system is 0, the system is driven 

completely by the inertia acquired previously. If this inertia is not enough to overcome the 

opposing force from the springs, the motion is stopped and inverted, not reaching the other bi-

stable position, as shown in Figure 21. 

 

Figure 21. Left: angle (top) and position plots (bottom). Right: system when the angle is 0 degrees. 



28 

 

When the angle is 0 degrees, the force from the springs has no vertical component and if 

displaced upwards or downwards, the motion will continue in that direction in absence of 

external vertical forces. 

The effect of the system parameters on the value of the critical force that makes the system reach 

the zero angle was a decisive criterion when selecting the final values of those parameters.  

The initial angle has a direct implication on the value of the closing force. For a constant value of 

the opening force, bigger angles will imply lower pre-stress on the springs. However, on the first 

instants of motion (with α>0), a high vertical force would appear and try to stop the system.  

 

Figure 22. Arm and forces in different positions, for the same vertical force 

The length of the arm has also big implications on the system and it has to be adjusted. The 

longer the arm, the bigger the driving force from the Thomson coil has to be if all the other 

parameters are kept constant. However, small arms have geometrical and stress limitations in the 

size of the joints. 

 

Figure 23. Plot of minimum required force vs length of the arm 

3.4.1 Disk 

Another critical element of the system is the disk that is attached to the shaft and is going to 

receive the force from the Thomson coil. Defining its thickness, shape and attachment to the 

shaft are critical decision that have to be made when building the system. 

Starting with a plain disk, an analytical model on the load case can be found at (Young and 

Budynas, 2002). As it can be seen in Figure 7 (left), the applied force can be considered for this 

simplified analysis as a uniformly distributed load over a sector on the surface of the disk. 

The Roark’s formulas for stress and strain include the case when the disk has the outer edge free, 

and the inner edge fixed to a shaft. Both maximum stress and deformation have to be checked to 

ensure the integrity of the component and to prevent it from hitting other elements of the system. 

The formulas are analytical formulas that include geometrical parameters defined by complex 

expressions (see Appendix A). 
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This analytical model was validated by using FEM analysis in ANSYS (Figure 24), and it was 

found out that the results for different thicknesses had a discrepancy of 10% between the two 

models. Therefore, this model can be used as a first step to decide the thickness and radius of the 

fillet with the shaft.   

    

Figure 24. Example of deformation and stress simulations of the disk 

A model in ANSYS was used to verify the equations describing the motion of the system. It 

included the disk, shaft and arms. At this point of the project, the goal with ANSYS was to 

compare the dynamic behavior of the shaft with the theoretical one, not the stresses or 

deformations, which was done in later stages. 

Using the Transient Structural mode of ANSYS, and recording the position, velocity and 

acceleration of the shaft, the following results were obtained (Figure 25). 

 

Figure 25. Velocity, position and acceleration of the simulated system in Matlab, analytically (blue) and in ANSYS, 

with FEM (red) 

At first sight, it can be said that the results for the velocity and the acceleration are quite similar 

when comparing ANSYS and Matlab plots. A bigger divergence is found in the position (middle 

graph), as the cumulative errors in velocity and acceleration make the different simulations 

diverge on time. Although there are obvious differences in the two simulations plots, the results 

are considered acceptable as the position in the critical point of time of 2 ms is barely 15% and 

the different variables studied show the same trend. 

The plot is focused on the first 10 milliseconds, as the most critical phenomena for this set of 

parameters (5 kg of mass, pretension of the springs of 1 kN, 35 kN of driving force and 0.8 

Ns/mm of damping) happen on that interval. Note that this set of parameters is slightly different 

from the one showed in the previous section, but closer to the final values later decided. 
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3.4.2 Friction issues 

A simple estimation of the different friction forces involved in the system was also made and 

added to the simulations. There were two main sources of friction in the current system: the 

joints and the linear guiding of the pusher in contact with the springs. 

In the linear guiding, friction appears as a frictional force that opposes the motion of the guiding 

block that connects the spring with the arm. As one of the simplifications made to the model was 

that this block was massless, this friction force is considered as a force that opposes the motion 

of the arm. It is defined as μF, where μ is a friction coefficient whose value is estimated as 0.2 

(coefficient of friction between two different non-lubricated metals), and F is the vertical 

reaction of the block (F1 in Figure 26). That reaction may also cause a torque on the pusher that 

will induce more friction but its effects will be mitigated with the use of linear bearings in the 

housing. 

  

Figure 26. Left: forces on the pusher. Right: reaction forces at the ends of the arm when it is driven by the the 

Thomson coil force 

The friction torque in the pin joints has to be transformed into linear forces as the rotating arms 

are considered massless thus having no inertia. The contact force transmitted in the joint is 

determined by the spring and has the same direction as the arm. The friction force can be 

modelled as μF, where μ is now 0.1 (reduced when compared to the previous one due to the 

possibility of lubrication), and F is the cited force. 

The direction of the force is perpendicular to the arm, having to decompose it into two friction 

forces: one that tries to stop the rotation of the arm acting in the same direction as the spring 

force (F2), whereas the other opposes the motion of the shaft (F3). 

Based on the previous paragraph, the equations of the motion (7) and the spring force (8) are 

respectively substituted by: 

 0.12· ·tan( ) 2· · ·sin( ) ·TC horizontal spring YF F F M a       (11) 

 0.2 0.2· ·tan( ) · ·tan( )·sin( )·sign(sin( ))horizontal spring spring springF F F F          (12) 

For α bigger than 0º, the friction forces oppose the motion of the system, and are added to the 

opposing spring force. This way, an increase of 5% in the required force to overcome the critical 

point of 0º is obtained. For α lower than 0º, the friction opposes the spring force, which is the 

driving one. This has a positive impact, as it helps the damper extinguishing the motion, as 

shown in Figure 27. 
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Figure 27. Same system simulated with and without friction. Note that the friction during the first 2 ms, where the 

shaft is driven by the Thomson coil, has no significant effect 

 

These friction forces are conservative values for the sake of the security of the project. 

According to the calculations, their effects are limited. If the real test is done under a controlled 

environment with well-manufactured components and lubrication or linear bearings that reduce 

the coefficient of friction, its effects should not be noticeable on the general performance of the 

system. 

3.5 Detail design of the components of the system 

The final step of the project consists of actually building the system and test its performance in 

the premises of SCiBreak. A similar system was already being built in the company, and 

therefore some of the parts or components were reused from one system to another. 

3.5.1 Shaft 

The load case in the shaft is relatively easy. It receives the force from the Thomson coil through 

the disk joint, resulting in an axial force applied on the shaft. That force was used as a design 

criteria for selecting the diameter. Several holes have to be made in the shaft to attach the 

different components, such as the joints, and its implications are later discussed. 

The material used for the shaft has to be light and resistant. There are electrical components 

attached to the shaft on the top (that were treated as an added mass in the previous analysis) and 

increasing the moving mass due to the shaft itself would retard the motion. A solution is using 

FRP (Fiber-reinforced plastic). The commercial material selected has a density of 1800 kg/m
3 

(33% lower than aluminum) and a tensile strength of 350 MPa. 

For a circular shaft of diameter d, the stress σ under an axial force F is given by the following 

equation.  
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   (13) 

In order to dimension the shaft and later decide the thickness of the disk, it was necessary to 

estimate the maximum force that will be on the system. Simulations in Matlab show that the 

absolute value of the driving force is between 20-30 kN. 

In fact, 25 kN is the force that would displace a mass of 5 kg (which is the highest estimation for 

the added mass of the electronic components) over a distance of 10 mm in 2 milliseconds, 

opening a gap that would be big enough to satisfy the requirements of the system. A safety factor 

of 2 due to the uncertainty of this value is applied, being the final design value 50 kN. 
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For a given force of 50 kN, a shaft of 30 mm of diameter will have a safety factor (defined as 

maximum stress divided by applied stress) of 5. This is considered enough and the influence of 

holes will be checked later. 

3.5.2 Springs 

Three commercial springs were already bought before the start of the project, and its 

applicability was checked. The geometrical parameters and forces of interest in this analysis are 

depicted in Figure 28. In addition, the critical parameter than distinguishes the behavior of the 

three selected springs (which had similar dimensions) is the spring stiffness, k, defined as the 

relation between the force applied on a spring and its compression: 

 ·F k x    (14) 

This will imply modifying equation (8) to introduce the initial length of the spring (L0) and the 

initial compression of the spring (LP). 

 0( )PF L L x k     (15) 

To check if they were suitable or not for the current application, the springs parameters were 

input into the existing Matlab model. Other simulation parameters, such as the initial angle and 

the applied force, were changed to make the system work (meaning that the motion was the one 

described before and the length of the spring was always between the allowable values Ln and 

L0) as shown in Figure 28. 

The selected spring had a stiffness of 170.1 N/mm, which was the bigger value out of the three 

available springs. A too low stiffness would imply initial angles up to 70º, requiring an increase 

on the applied force to counteract the spring force on the first instants of motion.   

  

Figure 28. Left: spring and its parameters. Right: angle and spring length during a cycle 

After having chosen a real spring it is possible to make an estimation on the force that each of 

the arms has to take. That force is the one coloured in black in Figure 22. Knowing the spring 

stiffness and compression, its expression is as it follows: 

 0( )

cos( )

P
arm

L L x k
F



 
   (16) 

The maximum force depends on the length of the arm, the stiffness of the spring and the initial 

angle. According to the analysis made before, an initial angle of around 20º is selected as 

probable value for the experiments, and a length of the arm of 20 mm will require achievable 

forces as well as it will permit the design of strong enough joints. 
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Figure 29. Angular position and force in the arm in a normal operation cycle for the spring with higher stiffness 

For the chosen spring and conditions, the maximum force on the arm is around 2 kN. When 

trying the other springs with lower stiffness, lower maximum forces of 1.5 N appear, as shown in 

Figure 29. The designing force for the joints was selected to be 2 kN, being enough to withstand 

any of the two suitable springs. 

3.5.3 Clevis joint 

Regarding the design of the joints, a pinned connection that allows rotary motion of the arm and 

the connectors is the simplest and cheapest way of achieving the required performance. Different 

shapes for this joint were proposed, all of the proposals having an arm with holes for the pin and 

a similar structure on both the shaft and the elements that connects it to the springs (see Figure 

30) 

       

Figure 30. Two examples of possible joint designs 

When designing clevis joints, shear and bending stresses in the pin have to be checked, as well as 

the pressure on both the pin and the clevis. According to (MITCalc, 2017), the dimensioning of 

this kind of joints can be made using the following equations according to Figure 31. 
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Figure 31. Clevis pin for rotating rod-clevis connection (MITCalc, 2017) 

Pin bending stress 
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Pin shearing stress 
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Pressure on clevis 
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Being a, b, d, l dimensions of the joint as shown in Figure 31, F the force in the arm direction 

and Ksb and Ksp service factors that depend on the pin type and the connection loading character, 

whose values range from 1 to 3 (MITCalc, 2017). 

The clevis joints were designed to withstand the force coming from the springs, which as 

explained before was estimated as 2 kN. Considering both the pin and clevis made of steel, the 

allowable stress values are around 100 MPa for shearing, 200 MPa for bending stress, 30 MPa 

for pressure at the clevis and 35 MPa of pressure at the rod (MITCalc, 2017).  

A way of simplifying the manufacturing process is using standardized components, in this case 

clevis joints under the DIN71751 rule, which are easily available in different manufacturers at a 

reduced price. 

With the previous equations and the geometrical limitations imposed by the length of the arms, a 

clevis joint with commercial name M8x16 was selected (8 mm of pin diameter and 16 mm of 

total width). However, that standard part cannot be used on both sides of the joint, as attaching it 

to the shaft would weaken it to inadmissible levels of safety and would also increase the moving 

mass. 
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In order to attach it to the shaft, customized joints were designed using the previous equations. 

The shape of this joints can be seen in Figure 32. Another pinned joint is used to attach those 

parts to the shaft. 

        

Figure 32. Left DIN71751 Clevis joint. Right: designed pinned joint 

In order to dimension this pin that goes through the shaft and the outer radius of the rings, the 

equations for a cross pin in rod and sleeve are used (MITCalc, 2017). 

 

Figure 33. Geometric parameters for the calculations of a cross pin in rod and sleeve (MITCalc, 2017) 
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Pressure on rod 
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Pressure on sleeve 
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Being d, D and D1 as shown in Figure 33, i the number of pins, F the transmitted force in the pin, 

KL a load distribution factor that ranges from 0.5 to 1 and depends on manufacturing and 

assembly inaccuracies, and KSp and KSb service factors that reduce the real load capacity with a 

value that ranges from 1 to 3. 

For the proposed dimensions, an estimated force of 2 kN and a steel pin of 6 mm of diameter, the 

minimum safety factor is 1.5 for the pin shearing stress, whereas the factors for the pressures are 

higher than 3. 
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The stress distribution in the static position of both the arm and the designed pin joint can be 

checked in ANSYS to check statically the integrity results obtained from the theoretical formulas 

(see Figure 34). 

    

Figure 34. Equivalent Von-Mises stress on the arm and the ring joint in the static position with 2 kN being 

transmitted from the springs. 

The effect of the 6 mm hole on the shaft was analysed in order to ensure its integrity. The case of 

a shaft with a transversal hole in tension has been widely studied and tables for the stress 

concentration factor Kt can be found at (Pilkey and Pilkey, 1997). Considering the chosen 

diameters (6 mm for the hole and 30 mm for the shaft), this factor has a value of 3.6. 

This factor modifies equation (13) for the stress in the shaft to: 
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The value of the safety factor is reduced now to 1.4, corresponding to a stress of 255 MPa. This 

results is validated using CAD models in ANSYS (see Figure 35). 

 

Figure 35. Left: Stress concentrator factor for transversal hole in a shaft (Pilkey and Pilkey, 1997). Right: Stress 

simulation performed in ANSYS. 

A housing for the springs and the clevis joint was already designed for another project at the 

company and therefore was re-used in this thesis. It consisted of two blocks clamped with screws 

that form a hole between them. Another screw compresses the spring against a sliding block 

where the clevis joint is attached. It also has four linear bearings to reduce the friction of the 

pusher (see Figure 39, right). 

3.5.4 Disk  

The disk attachment described in the previous section requires that the disk and the shaft are 

manufactured together, or that the shaft is made of a metallic material that allows the disk to be 

welded to it. As the shaft was decided to be made of FRP, alternatives must be considered. 
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In the parallel project developed in the company, a solution had been already proposed and in 

this project it was decided to use it. It consists of two identical parts as shown in Figure 36 that 

clamp the disk using four bolts. They are attached to the shaft using a pinned joint. 

By using equations (21), (22) and (23), it can be checked that 6 mm pins are enough to transmit 

statically 2 kN with a minimum safety factor of 1.4 in shearing stress. The effect of the 6 mm 

hole on the shaft is the same as the one of the joints that connect it to the arm, and has been 

analyzed previously. 

 

Figure 36. Left, up: Clamping part. Right and left, down: assembly of the disk attachment 

Determining the exact load distribution and load profile on the disk is out of the limits of this 

thesis. In fact, it belongs to the complimentary master thesis done from the electrical point of 

view of the system as electrical effects in the interaction between the disk and the coil are the 

origin of that force. However, an estimation of the maximum value has already been before in 

this project (50 kN), and it is assumed to be uniformly distributed over the free surface of the 

disk. 

Once the force on the disk and its attachments were decided, the boundary conditions for the disk 

were fully determined and it was possible to dimension the disk and decide if non-flat disks were 

a better option for the system. 

Due to electrical considerations, two materials were considered for the disk: a copper alloy with 

a density of 8900 kg/m
3
 and Young’s modulus of 120 GPa, and an Aluminum-Zinc alloy 

(Alumec 89) of 2830 kg/m
3
 of density and 72 GPa. The outer diameter of the plate is 150 mm, 

result coming from the electrical analysis of the Thomson Coil actuator. Using those two 

materials, plots showing the maximum stress and deformation with respect to the thickness of the 

disk were made and shown in Figure 37. 
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Figure 37. Top: maximum principal stress on the disk. Bottom: maximum deformation on the disk 

Due to time limitations, plates of 8 mm thickness were chosen for both copper and aluminum. 

Both showed a maximum deformation lower than 1 mm in the calculations, which was 

considered acceptable. Regarding stress, the chosen aluminum alloy has a yield strength of 500 

MPa, therefore no problems were expected. However, the copper alloy had a yield strength of 

around 250 MPa, meaning that the load application must be controlled and kept far from the 

initial 50 kN (at around 30 kN).  

With that dimensions the disk weighs 1.2 kg if made of copper, and 0.4 kg if made of aluminum. 

Reducing those weights, specially the copper disk’s one, could be a task to be done in future 

iterations of the design process. Reducing the mass of any of the moving parts of the system 

would allow the use of lower forces, meaning less stresses and a longer and more reliable life of 

the system.  

A simple way of reducing the mass would be using a stepped disk instead of a plain one, so that 

the plate is thinner in small diameters and thicker in bigger ones. As stress was the limiting 

factor, there would be a bigger thickness in the parts that suffered from bigger stresses. 

Optimization was done using a parametric sweep on the angle α as shown in Figure 38, trying to 

keep the stress and deformation under the limits previously mentioned and minimizing the mass 

of the disk. The best achieved result was able to reduce the mass 30% compared to the original 

1.2 kg of copper while keeping stress and deformation within the acceptable limits. 

 

 

Figure 38. Top: initial front view of the disk with the angle α of the revolute cut. Bottom: final shape of the disk 

mounted into the joints with the shaft 
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3.5.5 Damper 

Although the damper was modelled in previous chapters as a viscous damper with a damping 

stiffness c, commercial dampers are chosen depending on the energy that needs to be dissipated. 

A rough estimation of the system could be that a mass of 5 kg with a velocity of 4 m/s needs to 

be stopped. This would require to dissipate an energy of 40J. 

Therefore, a commercial damper capable of absorbing around 25J in a stroke of 8 mm was 

chosen (and two of them will be used in parallel). No special housing or arrangement for the 

damper was designed, letting the shaft simply hit the damper after it starts the motion. 

3.5.6 Frame 

The parts designed in this project (shaft, joints, arms and springs) need a supporting frame that 

can handle the high forces and provide enough stability to the system so that the motion is the 

expected one and the measurements can be performed without vibrations or external noises. 

Figure 39 shows the assembly of the designed parts, while Figure 40 shows the final design of 

the system. 

 

Figure 39. Left: Designed parts in this project. Right: housing for the spring and pusher. 

A robust solution that has already been used in similar experiments (see Figure 10) consists of a 

heavy and thick plate at the bottom, which serves as a base for several vertical rods. The rods are 

threaded and act as guides for plates of a lighter material (bakelite was chosen in this project) 

whose height can be adjusted with nuts on the threaded rods. 

Plain bearings were inserted between the central holes of the plates and the shaft, using graphite 

as a lubricant. These bearings have a double function: on the one side, they limit the friction 

between shaft and plates, so that its effect is almost negligible; on the other side, they keep the 

shaft as vertical as possible, minimizing the misalignment of the system and thus preventing 

jamming of the shaft. 

The housing of the springs is attached to one of these plates by using bolts. The Thomson coil 

actuator also lays on one of the plates. The triggering circuit and power source for the system are 

externally mounted and connected with wires to the coil. 
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Figure 40. Conceptual design of the frame with rods and plates 

3.5.7 Measurements 

The goal of the experimental part was to compare the real motion of the system against the 

simulated one, checking if the requirements in terms of opened gap with respect to time are 

achieved. This would mean that the electrical components are able to provide the expected forces 

and the mechanical ones handle the motion correctly. 

Two sensors (see Figure 41) were used in the experimental setup: 

 A compression load cell that is placed on the top, between the shaft and the top of the 

frame. In the static closed position, the shaft is pressed up due to the springs force and the 

vertical force should be around 1.5 kN. A load cell of 500 kg of capacity from the 

manufacturer Vetek was bought to perform this measurements.  

     

Figure 41. Left: load cell used for measuring the vertical force. Right: ultrasound sensor for displacement 

measurements. 

 An ultra-sound sensor that is placed on the lower part of the disk. This sensor had already 

been used at the company to perform displacement measurements with a Thomson coil. 

The ultrasound sensor works at a frequency of 41 kHz. 

The data are acquired with an USB oscilloscope, and the filtering and amplification of the 

signals, as well as its posterior treatment was done by the other student from the electrical 

department.  
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4  RESULTS  

In the results chapter, it is presented the built setup and the problems faced during its assembly, 

as well as the experimental results obtained when running the prototype.  

Due to time limitations and problems with the delivery of certain components, it was decided to 

build a simplified version of the system replacing some of the components that had problems in 

their delivery with others that could be easily acquired in general shops. 

It was possible to perform tests only with this first setup, showing and discussing the results in 

the following subsections and chapter. The second setup with the final components was being 

built by the time this thesis reached its end. 

4.1 First setup 

The delivery of some of the parts suffered from uncontrollable problems and temporary solutions 

were taken to ensure some results and test the components that had already arrived. 

Specifically, problems arose with the shaft and the holding plates. Thus, the shaft was replaced 

by a hollow aluminum rod of 25 mm of diameter (the original shaft was 30 mm) and the bakelite 

holding plates with wood ones. Having modified the diameter of the shaft also implied the 

necessity of inserting some metal laminas to adjust the components that were hold to it.  

The final appearance of this modified setup can be seen in the following pictures. 

 

Figure 42. Mechanical parts of the system 
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Figure 43. Complete mechanical actuator including both the mechanical and electrical systems 

    

Figure 44. Close view of the load cell setup and pressing element (left) and the arm mechanism (right). 

    

Figure 45. Close view of the damper arrangement (left) and the disk and coils (right) 
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Another change that was made was the spring used in this setup. It was decided to use the one 

that had a lower stiffness (32.7 N/mm) due to the fact that the joint force was showing some 

integrity concerns (which will be discussed in the next chapter). Therefore the closing force 

measured with the load cell was 750N, half of the required value. 

With the limitations caused by the mentioned changes in some of the components (which will be 

analyzed deeper in the following chapter), it was possible to run few tests and get information on 

the motion of the system with respect to time. 

Table 2. Summary of the design changes in this setup  

Designed parameter 

or component 

Tested value or 

material 

Designed value or 

material 
Reason of change 

Mass of the system 0.865 kg 5 kg  Not delivered 

Spring stiffness 32.7 N/mm 170.1 N/mm Integrity concerns 

Disk Standard aluminium Alumec89 (Al-Zn) Not delivered 

Shaft Hollow, aluminium Non-hollow, FRP Not delivered 

Holding plates Wood Bakelite Not delivered 

4.1.1 Position results 

As said in the previous chapter, the data was acquired with an USB oscilloscope that the 

company had recently bought. Therefore, there were some electronic issues that had to be fixed 

and it had a limited sampling capacity. Specifically, the data acquisition system had a limitation 

of 2048 samples for digitals channels. 

The tests were performed with a sampling frequency of 409 kHz, sampling over a period of 5 

ms, to acquire a clear insight on how the motion looks like. The control parameter of the tests 

was the voltage at which the capacitors of the TC triggering circuit were loaded. The 

performance of this circuit is out of the scope of this thesis, but it is important to know that a 

higher voltage would mean a higher current and therefore a higher force on the Thomson coil.  

Several tests were run using three different levels of voltage (150, 200 and 250V). Voltages 

below 150V did not provide the disk with sufficient intertia to overcome the vertical force 

coming from the arms and no gap was opened in those cases. 

 

Figure 46. Position vs time plot for capacitors pre-charged to 150V 
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It has to be noted that in all the cases, the system moved as it was supposed to and the dampers 

were able to extinguish the motion without compromising the integrity of the system. More 

analysis of the visual inspection will be presented at the discussion section of this report. 

Although the sensor had already some filtering implemented, the signal computed by the 

oscilloscope showed some noise when transformed into position and time values from its digital 

output is shown in Figure 46. 

After applying a Savitzky-Golay filtering (due to the simplicity of its implementation in Matlab), 

a clearer picture of the motion of the system is shown in Figure 47 below. The complete set of 

plots generated in the experiments can be found in Appendix C. 

 

Figure 47. Original and filtered signal of the position measurement for capacitors pre-charged to 150V 

4.2 Second setup 

At the time of writing the present report, the final setup was being built (Figure 48) and some 

components still required more manufacturing effort and assemblying. For example, the coil, not 

shown in the picture, was being embedded in a special plate with silicon so that it could handle 

the extreme forces without breaking. 

 

Figure 48. Uncompleted final prototype 
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5  DISCUSSION AND CONCLUSIONS 

A discussion of the results and the conclusions that the authors have drawn during the thesis are 

presented in this chapter. The discussion tries to explain the coincidences and discrepancies of 

the experimental and theoretical results, and general design issues.  

5.1 Discussion 

As said before, due to time limitations and problems with the delivery of certain components, a 

version of the system that replaced specific components with other that could easily be acquired 

in general shops was built (and tested while the final materials arrived). This fact made it 

necessary to check how this changes were affecting the performance of the system. 

5.1.1 Effects on the integrity of the system 

The first setup showed some integrity problems that were identified on time before damaging 

dangerously the prototype. Some of them were caused by the use of weaker parts than the ones 

that were actually designed to be used, while others pointed out interesting design details that 

were not fully considered in the main design process. 

  

Figure 49. Left: detail on the shaft deformation (disk seen from below). Right: Arms and joints after a test 

The left image on Figure 49 clearly shows the effects of using a hollow aluminium shaft instead 

of the designed one. Although the force from the Thomson coil was expected to be fully 

dedicated to accelerate the mass of the system, some residual force was also left on the joint. 

As the shaft was hollow and made of aluminium, the surface pressure was extremely high and 

the pin wore down the hole of the shaft. Using a solid shaft made of FRP would solve this 

problem, as the force would be redistributed over the whole surface, and the material will be 

much more resistant. 

The right picture on Figure 49 reveals why it was important to ensure the vertical alignment of 

the shaft for the correct operation of the system. After a trial test, it can be seen that the angles of 

the two arms are no longer symmetrical, meaning that the allowed misalignment was too high 

and the movement was subjected to friction and risk of jamming. In the improved setup, plain 

bearing will prevent this effect from happening again. The misalignment of the shaft can be seen 

in Figure 50, centre picture. 

Figure 50 also shows two more damages that were caused in the system. On the left picture it can 

be observed that the bottom part of the shaft that collides with the damper in every test was 

seriously damaged. In the final version of the design, a solid and resistant shaft and a low 

number of cycles during the life of the breaker would prevent this from being a risk. 
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On the right picture of Figure 50 a damaged Thomson coil is shown. Despite being out of the 

scope of this thesis, it was decided to keep this picture to illustrate how high the forces can be in 

a Thomson coil actuator, so that they were able to take out of its place a winded and glued coil 

which was placed in a specifically designed wooden plate. A silicon housing in special plates is 

the solution for the final concept that will solve this problem. 

   

Figure 50. Left: damaged shaft and damper. Centre: misaligned shaft. Right: damaged Thomson coil 

Whereas all the previous effects were derived from the fact that the prototype was built using 

temporary solutions due to lack of time, one important issue that would have affected the final 

design was detected on time and fixed. When applying the static force with the screws, the 

plungers started to bend noticeably, even with forces lower than the maximum 1.5 kN expected. 

The reason for that is that the clevis joint (steel) and the plunger (aluminium) were attached 

together with a threaded connection that was not possible to tighten enough, even with the 

inclusion of washers. This resulted in a weak joint that limited the amount of vertical force this 

setup could generate. 

Two solutions were taken to prevent his from happening in the final concept: the plunger was 

changed to a steel one, and more attention on the joint stiffness was taken when assembling the 

final version of the concept. 

5.1.2 Analysis of motion 

With the limitations exposed in the previous section, it was possible to run few tests and get 

information on the motion of the system with respect to time. Figure 51 shows an example of the 

final filtered results. 

 

Figure 51. Experimental position vs time plot for capacitors pre-charged to 150V 
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In order to correctly interpret the results, some considerations need to be done. Firstly, the origin 

of the time measurement (the instant of time considered as t=0s) is set to the instant when a 

current through the Thomson coil is generated. This explains why the plot shows only from 0 to 

4 ms (although the sampling time was 5 ms). A plot of the current obtained in this experiment is 

shown in Figure 52. 

 

Figure 52. Current vs time plot for capacitors pre-charged to 150V 

Secondly, it can be seen that the system is not showing any measurable displacement until 1 ms 

after the current was generated. Two explanations may be suggested. On the one hand, it is 

possible that the electronic system has its own delay and it takes 1 ms for the coil to generate a 

driving force for the rest of the system. 

On the other hand, that millisecond may have a mechanical origin and several components could 

be its source, such as the inertia of the mechanical parts that need to be accelerated, the shaft 

misalignment (which may induce jamming and friction), the elasticity of the shaft or the 

deformation of the wooden plate holding the coil. With the current setup it cannot be confirmed 

which of all is the source of this delay. The final version of the design is likely to eliminate many 

of these mechanical issues. 

Finally, it would have been interesting to be able to compare the plot shown in Figure 51 with 

any of the theoretical motion plots shown before, for example the one at Figure 27. However, the 

main reason this could not be done is the fact that the value for the real driving force from the 

TC is not fully determined from the experiment and thus simulations would lack one parameter. 

An approximation can be made by calculating the velocity from the displacement plot just by 

deriving it numerically. It can be seen that from 1 to 2.5 ms the velocity shows a linear 

increment, as expected in Figure 20 from points 0-1.  

 

Figure 53. Experimental velocity plot after filtering for 150 V capacitors 
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In the Section 3.4 of this report, it was stated that during this phase of the motion the driving 

force of the system was basically the Thomson coil force, which had a considerable higher value 

than the opposing force coming from the arms. If that assumption was also valid in this case, 

deriving the velocity curve in that time span would give an acceleration that could be converted 

into force by knowing how heavy the mass that is being moved is. 

The procedure described in the previous paragraph results in an approximated acceleration of 

1800 m/s
2
, which for a mass of 0.86 kg results in a driving force of 1600 N. This value is indeed 

non-negligible compared to the initial pretension of 750 N, meaning that the force coming from 

the springs through the arms needs to be considered. 

By using equations (7), (8) and (9) with position and a constant acceleration as inputs, an 

approximated value for the Thomson coil force can be found by taking the mean value of that 

force in the mentioned time span of 1 to 2.5 ms. This results in a force of approximately 4000N, 

which is in line with the results obtained in the electromechanical simulations performed in the 

parallel master thesis from the Electronic department. However, the comparison between the 

simulated force and the experimental results is not possible due to the aforementioned delay. 

 

Figure 54. Distance travelled by the prototype depending on the charge in the capacitors. 

5.2 Conclusions 

Although the verification of the theoretical and experimental results could not be done due to the 

reasons explained in the previous section, some interesting conclusions can be drawn from the 

experimental part that may help in future stages of the project. 

 Even with the material and operational limitations, a prototype that can generate a gap 

between two contacts in a really short period of time has been successfully built. 

 The Thomson coil principle could be checked: a force was generated when discharging a 

current through the coil, and that force was big enough to oppose the force coming from 

two compressed springs through an arm system. 

 The built prototype was able to travel up to 3.5 mm in 2 ms (or even 6 mm in 2 ms with 

increased voltages) moving a mass of 0.8 kg. Considering that the materials had limited 

performance and that the final goal is to achieve 6 mm in 2 ms, it can be treated as a 

promising approach to the problem, which should be confirmed with further experiments 

with the final setup. In addition, approximated velocities of 3 m/s have been reported from 

the data, which are similar values to the expected ones from the theoretical calculations. 

 A visual inspection of the prototype provided useful information on a possible problem 

that was not considered properly during the design stage. The problem was identified and a 

solution proposed, which will prevent that problem from reappearing in future prototypes. 
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6  FUTURE WORK 

In this chapter, future work that can be done to continue developing the project and solving the 

main problem in this field is presented.  

 

The results of the experimental part can certainly be improved by overcoming the difficulties 

faced when building the prototype and creating an improved version of it. During this process, 

some issues that were not considered in the designing process arose, and it is an engineer’s duty 

to identify them and correctly add them to the theoretical model. 

Specifically, some work needs to be done in the following areas: 

 The connection between the clevis joint and the pusher can be improved by using steel 

plungers instead of aluminum ones. This will prevent some horizontal misalignment 

caused by the vertical forces produced by the springs. 

 The dimensioning of the housing can be adapted to the selected spring, allowing a softer 

application of the load and a better guiding of the spring. 

 The ultra-sound sensor used for measuring the position of the system during its motion can 

be replaced with a more precise sensor, such as a high-speed camera. In fact, by the time of 

finishing this project, the company had already ordered one of such cameras for future 

tests. 

 Refining the load optimization of the different components. The disk weight reduction has 

been studied in this project, but it may be possible to optimize it even more, or put the 

focus on other components. 

However, it is important to note that the Thomson coil actuator is just one part of the complete 

HVDC Circuit Breaker that SCiBreak aims to develop. The final goal is to be able to interrupt 

really high currents in just a few milliseconds. That can only be able with a fully functional 

actuator, but an electronic system that is able to extinguish the current is also needed. At the 

same time as this project was carried out, tests on other components of the complimentary 

systems were also being done at the company. 

Once the design of all the components is finished and successful prototypes are built, there will 

be time to integrate them and test the complete performance of the circuit breaker. It will not be 

possible to carry out this process at the company’s premises and external tests will be done. 

At the end, the final aim of SCiBreak and many other companies on the field, is, as the 

company’s slogan says, “enabling the super-grid” that could replace the current electrical 

networks for other ones that will be more efficient and cheaper. Achieving that would be an 

enormous and interdisciplinary collaborative effort, and hopefully this project would be a small 

contribution for the final goal.  
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APPENDIX A: ANALYTICAL FORMULAS FOR STRESS 
AND DEFORMATION OF THE DISK 

In this appendix, the analytical formulas for calculating the maximum stress and deformation of 

a disk attached to the shaft under the load conditions explained in the design of the system can 

be found.   

A flat plate as shown in the left part of Figure 55 (with inner diameter b, outer diameter a and 

thickness t) is loaded with a constant load q (N/m
2
) over a circular sector that has inner diameter 

r0 and outer diameter the same as the disk. That plate is attached to a shaft as shown in the right 

part of the picture, letting the outer diameter free to move. 

 

Figure 55. Left: disk plate. Right: load case. 

In order to calculate the maximum deflection and stress of the disk, the following parameters 

need to be computed, being E and v the Young’s modulus and Poisson ratio of the disk material 

respectively. 
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Due to the boundary conditions, the displacement at the inner radius and the moment at the outer 

point is null. The moment at the inner radius and the plate constant are defined as: 

 0,    0,    0b ra ay M Q     (31) 
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Finally, the maximum deflection of the disk at the outer radius and the stress at the inner are: 

 
2 3 4

2 3 11a rb b

a a qa
y M C Q C L

D D D
     (35) 

 
2

6 rb
b

M

t
    (36) 

However, that stress value would be valid only if the connection between the shaft and the disk 

was a sharp fillet. A realistic approach has a fillet with a certain radius (coming for example 

from the welding process or from the manufacturing of the shaft). 

A way of integrating this effect numerically is done with the introduction of stress concentration 

factors (Young and Budynas, 2002). A suitable way of applying this effect for this case is to use 

the factor for a stepped shaft in the bending case. One example of them can be found at 

(Enventure, 2015). 

 

Figure 56. Stress concentration factors for a stepped shaft in bending conditions 

Once this factor is obtained, the final stress in the shaft is given by: 

 , ·b corrected bKt    (37) 
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APPENDIX B: MATLAB CODE THAT SIMULATES THE 
MOTION OF THE SYSTEM 

 
% Script 'IncForce.m' 

% This script simulates the motion of the system for a given set of 

parameters. The system’s equations are computed in a function called 

IncForceFcn.m 

 
clear 
clc 
 

%%% input data 
 

% position, forces and damping 
   

  cdamp  = 600; 
  phi0   = deg2rad(45);       % initial angle 
  phif   = deg2rad(0);          % final angle 
  Dy     = 12/1000;                % max required separation 
  Fclos  = 2000;                 % required force when closed 
  Fsep   = 1000;               % required force when separated 
  F0     = Fclos / (2*tan(phi0));         % pretension of spring 

  Larm    = 0.02; 
 

% spring parameters 
   

  ks = 60000;     % spring stiffness  
  L0=65/1000;          % spring initial length 
  DL0=F0/ks; 
  L=L0-DL0; 

   
% force from Thomson Coil 
   

  pulse_length=300e-6; 
  pulse_amplitude=28000; 

  
% other parameters 

 

  d0     = 0.002;           % initial axial distance   
  m      = 3;                  % mass to be accelerated 
  dt = 1e-6;     % integration step 

                  
%%% make data vector for the called function 
 

   params = 

[m,cdamp,d0,Larm,ks,phi0,phif,F0,Fsep,pulse_length,pulse_amplitude,L,L0]; 

  

  
%%% integrate system 
 

  T   = ( 0:dt:0.02); 
  X   = zeros(length(T),2); 
  DX  = zeros(size(X)); 
  phi = [phi0]; 

  
%%% initial state   
   

  pos  = d0; 
  v   = 0; 
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  X(1,:) = [pos,v]; 

  

  
  %%% integrate system equations   
  

 for nn=2:length(T) 
    t           = T(nn); 
    x           = X(nn-1,:); 
    [fi,xdot,F]    = IncForceFcn(x,params,t); 
    DX(nn-1,:)  = xdot; 
    X(nn,:)     = x + dt*xdot; 
    phi(nn)=fi; 
    force(nn)=F; 
  end 

   
  pos=X(:,1);     % Position vector 
  vel=X(:,2);     % Velocity vector 
  acc=DX(:,2);     % Acceleration vector 
  

 

  

function [fi,xdot,F] = IncForceFcn(x,params,t) 

  
   m      = params(1);    % Extracting parameters from vector 
   cdamp  = params(2); 
   d0     = params(3); 
   Larm   = params(4); 
   ks     = params(5); 
   phi0   = params(6); 
   phif   = params(7); 
   F0     = params(8); 
   Fsep   = params(9); 
   p_l    = params(10); 
   p_amp  = params(11); 
   L      = params(12); 
   L0     = params(13); 

  
 d  = x(1); 
 v  = x(2); 
 mu = 0; 

   
 ForceThomson = p_amp * (t<p_l);  % Define Thomson coil force 

 F = ForceThomson; 

  
  phi=asin(sin(phi0)-(d-d0)/Larm);  % Calculate angular position 
  DX=Larm*(cos(phi)-cos(phi0)); 
 

  Fspring = (L0-L+DX)*ks; 
  Fv=2*Fspring*tan(phi); 

  

 
  if d > 0.008+d0 
    a = (F-cdamp*v-Fv*(phi>phif))/m; 
  else  
    a = (F-Fv*(phi>phif))/m; 
  end 

   
  xdot(1)=v; 
  xdot(2)=a; 
  fi=phi; 
  F = Fv; 
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APPENDIX C: EXPERIMENTAL PLOTS   
 

 

 

 

 

Figure 57. Experimental plots of displacement and speed for capacitors pre-charged to 150 V 

 

 

Figure 58. Experimental plots of displacement and speed for capacitors pre-charged to 200 V 
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Figure 59. Experimental plots of displacement and speed for capacitors pre-charged to 250 V 


