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Sammanfattning 
En transversalflödesgeneratortopologi skall användas för att generera elektricitet av 

havsvågor. Den huvudsakliga fördelen med detta koncept är dess låga förluster och att en 

högre kraftdensitet kan uppnås vid låga hastigheter. Med den relativt långsamma hastigheten 

hos vågor har detta maskinkoncept potentialen att vara väsentligt effektivare än vanliga 

permanentmagnetiserade synkrongeneratorer, om systemet är direktdrivet, det vill säga om 

det inte behövs någon växellåda. Denna avhandling behandlar de mekaniska aspekterna av 

generatorn där det kontrollerades huruvida en mekaniskt hållbar konstruktion för att generera 

elektricitet från energin i vågorna kan skapas till en låg kostnad. 

Dimensionerna på utskjutande delar på järnstackarna är viktiga eftersom de påverkar den 

totala effektiviteten av systemet. Ett antal olika kombinationer testades för att kontrollera 

spänningarna och den totala elastiska deformationen av delen. Dessa värden jämfördes med 

analytiska beräkningar. Maximal deformation kontrollerades för stator och translator med 

finita elementmetoden (FEM) och kontrollerades analytiskt med balkteori och var inom 

acceptabla värden. 

Termisk expansion av de mekaniska delarna i generatorn kontrollerades och var tillräckligt 

låga. 

Lim 3M DP270 och vinylester föreslogs för dess egenskaper. Vinylester är planerad att testas 

ytterligare på olika delar av statorn och translatorn. 

Infästning av lagren med hjälp av VKR på statorn har föreslagits för ytterligare utvärdering. 

En form på det isolerande materialet har föreslagits till translatorn. 

Ett koncept för att klämma ihop både stator och translatordelar togs fram och koncept för både 

stator och translator har simulerats med FEM och utvärderats ytterligare med hjälp av 

analytiska beräkningar. 

Linjära styrbanor har föreslagits för den linjära rörelsen av translatorn. 

Ett koncept för att fästa statorn och translatorn har föreslagits i avhandlingen. 

En CAD-modell har utvecklats för ytterligare utvärdering av delar.  

Nyckelord: Vågkraft, transversalflödesgenerator, mekanisk konstruktion 



 



 

 

 

 

 

 Master of Science Thesis MMK 2016:103 
MKN 164 

 

Mechanical Design of Transverse Flux 
Linear Generator for Wave Power 

  Erling Guldbrandzén 

  Manthan Shah 

Approved 

2016-06-15 

Examiner 

Ulf Sellgren 

Supervisor 
Anders Hagnestål 

 Commissioner 

Electric Power and Energy 
Systems 

Contact person 

Anders Hagnestål 

Abstract 
The Transverse flux generator type topology is to be used to generate electricity for wave 

energy purposes. The main advantage of using this concept is low losses and higher values of 

force density can be achieved at low speeds. With the relatively slow speed of the waves this 

machine outperforms the standard permanent magnet synchronous machines. This thesis is 

related to the mechanical aspects of the generator where it was checked whether a 

mechanically sustainable structure could be created at a low cost to generate electricity from 

the energy of the waves. 

Maximum deformation was checked for the stator and translator using finite element method 

(FEM) and analytically checked by beam theory and was within the acceptable range. 

Thermal expansion of the mechanical parts in the generator is sufficiently low. 

Adhesives 3M DP270 and vinyl ester were suggested for their properties. Vinyl ester is 

planned to be further tested on different parts of stator and translator. 

Attachment of the bearings using HFRHS on the stator has been suggested for further 

evaluation. 

A shape of insulating material has been suggested for the translator. 

The dimensions on the protrusions of the iron stacks are important since they affect the 

overall efficiency of the system. A number of different combinations were tried to check the 

stress values and total deformation in the part. The results were further evaluated and most 

appropriate combination was selected.  

A clamping concept was devised for both the stator and translator parts and concepts for both 

the stator and translator have been simulated by FEM tools and other aspects have been 

evaluated using analytical calculations. 

Guideways have been suggested for the linear motion of the translator. 

A concept to attach the stator and the translator is also suggested in the thesis. 

A CAD model has been developed for further evaluation of parts. 

Keywords: Wave power, transverse flux generator, mechanical structure  
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NOMENCLATURE 

In this section, the notations and abbreviations are listed and defined. 

Notations 

Symbol  Description 

B  Magnetic flux density 

A  Cross-sectional area  

F  Force 

µ0   Permeability in vacuum 

𝑉𝐸𝑀𝐹  Induced voltage 

Φ  Magnetic flux  

𝑁𝑤𝑛𝑑  Number of turns of winding 

𝑃𝑒𝑐 𝑙𝑜𝑠𝑠  Eddy current loss per unit volume  

𝑑𝑙𝑎𝑚  Lamination thickness 

𝜔𝑚𝑎𝑔   Angular frequency of the magnetic flux 

𝐵𝑚𝑎𝑔   Magnetic flux 

𝜌  Resistivity 

𝑅𝑤𝑛𝑑  Resistance in winding 

𝜌𝑤𝑛𝑑  Electrical resistivity of the winding 

𝐿𝑤𝑛𝑑  Length of winding 

𝐴𝑤𝑛𝑑  Cross–sectional area of the wire 

∆𝐿  Elongation 

𝛼  Coefficient of linear expansion 

𝐿0  Initial length 

∆𝑇  Difference in temperature 

𝜔𝑛  Natural frequency 

𝐸𝑏𝑒𝑎𝑚  Young's modulus of beam 

𝐼𝑏𝑒𝑎𝑚  Area moment of inertia 

𝑃𝑏𝑒𝑎𝑚 𝑙𝑜𝑎𝑑  Axial load of beam 

𝐿𝑏𝑒𝑎𝑚  Length of beam 

𝜌𝑏𝑒𝑎𝑚  Density of beam 

𝐴𝑏𝑒𝑎𝑚  Cross-sectional area of beam 

𝑓𝑛  Natural frequency of beam 

𝑚𝑏𝑒𝑎𝑚  Mass of beam 

𝐼  Area moment of inertia 



 

 

𝑏  Width of material 

ℎ  Height of material 

𝜃𝐴  Left displacement angle 

𝑃  Force 

𝑙  Total length 

𝐸  Young's modulus 

𝛼  Distance to the force from the left divided by the total length 

𝛽  Distance to the force from the right divided by the total length 

𝜃𝐵  Right displacement angle 

𝑀𝐴  Torque to the left 

𝑀𝐵  Torque to the right 

𝛿𝐹  Displacement from the force 

𝜁  Distance from the left divided by the total length 

𝛿𝑀  Displacement from the torque axis 

𝛿𝑠𝑖𝑛𝑔𝑙𝑒  Displacement of beam fixed at one end 

𝜎𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒  Tensile strength for electrical steel 

𝜎𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒  Allowable tensile strength for the part 

FOS  Factor of safety 

𝐾𝑐  Stress concentration factor 

𝜎𝑑𝑒𝑠𝑖𝑔𝑛  Design tensile strength 

𝜎𝑖𝑟𝑜𝑛𝑠𝑡𝑎𝑐𝑘𝑠  Tensile strength of iron stacks 

Fe  External force by the translators 

Fb  Clamping force provided by the bolts 

𝐹𝑠𝑖𝑛𝑔𝑙𝑒 𝐵𝑜𝑙𝑡  Force taken by a single bolt 

𝐹𝑇𝑜𝑡𝑎𝑙 𝐶𝑙𝑎𝑚𝑝𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒 Total clamping force required 

𝑑𝑐  Core diameter of the bolts 

𝜎𝑡  Tensile strength of the bolts 

P  Tensile load on the bolts 

𝐴𝑠  Area of threads under shear 

𝑛  Inverse of pitch 

𝐿𝑒  Length of the threads on the screw 

𝐾𝑛𝑚𝑎𝑥  Maximum inner diameter of internal thread 

𝐸𝑠𝑚𝑎𝑥  Minimum pitch diameter of internal threads 

𝐷𝑠𝑚𝑖𝑛  Maximum inner diameter of internal threads for female part 

𝐿𝑠  Life of bearings in 10
5
 meters 

 



 

 

𝐷𝑎  Rolling contact diameter for track rollers in mm 

Crw  Effective dynamic load rating in newton 

Pr  Equivalent dynamic load rating in newton   

 

Abbreviations 

CAD  Computer Aided Design 

FEM  Finite element method 

EMF  Electromotive force 

HFRHS  Hot Formed Rectangular Hollow Section  

KTH  Royal Institute of Technology 
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1  INTRODUCTION 

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

the presented project. 

1.1 Background 

Ocean waves have been a huge and a largely untapped energy resource and the potential for 

extracting energy from waves worldwide has been estimated to 2 TW (Gunn & Williams, 

2012) out of 104.426 TW in 2012 (The International Energy Agency, 2014). Research groups 

have investigated a number of methods to capture the energy of the waves (Boström, 

10/2013). This indicates that wave powered generators will not solve the world’s energy 

problems but could be part of the solution. 

A number of patents have been granted since the late 18
th 

century, but the research in this 

area is relatively immature as compared to other renewable energy technologies. High 

prices of fossil fuels and its effect on the environment have led the researchers to find 

alternate energy resources. Renewable energy resources are considered as an alternative 

energy resource to meet the world’s excessive energy demand. A number of different 

technologies such as solar, wind, biomass, geothermal and hydroelectric are in use to 

generate electricity, while the technology for converting ocean power is still in its infancy 

(Nazarpour, 2013). Researchers have for a long time contended that energy generation from 

the waves could make a major contribution to the global demand (Levitan, 2014). However, 

a host of problems such as highly corrosive environment faced by the devices operating at 

the water surface and mechanical designing challenges related to the device have slowed 

down the efforts to generate electricity from the sea (Clément, et al., 2002).  

The focus of this thesis would be to make a mechanical structure for a prototype that will be 

tested indoors. Instead of using a floating buoy, the generator will be powered by a motor 

which will have a similar structure as the generator, and this test rig is not planned to be used 

in close proximity to sea or any other water source. 

1.2 Purpose and Aims 

The purpose of this thesis is to design a mechanically sustainable structure for a low cost 

transverse flux linear generator type to generate electricity from the energy of waves. The 

advantage of using this concept is that low losses and higher values of force density can be 

achieved at low speeds.  

The linear generators that are available in the market currently have a number of 

disadvantages such as:  

1) The generator is large in size and thus expensive (Polinder & Macrow, 2005). 

2) The attractive forces between the stator and the rotor are large thus leading to large bending 

forces (Polinder & Macrow, 2005). 

3) Copper losses form a large fraction of total converted power at low speeds.  

The following research questions were investigated in this thesis:  

 Is the horizontal deformation of the stator below 0.2 mm? 

 Is the vertical deformation of the stator below 1.0 mm? 

 Is the horizontal deformation of the translator below 0.2 mm? 
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 Is the vertical deformation of the translator below 1.0 mm? 

 Will the thermal expansion of the material make the air gap smaller than 0.5 mm? 

 What should be the shape of the insulating material in the translator? 

 How should the linear guide be attached to the translator? 

 How should the bearings be attached to the stator? 

 What is the natural frequency of the translator part? 

 What glue would be suitable for the generator? 

 How small can the protrusions be made on the iron stacks? 

 What are the stresses on the protrusions of the iron stacks on the stator?  

 What are the necessary clamping forces required on the stator and the translator? 

 How are the rods attached to the stator and the translator? 

 What type of bearings could be used for the linear motion of the generator? 

 What are the needed tolerances for magnets to always fit the iron stacks? 

 What are the net forces on whole stacked structure? 

 How much force is acting on the metal bar on top of translator? 

 What is the fatigue life on all mechanical parts? 

 What is the fatigue life on the selected linear guides and roller bearings? 

 Would tolerance chains have any effects on the air gap? 

 What tolerances needs to be set for manufactured parts? 

The deliverables for the thesis are listed below: 

 Worked through design concept. 

 Technical drawings of the various parts. 

 Creating assembly instructions for the generator. 

1.3 Delimitations 

To design a mechanical structure for the transverse flux machine is a complex task. For this 

thesis, only the static loading cases have been considered for calculating the stresses and 

deformation on irons stacks, grid structure for stator and translator and clamping of stacks. 

Aspects of thermal expansion and thermal effects on the materials were just touched upon in 

the thesis.  

Delimitations for the design and evaluation of the components were set before the start of the 

thesis. The delimitations are listed below:  

 The design of a floating buoy including its attachments. 

 To increase the effectiveness of the generator, the buoy movement should be 

controlled. The development of the electrical applications of such systems are not be 

addressed. 

 Calculations of electromagnetic/magnetic forces. Necessary calculations and 

simulations needed were provided by Anders Hagnestål from Electrical Energy 

Conversion at KTH. 

 The working environment is considered to be indoors hence effects of water are not 

considered in this thesis. 

 The design of seals and effect of corrosion will not be addressed.  

 The mechanical structure will not be optimized.  

 The transformer core will be designed by Anders Hagnestål. 
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Due to time constraint the following research questions were not answered: 

 What are the needed tolerances for magnets to always fit the iron stacks? 

 What are the net forces on the whole stacked structure? 

 How much force is acting on the metal bar on top of translator? 

 What is the fatigue life on all mechanical parts? 

 What is the fatigue life on the selected linear guides and roller bearings? 

 Would tolerance chains have any effects on the air gap? 

 What tolerances needs to be set for manufactured parts? 

The following deliverables were not delivered due to time constraint: 

 Technical drawings of the various parts. 

 Creating assembly instructions for the generator. 

1.4 Methodology 

Project Plan 

A document was prepared to clearly communicate the structure of the project. The tasks were 

further subcategorized.  

GANTT Chart 

A GANTT chart was prepared setting time limits for each and every tasks. The GANTT chart 

is not presented in these report.  

Competitor analysis 

A background research was first carried out on various machine types that are available in the 

market, to get a better understanding of the processes and methods being used to implement 

the concept. A number of technical papers related to the subject were read to identify 

opportunities of improvement. 

Brainstorming 

Brainstorming sessions were held where new ideas were developed. These sessions were 

concentrated on a specific theme. The concepts were selected through discussion. 

Cad Models 

The design was made after the concept of Anders Hagnestål from Electrical Energy 

Conversion at KTH. Since the project is still under conceptual phase, CAD models of the 

generator was prepared at the start to get a proper understanding of the working of the concept 

and to figure out the areas which are critical to the design aspects of the generator. After the 

functionality of the generator was properly understood, the various subcomponents of the 

generator were further prepared using CAD tools. To check the interactions between the other 

subcomponents of the system and further proofing the concept by using various simulations 

models. The CAD programme used for this thesis was Solid works 2014. 

Analytical calculations/Calculating tools 

After the CAD model was prepared, the concepts were further analysed for stresses and 

deformation using simple formulas. For a large number of calculations, MATLAB simulating 

tool was used during this thesis. 
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Simulation tools 

The concepts were analysed for aspects such as stresses and deformation by using FEM tools. 

The results obtained are much more refined in the sense the values obtained from this tools 

are closer to actual values. 

Convergence 

Convergence values were set to the values obtained from simulation tools to check the 

validation of the results. Values set for convergence were dependent on the tasks. 

Design of Experiment methods 

Factorial design methods were used in one case to find the best possible dimensions for a part. 

Contact to companies 

A number of manufacturing companies were contacted to know more about the standard 

products available within their portfolio and their technical expertise/suggestions were noted 

down for future reference. 

Evaluation 

The generator is interlinked to a number of other systems. The concepts were evaluated by 

discussions between the authors and the supervisor.  

Iteration process 

Since the generator is still in its conceptual face, a number of iterations were made along the 

way of the thesis. 

Cost Evaluation 

Due to the inclusion of the number of parts in the generator, the design choices made in the 

thesis were made with cost as one of the most important criteria. 
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2  FRAME OF REFERENCE 

The reference frame summarizes the existing knowledge and formerly performed research on 

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

performed research, design or product development. 

2.1 Working principle of the Generator 

The basic working principle of a generator could easily be illustrated by a moving a magnet in 

and out of the closed conductor coil or keeping the magnet steady and moving the conducting 

coil in a to and fro motion. These in and out motion creates a time-varying magnetic flux that 

is enclosed by the winding, which according to Faraday’s law induces a voltage in the 

winding. The voltage induced inside the coil is given by 

 𝑉𝐸𝑀𝐹 = −
𝑑Φ

𝑑𝑡
∙ 𝑁𝑤𝑛𝑑 (1) 

where 𝑉𝐸𝑀𝐹 is the induced voltage (EMF), Φ is the magnetic flux that is enclosed by one turn 

of the winding and 𝑁𝑤𝑛𝑑 is the number of turns (Vukosavic & Slobodan , 2013) (Freedman, 

2012). 

Figure 1 shows a basic line diagram of a linear generator where the stator acts as a conducting 

coil and the translator acts as the magnet. 

 

Figure 1. Basic line diagram of a linear generator. 

In a linear electric generator, the moving part is called the translator and the stationary part 

would be the stator which in Figure 1 acts as a closed loop circuit and the translator acts as a 

moving magnet.  

In the case of linear flux transverse generator the translator would be coupled to the heaving 

buoy on the top. The translator consists of magnets and iron stacks mounted along its total 

length and the stator consists of stacked iron and windings. As the heaving buoy oscillates, an 

electric voltage would be induced in the stator windings on the transformer core. These 

winding will be connected to a control circuit that controls the current and extract electric 

power.  

Early investigations for using the electrical linear wave power generators concluded that these 

machines would be too heavy, have low efficiency and would be too expensive to 

manufacture (Drew, et al., 2009). However with the introduction of new magnetic materials 

and the reduced cost of electronic parts, this technology could be made possible. 
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There are three main topologies of linear electric generators: 

1) Longitudinal flux permanent magnet generator. 

2) Variable reluctance wave generator. 

3) Tubular air-cored permanent magnet generator. 

(Mueller, 2002) compared the longitudinal flux permanent magnet machines with the 

transverse flux permanent magnet machine and it was identified that the transverse flux 

machine has the best potential due to its high power density and efficiency as compared to the 

longitudinal design. The air cored machines have lower power density and efficiency, but do 

not suffer from the undesired normal forces that are caused by the attraction between the 

stator and the translator. 

2.2 Introduction to the mechanical components 

This chapter introduces the various mechanical part of the system. To reduce the strain of 

the CAD-program, the illustrations of stacked iron parts and magnets are simplified into a 

solid piece. 

2.2.1 Complete assembly view 

The arrangement of the stator, translator and transformer core is shown in Figure 2. The total 

weight of the system is around 4 tonnes excluding the weight for roller bearings, outer frame, 

attachments to the frame for translator and stator and the transformer core. The top view of 

the assembly does not include the outer frame which holds the transformer core and 

attachments for the stator and the translator to the frame.  
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                     Figure 2. Top view of the assembly. 

2.2.2 Stator 

In a linear generator, the stator is the stationary part of the system. There are three 

configurations with the same parts in the system that makes up the stator. The stator consists 

of iron stacks, neodymium magnets, HFRHS and separating plates. The total height of the 

stator is approximately 2 m and the total weight of the stator is around 500 kg excluding the 

weight of the bearings, clamping arrangement and bolts to connect the bearings on HFRHS. 

The arrangement of various parts in the stator is shown in Figure 3. 

Translator  

Transformer core 

Stator 
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Figure 3. Side view of stator. 

2.2.3 Translator 

The translator is the moving part of the generator which slides parallel to the stator.  There are 

four configurations with same parts in the system which makes up the translator. It consists of 

G10 blocks, iron stacks, HFRHS and guideway arrangements. The total height of the 

translator is 8 m and the total weight is 2800 kg. Various components inside the translator are 

shown in Figure 4. 

 

Figure 4. Side view of the translator. 

 

HFRHS  

HFRHS pipe 

Phase block 

Guideway 

Iron stacks 

Iron stack 

Separating plates 

G10 bock 

Magnets 

Insulating 

material 
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2.2.4 Transformer core 

The transformer core is made of stacked iron. The core would have copper or 

aluminium windings on the side to carry the induced flux. These windings would be 

connected to other power electronic devices. A simplified illustration of a transformer core is 

shown in Figure 5. 

 

 

Figure 5. A simplified illustration of a transformer core. The cylindrical section symbolizes the windings. The 

layers that build up the core are not visible. 

 

2.2.5 Magnetic forces 

The forces that arise from the interaction between the magnetic field and the current in the 

stator winding and the magnetic field from the iron parts in stator and translator and the 

magnets are called magnetic forces. These forces are the useful forces in a permanent magnet 

generator. There are some undesired magnetic forces in a generator that needs to be dealt 

with. One of these forces is the cogging force. These forces arise from the attraction force 

between the magnets and iron or between different iron parts regardless of the stator current. 

These forces acts in the same direction and they cause a force/torque ripple, hence the name 

“cogging”. It is desired to reduce the forces since they cause vibrations in the machine. These 

forces could be reduced by using geometrical tricks such as displacing poles, which will lower 

the maximum power/force/torque of the machine or by controlling the current in the machine 

and making it slightly non-sinusoidal to produce a constant force/torque. The other undesired 

forces are the normal forces that arise from the attraction between the translator and stator. 

These can be in principle be calculated by Maxwell’s stress tensor. The results are 

approximately given by the equation (2) (Hagnestål, 2016) 

 𝐹 =
𝐵2𝐴

2𝜇0
 (2) 

where 𝐵 is the magnetic flux density , 𝐴 is the cross-sectional area assuming that the magnetic 

field is straight over the air gap and 𝜇0 is the permeability in vacuum.  

The forces are large in the case of a linear generator and it is desirable to minimize the load on 

the bearings and the machine structure. The machine is arranged with symmetry so the forces 

ideally cancel out each other. However, due to manufacturing inaccuracies, elastic 

deformation and thermal expansion, there will be net forces. Earnshaw’s theorem states that a 

magnetic object that is in an equilibrium position is always unstable and any displacement 
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will increase the force in the direction of the displacement. The symmetry is never perfect. 

Thereby, there will be net magnetic normal forces that need to be dealt with, even if the 

machine is symmetric. If the machine contains non-symmetric parts, which the present 

machine does, the normal forces at that part are likely to be larger.        

Magnetic force calculations 

There will be magnetic forces between the iron stacks of the stator and translator. 

The magnetic forces on the iron stacks are directed in opposite directions for adjoining iron 

stacks on the stator. On the translator parts with a stator on each side, the forces will be in 

opposite directions but bigger in one direction because of Earnshaw’s theorem. On the 

translator parts with only one stator part facing it, the forces will be directed towards the 

centre of translator. 

2.2.6 Normal Forces  

The normal forces are dependent on the air gap between stator and translator. Simulations 

were done by Anders Hagnestål to simulate the normal forces for one phase, one magnet stack 

with 1 mm air gap between the parts. The lines correspond to different displacements of the 

magnet stack. The displacements are 0, 0.2, 0.4, 0.5, 0.6, 0.7 and 0.9 mm with 0 as the line on 

top. The displacement on one side will change the displacement on the other side, i.e. a 

displacement of 0.4 means that the air gap is 0.6 on one side and 1.4 on the other side. The 

normal forces were calculated for a current range from -120 Amperes to 120 Amperes with n 

= 225 number of turns. The graphs for the values of normal forces can be seen in Figure 6. 

 

(a)                                                                           (b) 

(c)                                                                                 (d) 
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(e)                                                                          (f) 

(g)                                                                             (h) 

(i)                                                                         (j) 



12 

 

 

Figure 6. The normal force with constant DC current of a) -120 A b) -80 A c) -60 A d) -40 A e) -20 A  

f) No current g) 20 A h) 40 A i) 60 A j) 80 A k) 120 A. 

 

From the graphs above, it could be concluded that the forces vary for different current ranges 

and the normal forces are low at -120 Amperes and it is highest when the current levels are at 

120 Amperes. In practice the current will be nearly sinusoidal and this is not displayed in 

Figure 6. 

The outer translator is not symmetrical as compared to the inner translator and Figure 7 

depicts the forces at different current levels. 

 

Figure 7. Non symmetrical forces. 

  

      (k) 
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2.3 Electrical engineering 

2.3.1 Losses 

There are several types of losses in electrical machines. The main losses are iron, copper and 

mechanical losses. In the loss separation model, iron losses (or losses in any magnetic 

material) can be divided into 

 Eddy currents which are proportional to the frequency squared  

 Hysteresis losses which are proportional to the frequency  

if the excess losses are neglected (Vukosavic & Slobodan , 2013). Eddy currents are driven by 

EMF’s induced in conductive ferromagnetic materials which are caused by the variation of 

magnetic flux and the electrical currents oppose the flux changes. These losses could be 

reduced by stacking laminated sheets of ferromagnetic material instead of using a single block 

of the material (Vukosavic & Slobodan , 2013). The Eddy current loss per unit volume is 

given by  

 𝑃𝑒𝑐 𝑙𝑜𝑠𝑠 =
𝑑𝑙𝑎𝑚

2 𝜔𝑚𝑎𝑔
2 𝐵𝑚𝑎𝑔

2

24𝜌
 (3) 

where 𝑑𝑙𝑎𝑚 is the lamination thickness,  𝜔𝑚𝑎𝑔 is the angular frequency of the magnetic flux, 

𝐵𝑚𝑎𝑔 is the magnetic flux and 𝜌 is the resistivity (Mohan, et al., 2003).  

The sheets need to be electrically insulated from each other and this could be achieved by 

adding a thin non-conducting layer between the sheets. 

The hysteresis losses are caused by the rotation of the magnetic dipoles in ferromagnetic 

material (Vukosavic & Slobodan , 2013). 

Mechanical losses are dependent on various factors. Some examples of these losses are air 

resistance and friction in the bearings. 

The copper losses are in the windings of the generator and the resistance of the wire is given 

by 

 𝑅𝑤𝑛𝑑 = 𝜌𝑤𝑛𝑑 ∙
𝐿𝑤𝑛𝑑

𝐴𝑤𝑛𝑑
 (4) 

where 𝜌𝑤𝑛𝑑 is the resistivity of the winding, 𝐿𝑤𝑛𝑑 is the length of the wire and 𝐴𝑤𝑛𝑑 is the 

cross–sectional area of the wire (Freedman, 2012). 

There are different ways to wind the wires in a generator. One method is to wind every other 

iron stack as shown in Figure 8.a which is done in all standard machines and an another way 

is to place the winding around the whole stack as shown in Figure 8.b which is done in special 

machines such as transverse flux machines. This will reduce the needed length of the copper 

wire significantly. 
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Figure 8. (a) Winding that uses every other iron stack (b) Winding around the whole stack. The winding is 

illustrated by the orange lines, the iron stacks are the black rectangles. 

 

With the relative slow speeds of waves, the resistance of the winding will be more important 

as could be seen in Figure 9.a and Figure 9.b. The figure shows the force in relation to the 

speed if the fraction of copper losses is kept constant for different speeds.  

 

Figure 9. Force density as a function of speed [picture used with permission from Anders Hagnestål].  

From the Figure 9.b it is obvious that the transverse flux machine (TFM) outperforms the 

standard permanent magnets synchronous machines (PMSG) grossly at low speed.  

2.3.2 Stator and translator 

In the TFM that is to be realised, the stator consists of iron stacks and magnets stacked on top 

of each other. There are three phases which are separated by phase blocks, which could be 

seen in Figure 10.  

(a) (b) 
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Figure 10. Arrangement of phase blocks and phases on the stator. 

The local force from each phase depends on position and current. For a sinusoidal current the 

force can be approximated by  

 𝐹 = 𝐹0𝑠𝑖𝑛2𝜔𝑧 (5) 

 𝜔 =  
𝜋

𝜏
 (6) 

 where 𝜏 is the pole length.  

The three phases are separated by 120° electrical degrees which corresponds to:  

Phase A 

Phase B 

Phase C 

Phase blocks 



16 

 

 𝑛 ∙ 2 ∙ 𝜏 + 2 ∙
𝜏

3
  (7) 

 where 𝑛 is an integer. 

A pole length is the thickness of an iron stack excluding its protrusions and the thickness of a 

magnet. The translator moves relative to the stator. The forces and the behaviour of the outer 

translators are much different than the forces on the inner translator parts. The flux for one 

phase and the position of the inner and outer translator is shown in Figure 11. When the 

translator has moved one pole length, the direction of the magnetic flux will be reversed. 

When the maximum vertical force occurs in one phase, the other two are slightly out of phase. 

The horizontal forces on the iron stacks are directed in opposite directions for the iron stack 

rows above and below. 
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Figure 11. The flux direction for one phase is shown as purple arrows. The magnets orientation is shown as red 

and yellow arrows. The flux will reverse direction when the translator has moved one pole length. 

There are horizontal forces that are caused by the magnets, between stator and translator. The 

outer translator will have horizontal forces on the iron stacks directed inwards that are in 

magnitude of 8000 N. To simulate errors in placement of the magnets during assembly of the 

stator, the horizontal forces on each stack are set to 2925 N in one direction and 2475 N in the 

opposite direction. This makes the forces on the translator’s iron stacks equal in both 

directions. This is considered as worst case. To simulate this, the forces on the iron stacks are 

2700 N in the direction that gives most deformation. 

Outer translator 

Inner translator 

Stator 

Transformer core 
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The average force is about 100 kN/m² and the peak force is twice as high. Here, the area 

under consideration is the whole side of the stacks, i.e. the whole active area. When the 

maximum vertical force occurs in one phase, the other two is slightly out of phase. The 

vertical forces between the phases are therefore not assumed to be equal. This gave the 

vertical force on one row in phase A as 6480 N and 3240 N for one iron stack row in phase B 

and C. The calculations for the horizontal and vertical forces acting on the iron stacks were 

calculated by Anders Hagnestål in COMSOL Multiphysics 5.2, which is a software developed 

by COMSOL. 

2.3.3 Permanent magnets 

Neodymium Boron magnets are a group of REE’s. This rare earth element was first used for 

colouring glass but now it is used for manufacturing of permanent magnets (Zepf, 2013). 

They are the third generation of rare earth magnets, which composes of Neodymium, Iron, 

Boron and few other metals in combination. They have high remanence, high coercive 

forces, high energy product and high performance/cost. They are believed to be strongest 

magnets available in the world. The Neodymium magnets have low corrosion resistance. 

Hence the magnets are covered with a surface coating such as ABS coating, rubber coating 

and stainless steel case (Risheng Magnets, 1980). 

Since magnets are expensive, they are placed on the stator in this machine instead on the 

translator. This is because the stator is shorter than the translator. Thereby, all magnets will 

be used at all  time during operation and the magnet cost is reduced several times.  

To reduce the Eddy currents the magnets are divided into three equal parts. This is 

illustrated in Figure 17. 

Magnetic properties are dependent on temperature. It is well known that the magnets lose 

their magnetic properties at high temperature. With an increase in temperature, the magnets 

become more sensitive to an opposite flux. The temperature dependent properties are shown  

in Figure 12. 
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Figure 12. The lower lines are the flux density within the magnets and the lines with the higher values are the 

permanent flux density (K&J Magnetics, Inc., n.d.). 

It was decided by Anders Hagnestål that the magnet’s sensitivity to temperature has a limit of 

70℃, but it is preferred that the temperature inside the stator should not go above 60 degrees 

Celsius. 

The magnets have an epoxy surface treatment to protect it from rust (K&J Magnetics, Inc., 

n.d.). The reason for choosing epoxy coating is that it is an electrical insulator, and thereby 

the risk of partly short-circuiting the machine electrically with the magnets is decreased. 

2.4 Linear thermal expansion 

The generator is expected to operate in a temperature span of 0 to at most 70 degrees Celsius. 

The higher temperature is limited because there is a risk of the magnets getting demagnetized. 

The elongation because of thermal expansion is calculated with  

 ∆𝐿 = 𝛼 ∙ 𝐿0 ∙ ∆𝑇 (8) 

where 𝛼 is the coefficient of linear expansion, 𝐿0 is the initial length and ∆𝑇 is the difference 

in temperature (Freedman, 2012). The equation assumes that the coefficient is constant for the 

entire span of difference in temperature. The difference in temperature will use 20℃ as 

reference.  

Values of 𝛼 for a few materials were found in Ansys and is shown in Table 1. The value for 

carbon fibre was taken from (Chawla, 2013). 
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Table 1. Coefficient of linear expansion for a few materials. 

Material Coefficient of linear expansion [𝟏/℃] 
Structural steel 1.2 ∙ 10−5  

Stainless steel 1.7 ∙ 10−5  

Carbon fiber, parallel 5.5 to 8.4 ∙ 10−6 

Carbon fiber, perpendicular −0.5 to −1.3 ∙ 10−6 

2.5 Glue 

The content of this section is based on the compendium from the course MG2037 Industriell 

limningsteknik at KTH, (Dolk, 2012). 

All glues are viscoelastic, which means they are affected by temperature and time. The glass-

transition temperature (𝑇𝑔) is the temperature at which a polymer transitions from a hard 

material to a soft. Since the transition is not at an exact degree, 𝑇𝑔 is set to the middle of the 

span. It should be strived for a glue to have a 𝑇𝑔 either above or below the operating 

temperature. The glues strength is dependent on the operating temperature, operating 

environment and often the load speed. The glue joint needs to withstand the effects of load, 

temperature and operating environment simultaneously. This means only tests that give the 

effects of load, temperature and operating environment simultaneously will give a realistic 

result. The way the joint is loaded will affect the strength of it. It should be strived for glued 

joints to have shear stress or compressive stress when possible. When a joint breaks, it is 

usually the edge of the joint that breaks first. When a glue is subjected to stress it is possible 

for it to creep, that is to either move slowly or permanently deform. This process is usually 

slow. Some glues have an exothermic reaction to curing. 

All material has a surface tension. In order to wet the surface, the glue needs to have a lower 

surface tension then the material to be glued. The surface should not be scratched, but clean to 

provide a known surface. If cleaning is necessary, a way to test doing it is to wash the parts in 

warm water with a dishwashing detergent. The last rinsing is preferably made with deionized 

water. The parts are then dried in clean air with a temperature of at most 65℃. When gluing 

stainless steel, the surface should be processed to get joints with high strength.  

The process of gluing should be done by qualified personnel and with the same routines. This 

will make it easier to make joints of more consistent quality. This is important because it is 

difficult to test the quality of the joint.  

To make a selection of glue there is a number of questions that needs to be answered. These 

questions have been gathered in a requirements profile which is shown and answered in 

APPENDIX B: REQUIREMENTS PROFILE FOR GLUE.  

2.6 Natural frequency 

The natural frequency of a homogeneous beam simply supported at both ends with constant 

modulus of elasticity, material density and a constant axial load is  

 𝜔𝑛
2 =

𝜋2(𝜋2 ∙ 𝐸𝑏𝑒𝑎𝑚𝐼𝑏𝑒𝑎𝑚 − 𝑃𝑏𝑒𝑎𝑚 𝑙𝑜𝑎𝑑𝐿𝑏𝑒𝑎𝑚
2 )

𝜌𝑏𝑒𝑎𝑚𝐴𝑏𝑒𝑎𝑚𝐿𝑏𝑒𝑎𝑚
4  (9) 

where 𝐸𝑏𝑒𝑎𝑚 is the modulus of elasticity, 𝐼𝑏𝑒𝑎𝑚 is the area moment of inertia, 𝑃𝑏𝑒𝑎𝑚 𝑙𝑜𝑎𝑑 is 

the axial load, 𝐿𝑏𝑒𝑎𝑚 is the length of the beam, 𝜌𝑏𝑒𝑎𝑚 is the density of the beam and 𝐴𝑏𝑒𝑎𝑚 is 

the cross-sectional area (Elishakoff, 2007). 
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The axial load in the equation is defined as compressional. The force on the translator is not 

compressional, but is pulling the translator which gives a negative force and therefore a larger 

value of the frequency. The lowest possible natural frequency is therefore at no load. The 

denominator in equation (9) could be considered mass times the length to the power of three. 

To also get the frequency in Hz, equation (9) is modified to 

 𝑓𝑛 =
1

2𝜋
∙ 𝜋2√

𝐸𝑏𝑒𝑎𝑚𝐼𝑏𝑒𝑎𝑚

𝑚𝑏𝑒𝑎𝑚𝐿𝑏𝑒𝑎𝑚
3  (10) 

where 𝑚𝑏𝑒𝑎𝑚 is the mass of the beam. 

The area moment of inertia for a rectangular cross-section is calculated by 

 𝐼 =
𝑏ℎ3

12
 (11) 

where 𝑏 is the materials width and ℎ is the materials height when bending downwards 

(Instutionen för hållfasthetslära KTH, 2010). 

Values for Young’s modulus are found in Ansys and (Cogent Power, u.d.). The values are 

shown in Table 2. 

Table 2. Young’s modulus for different materials. 

Material Young’s modulus [GPa] Density [𝐤𝐠/𝐦𝟑] 

Structural steel 200 7850 

Stainless steel 193 7750 

Electrical steel (M470-50A) 210/220* 7850 

* The first value is for rolling direction and the second value is for transverse direction. 

2.7 Beam theory 

When considering a beam simply supported at both ends with a force acting on it, the angle to 

the left with respect to the force is  

 𝜃𝐴1 =
𝑃𝑙2

6𝐸𝐼
𝛼𝛽(1 + 𝛽) (12) 

where 𝜃𝐴1 is the left displacement angle of the beam, 𝑃 is the force acting on the beam, 𝑙 is 

the total length of the not fixed beam, 𝐸 is the Young's modulus, 𝐼 is the area moment of 

inertia, 𝛼 is the distance to the force from the left divided by the total length of the beam and 

𝛽 is the distance to the force from the right divided by the total length of the beam. 

The equation for the right angle with respect to the force is 

 𝜃𝐵1 =
𝑃𝑙2

6𝐸𝐼
𝛼𝛽(1 + 𝛼) (13) 

 where 𝜃𝐵1 is the right displacement angle of the beam. 

The displacement from the force is 

 𝛿𝐹 =
𝑃𝑙3

6𝐸𝐼
𝛽((1 − 𝛽2)𝜁 − 𝜁3) (14) 
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where 𝜁 is the distance from the left divided by the total length of the beam. The equation is 

valid for 𝜁 ≤ 𝛼. 

When considering a beam simply supported at both ends with torque, the angle to the left is 

 𝜃𝐴5 =
𝑀𝐴𝑙

3𝐸𝐼
+

𝑀𝐵𝑙

6𝐸𝐼
 (15) 

where 𝑀𝐴 is the torque to the left and 𝑀𝐵 is the torque to the right. The equation for the right 

angle is 

 𝜃𝐵5 =
𝑀𝐴𝑙

6𝐸𝐼
+

𝑀𝐵𝑙

3𝐸𝐼
 (16) 

The displacement from the torque is 

 𝛿𝑀 =
𝑙2

6𝐸𝐼
(𝑀𝐴(2𝜁 − 3𝜁2 + 𝜁3) + 𝑀𝐵(𝜁 − 𝜁3)) (17) 

When considering a beam fixed at one end, the displacement is 

 𝛿𝑠𝑖𝑛𝑔𝑙𝑒(𝛼) =
𝑃𝑙3

3𝐸𝐼
𝛽3 (18) 

where 𝛿𝑠𝑖𝑛𝑔𝑙𝑒 is the displacement at 𝛼. 

2.8 Mechanical components 

A basic introduction of the different mechanical parts in the system would be explained in this 

section. 

2.8.1 Iron stacks in stator 

The irons stacks are made of electrical steel. The magnetic characteristics of this steel depend 

on both the material used and the manufacturing process. The steel sheets are made from 

silicon hot rolled coil feedstock which can then be heat treated and cold rolled to give a good 

thickness control. Because of the final annealing process, their magnetic properties are refined 

and then an insulating coating is applied on the top of the parts (Cogent Power, 2013). It is 

necessary to use laminated steel sheets to reduce the Eddy currents and to allow the magnetic 

field to pass through the material at a non-negligible frequency. A slot of 30 x 3 mm is 

provided at the centre of the stacks for clamping purposes. A potential solution to the 

dimensions of this part was to make a square slot in the middle of the iron stack. The values 

suggested will only have a minor effect on the electromagnetic performance of the machine. 

Due to electromagnetic constraint, the height of the slot cannot be greater than 3 mm. If the 

height of the slot is increased, the power density of the system will decrease. The shape of the 

iron and the stacked laminated core are shown below in Figure 13.          
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Figure 13. To the left, a piece of iron with a square hole in the middle that can be stacked to a bigger part 

illustrated to the right. 

 

2.8.2 G10/FR4 

G10 and FR4 are glass cloth reinforced epoxy material which has a slightly yellowish to light 

green colour. They are a made out of a continuous glass woven fabric which is impregnated 

with an epoxy resin binder. Epoxy resins are the most versatile and widely fused plastics in 

electronic fields because of its excellent insulating properties. Beyond its electrical insulating 

properties, they exhibit a great dimension stability and high mechanical strength, good 

dielectric properties and good electric strength (The Gund Comapny, 1990).  
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3  THE DESIGN PROCESS 

In this chapter the working process is described.  

3.1 Translators insulating material 

To increase the stiffness of the translator, various shapes for iron pieces and insulating 

material were brainstormed and further discussed. The translator will have insulating material 

between the iron stacks. The more interesting concepts are shown in Figure 14.  

 

Figure 14. Concepts for shapes of the insulating material between the iron stacks of the translator. The 

dimensions are not accurate. The black parts are iron stacks where the layers are not showing and the blue parts 

are insulating material. 

Concept 1 consists of two pieces at the outer ends that are held in place by a third piece using 

glue. The piece in the middle could be made to be at a length that would make cutting the 

sidepieces unnecessary. The amount of material needed is relatively small. The need to use 

glue provides an additional complication. The whole piece has little support to prevent 

sideways movement. To increase the support, the simple geometry would become more 

complex. 

Concept 2 consists of a piece that fills out the space between the iron stacks completely. The 

amount of needed material is relatively large. The expected support is very good since it can 

distribute forces on a large surface. To prevent sideways movement, the tapered surface needs 

to be in contact with the iron stacks tapered surface on both sides. The surface will also need 

to be in contact with the outer parts to provide support. This will make tolerances more 

important and therefore more expensive than needed. The complex geometry of this concept 

is also assumed to be expensive.  

 
1 

  2 

  3 

  4 

  6 

  5 
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Concept 3 consists of two pieces at the outer ends that are prevented from moving sideways 

by small protrusions and by the tapered surface on the iron stacks. The amount of material 

needed is relatively small. The geometry is relatively simple. The small protrusions on the 

iron stacks will cause some extra flux leakage since they are close to the outer ends. This will 

lower the generators performance. 

Concept 4 consists of two flat pieces that are longer than the iron stacks and are held in place 

by holes in the vertical insulation material surrounding the iron stacks. The amount of 

material needed is small. The need for holes in the vertical material is assumed to increase 

cost for those pieces. The increased amount of holes could make the vertical material more 

likely to break. Vibration might be able to cause the pieces to move outside the iron stacks. 

Concept 5 consists of two flat pieces that are held in place by protrusions on the iron stacks. 

The amount of material needed is small. The small protrusions on the iron stacks will cause 

some extra flux linkage since they are close to the outer ends. This will lower the generators 

performance. 

Concept 6 consists of a block with a groove in the middle on both sides. The iron stacks have 

protrusions in the middle that fits the groove to hold it in place. The amount of material 

needed is relatively large. The geometry is relatively simple and provides a large surface to 

distribute forces.  

3.2 Attaching linear guide on translator 

During the brainstorm, measurements of the detailed design for providing preloading on the 

insulating material were not available. The concepts therefore put a symbolic piece of 

insulating material protruding from the base material. The shape of the linear guide is not 

fixed because of the issues of fatigue in them. Some of the more interesting concepts are 

shown in Figure 15. 
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Figure 15. Concepts for attaching the linear guide to the translator. The green pars are illustrating the linear 

guide, the blue filled squares are the insulating material and the purple parts are bolts and nuts as seen from 

above. 

Concept 1 uses tapered bolts to attach a U-beam from the sides. The linear guide is attached to 

the U-beam with screws. The number of screws and access to them are potential problems. 

Concept 2 uses a geometric lock for attaching the U-shaped beam. The linear guide is 

attached to the U-beam with screws. The tolerances needed to fit the protrusions combined 

with the relatively complex shapes are expected to increase the cost. An additional solution 

for preventing vertical movements is also needed. 

Concept 3 uses thin layers to adjust the distance of the linear guide from the base material. 

The nuts are prevented to spin by the shape of the hole in the base material. The number of 

  1 
  2 

  3   4 

  5 
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needed screws is reduced by holding the stacks and linear guide at the same time. The 

possibility of adjusting the linear guide’s height might make it possible to use a base material 

with lesser tolerances. The incremental type of adjustment is considered as too unprecise for 

practical applications. The screws holding the linear guide will need to pass on the outside of 

the insulating material and therefore puts a constraint on the linear guides unless a third piece 

of material is used. 

Concept 4 uses holes in the linear guide’s base to get access for preloading. Linear guides are 

not normally sold with holes at the base that would fit the insulating material. The holes 

would therefore likely be needed to be cut after purchase. The limited space for the insulating 

material outwards and the weakening of the linear guide are potential problems. It is 

dependent on the linear guide to have a shape that provides a distance to the base material or 

for a flat linear guide to be wide enough for the insulating material to fit through to avoid 

unnecessary transitions between parts of the linear guide. The screws holding the linear guide 

will need to pass on the outside of the insulating material and therefore puts a constraint on 

the linear guides. The screws will require threads to be made in the base material which will 

be hard to replace if the threads malfunction. 

Concept 5 is based on a suggestion by Jan Stamer at KTH Industrial Production and uses a 

square HFRHS to act as a base material and provide a surface for the linear guide to be 

attached with screws and nuts. There are holes in the sides of the HFRHS to provide access 

inside the pipe. The pipe will create a closed loop when considered from above, but based on 

preliminary simulations by Anders Hagnestål, the losses will be acceptable.  

3.3 Attaching bearings on stator 

It was decided that the bearings would be on a HFRHS pipe on the stator. To adjust the air 

gap between the stator and translator, the bearings needs to be adjustable sideways. A big air 

gap is not desired for running the generator, but will make assembly easier. If access inside 

the HFRHS is needed, holes or slots could be made on the sides of it. Some of the more 

interesting concepts are shown in Figure 16. 
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Figure 16. Concepts for attaching bearings to the stator. The black shapes are illustrating HFRHS. 

Concept 1 uses a rectangular slot with a bolt and washer to provide the adjustment. Since the 

whole screw needs to be loosened, it could be hard to make small adjustments. The span 
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available is relatively high. After assembly, any holes on the side of the HFRHS will be 

blocked by the translator reducing access to the inside. Since the head on the inside needs to 

be held still when tightening the screw during adjustments, a friction surface might be needed 

to create enough friction to tighten it properly.  

Concept 2 uses a second HFRHS to hold the bearing. This gives the bearing support from 

both sides. The holes in the sides of the extra HFRHS will need to be big enough to put the 

bearing through. The hole as seen from top in the HFRHS should not be wider than necessary 

to reduce the bending of the axis holding the bearing. The sideways adjustments are made 

with an eccentric axis. More bolts to hold the two HFRHS together is easily added if needed.  

Concept 3 uses holes with different distance to the edge if the HFRHS to use for the axis. This 

makes the adjustment sideways incremental. The amount of holes and keeping track of which 

hole to use could create problems. An alternative might be to combine fewer holes with an 

eccentric axis on the bearings to create a large span with good accuracy. 

Concept 4 uses a single hole for the bearing axis. The adjustment sideways is provided by an 

eccentric axis on the bearing. The simple design is expected to reduce cost when compared to 

the other concepts. 

Concept 5 uses a block with a hole for the bearing axis that has a threaded axis through it. A 

hole placed higher than the slot provides access to a screw that will turn the threaded axis and 

move the block sideways. This concept might require a thicker HFRHS than the other options. 

The complicated design is assumed to be expensive. 

3.4 Deformation 

The deformation is calculated using Ansys Workbench 16.2. 

3.4.1 Stator 

The model of the stator is made without any insulating material between the vertical parts and 

the iron stacks. The model is also not considering the attachments to the rods. The holes on 

the outside of the HFRHS are simulating the bearing attachments and it is 62 mm centre to 

centre between them. Since the horizontal forces on the stator are assumed to be larger in one 

direction, only every other bearing will be supporting it since every other bearing supports 

different sides. For this reason, only every other hole is set to “Fixed support”. The 

deformation of the bearings will need to be added to the total deformation. The HFRHS-pipes 

are 8 mm thick with holes on the sides on alternating side to provide access to the inside of 

the pipe. The holes on the sides are 60 m long and 25 mm wide. The holes on the outer part 

are 10 mm in diameter. There are 5 separating plates that are 3 mm thick and simulated as 

stainless steel. The iron stacks are modelled as a single piece of stainless steel without the 

protrusions holding the magnets or the slots in the middle. The space between the iron stacks 

is empty. For more a more detailed description of the Ansys settings, see APPENDIX A: 

DEFORMATION CALCULATIONS. 

3.4.2 Translator 

The model of the translator is made without any insulating material at the beams. The 

bearings are modelled as a square 5 mm thick plate with the sides 20 mm and are placed at a 

distance of 124 mm centre to centre to each other. Assuming that the deformation will be 

small on the parts of the translator outside of the stator, only the length of the stator is 

modelled for the translator. The shape of the iron stacks and blocks of G10 is modelled as 

rectangular shapes without any protrusions or incisions except for a 30 mm wide protrusion 
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on both ends of the G10. The holes on the sides of the HFRHS are 60 m long and 25 mm 

wide.  

3.4.3 Beam theory calculations 

When considering a beam fixed at both ends, the angle on the left and right side are zero. The 

angle on the left side is determined by superposition and is 

 𝜃𝐴 = 𝜃𝐴1 + 𝜃𝐴5 = 0 (19) 

By combining equations (12) to (17) with (19) and adding the deformations caused by force 

and torque, the total displacement of a fixed beam is  

 𝛿𝑓𝑖𝑥𝑒𝑑 =
𝑃𝑙3

6𝐸𝐼
𝛽((1 − 𝛽2)𝜁 − 𝜁3) +

𝑙2

6𝐸𝐼
(𝑀𝐴(2𝜁 − 3𝜁2 + 𝜁3) + 𝑀𝐵(𝜁 − 𝜁3)) (20) 

For calculations of the vertical displacement, both translator and stator is modelled as a beam 

fixed in both ends. It is assumed that the displacement of the HFRHS is negligible.  

For calculations of the total horizontal displacement, the displacement between two bearings 

is modelled as a simply supported beam at both ends made of HFRHS, the displacement of 

the row is modelled as a beam simply supported at both ends made of a solid piece of 

electrical steel and the displacement of the HFRHS is modelled as a beam fixed at one end. 

The thickness of HFRHS is doubled to account for both sides of the pipe. The total force on 

one row is assumed to be equally divided to the two HFRHS. 

To calculate the total displacement, a code for the software program MATLAB is created. 

The complete code is shown in APPENDIX D: MATLAB CODE.  

3.5 Thermal expansion 

To calculate the thermal expansions effect on the air gap, half the expansion of the stator is 

added to half the expansion of the translator. Since the stator has a vertical support structure 

and the translator does not, their expansion in width will be different. The expansion for one 

side is considered and the value will therefore be halved. The thermal expansion is calculated 

using equation (8) with the values from Table 1.  

3.6 Glue 

The selection of a glue was made with the help of Johan Jillestam at G A Lindberg ChemTech 

AB. The initial suggestion was “3M DP270”. The product data sheet for 3M DP270 is shown 

in APPENDIX C: GLUE PRODUCT DATA SHEET. As an alternative, vinyl ester could be 

tested. Properties for vinyl ester are shown in Table 3 (Åström, 2002). 

Table 3. Properties of vinyl ester. 

Property Value 

Glass-transition temperature (𝑇𝑔) 70℃  

Young’s modulus 3.1-3.3 GPa 

 

Glass transition temperature is in the operating temperature span for 3M DP270 (APPENDIX 

C: GLUE PRODUCT DATA SHEET). The 𝑇𝑔 for vinyl ester is a mean value, which means 

testing should be done at both 0℃ and at 70℃ for both glues. 
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3.7 Natural frequency 

The mass is approximated by adding the mass of the two HFRHS with the mass of iron stacks 

and insulating material excluding protrusions, grooves and material needed for the clamping. 

The density of the electrical steel is assumed to be the same as structural steel. 

By considering equation (10) it could be said that by using the highest possible values in the 

denominator and the lowest possible values for the nominator, the resulting frequency value 

will be as low as possible creating a worst case scenario. The Young’s modulus is set to 

stainless for this reason. The total area moment of inertia is calculated by adding the two 

HFRHS  

 𝐼𝑏𝑒𝑎𝑚 = 2 ∙ 𝐼HFRHS (21) 

where 𝐼HFRHS is the HFRHS area moment of inertia. 

The length of the translator is set as the distance between the supporting bearings. The longest 

possible is the length of the translator minus the length of the stator. 

The values for the calculation are found in Table 2, Table 13 and equations(10), (11) and (21).  

3.8 Design of Protrusion on Iron stacks  

The stator is the stationary part of the generator and it consists of sheets of iron that are 

stacked together and neodymium magnets are mounted above each at every stack of iron. 

Three pieces of neodymium magnets are placed side by side to each other. Due to this 

arrangement, the magnets would repel each other. This repulsion force would act on the 

protrusions on the iron pieces. The arrangement of the magnets placed on the stacks could be 

seen in Figure 17.  

 

Figure 17. Polarity arrangement of magnets. 

Small protrusions are allowed on the iron stacks to hold the magnets in place. According to 

Anders Hagnestål, the protrusions should be as small as possible because they affect the 

overall power density of the system. The protrusions are marked by a red circle in Figure 18.  

  

 

Figure 18. Iron stacks and the protrusions marked in red. 
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A small layer of glue will be applied between the iron stacks and the magnet to provide good 

placements for the magnet. The magnet, iron stack and the glue arrangement would add to the 

stiffness of the system. The arrangement is showed in Figure 19. To reduce the strain on the 

CAD program, magnets and iron stacks are simplified into a single piece. 

 

Figure 19. Arrangement of iron stacks and magnet in stator. 

The repulsion force by the magnets is of magnitude 500 N and it acts all along the length of 

the iron stacks protrusions. The simulations for these forces were done by Anders Hagnestål 

in Comsol Multiphysics. The behaviour of the forces could be seen in Figure 20. 

 

Figure 20. Direction of forces. 

A fillet has been added on the stacks to reduce the stress concentration on the iron stacks by 

the force of the magnets. The fillet is shown in Figure 21.  

 

Figure 21. Front view of the stacks. 

 

The stresses were then checked in Ansys Workbench 16.2. It was assumed that the iron stacks 

are clamped from both the sides which is actually the case and could be seen in the next 

section. The fixed support arrangement could be seen in Figure 22.  
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Figure 22. Boundary conditions for iron stacks in Ansys.  

 

According to Anders Hagnestål the length and the height of the protrusions shown in Figure 

23 were required to be less the 1 mm to keep the flux leakage low. The design of the 

protrusions play a major role because there are attractive forces between the iron pieces on 

translator and the magnets attached on the stator. The worst case scenario would be that the 

magnets and the translator comes in contact with each other and this will lock the translator to 

the stator bringing the machine to a standstill. 

 

Figure 23. Entities of the protrusions that were changed. 

 

Factorial design method was used to try different combinations of the length, height and fillet 

radius to find out the stresses and the total deformation in Ansys Workbench 16.2. The 

parameter values that were chosen could be seen in Table 4 and the factorial design table 

could be seen in APPENDIX F: STATOR PROTRUSION FILES. 

Table 4. Different values for protrusions on iron stacks. 

Length Height Fillet Criteria Number 

0.75 0.75 0.1 0 

0.5 0.5 0.2 1 

1 1 0.3 2 

 

From the table in APPENDIX F: STATOR PROTRUSION FILES it was seen that the 

stresses for the length, height and fillet radius of 0.75, 0.75 and 0.3 respectively have 

acceptable stresses and total deformation values, as compared to other combinations. The 

mesh was refined around the fillet area and to check the structural errors pertaining to the 

model. The mesh was set to have the same size for each and every combination. The 

structural error identified the regions of potentially high error in the solution and thus shows 

us the area were the mesh should be refined (Lawrence, 2012). But according to Figure 24 the 

structural error in the model is not that significant, hence the meshing is proper at all places 

and a more refined mesh is not required. 
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Figure 24. Structural error in the mesh model generated by Ansys Workbench 16.2. 

 

The mesh element quality was also checked for this purpose. The mesh quality decreases 

across the fillet but most of the tetrahedrons mesh stay above 30 percent which is considered 

as an acceptable value. The mesh quality could be seen in Figure 25. 

 

Figure 25. Mesh quality on the fillet on iron stacks. 

The stresses and total deformation are shown in Result’s section. 

The Maximum Principle Stresses on the parts were well below the specified tensile limit of 

310 MPa. However the values of the stresses and the total deformation are not converged, 

because while using the parametrization method in Ansys Workbench 16.2 it does not allow 

convergence. A different model was made with the same boundary conditions and the 
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parameters and this time was checked with convergence. The outcome is shown in Result 

section.  

Table 5. Comparison of models. 

Model with no convergence Model with convergence 

Total 

Deformation in 

mm 

Maximum 

Principle stress 

in MPa 

Total 

Deformation in 

mm 

Maximum Principle 

stress in MPa 

0.0021369 93.913 0.0022621 95.309 

 

To calculate the necessary stress concentrations it was assumed that the stacks are a single 

piece of iron. They have a fillet radius of 0.3 mm and the length and height of the protrusions 

was modelled as 45 mm and 0.75 mm respectively and from Pugsley’s safety factor chart the 

factor of safety comes out to be 3. The stress concentration factor Kc comes out to 2.6. The 

calculations for the Kc value and the chart are shown in APPENDIX E: PUGSLEY’S 

FACTOR OF SAFETY CHART. The 𝜎𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒 for electrical steel is 310 MPa and the stresses 

on the fillet area could be given by 

 𝜎𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 =
𝜎𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒

𝐹𝑂𝑆
 (22) 

𝜎𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 = 103.33 𝑀𝑃𝑎 

 𝜎𝑑𝑒𝑠𝑖𝑔𝑛 =  
𝜎𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒

𝐾𝑐
 (23) 

𝜎𝑑𝑒𝑠𝑖𝑔𝑛 = 39.743𝑀𝑃𝑎 

 𝜎𝑖𝑟𝑜𝑛 𝑠𝑡𝑎𝑐𝑘𝑠 =  
𝐹

𝐴
 (24) 

𝜎𝑖𝑟𝑜𝑛 𝑠𝑡𝑎𝑐𝑘𝑠 = 14.914 𝑀𝑃𝑎 

Since the stress values are way below the limit, it could be said that the stress concertation is 

low at the fillet with a radius of 0.3 mm. 

As seen from Table 5 the values are almost the same. A convergence limit of 10% was 

allowed for the model and the results were 3% and 2% for total deformation and Maximum 

Principle stress respectively. Since the dimensions of the protrusions are below the limit of 1 

mm the values could well be incorporated in the design. 

The design values were further analysed by analytical solutions using Maximum Principle 

stress theory. According to the principle stress theory the failure occurs when 𝜎1 = Syt where 

Syt is the ultimate tensile strength of the material which in this case is 310 MPa and 

compressive strength of electrical steel is 250 MPa. The theory considers only the maximum 

principle stresses and disregards the influence of other principle stresses (Bhandari, 2012). 

The dimensions of the components are determined by using a factor of safety 3.  

For tensile stresses, 

 𝜎1 =  
𝑆𝑦𝑡 

𝐹𝑂𝑆
 (25) 

For compressive stresses, 
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 𝜎2 =  
𝑆𝑦𝑐 

𝐹𝑂𝑆
 (26) 

The values for the tensile and compressive stresses are 103.33 MPa and 83.33 MPa 

respectively. To find out the region of safety, two principles stresses 𝜎1 and 𝜎2 are plotted on 

X and Y axes respectively. Tensile stresses are considered as positive while the compressive 

stresses are negative. From the values above, a borderline for region of safety was 

constructed. The borderline is shown in Figure 26. 

 

Figure 26. Boundary for Maximum Principle Stress Theory under Bi-axial Stresses. 

 

The red dot inside Figure 26 depicts the stress values of the stacks. According to the 

maximum principle stress theory of failure, if the points with coordinates 𝜎1 and 𝜎2 falls 

inside the region of the rectangle, it indicates that the design is safe and failure will not occur.  

3.9 Concept to hold the stacks together 

The iron stacks are clamped between two surfaces, in this case HFRHS square pipes. The 

main purpose of slots in iron stacks shown in Figure 23 is to insert an insulating material 

between the complete rows of stacks and clamp them properly by providing some force from 

the outside. The complete arrangement of the iron stacks in a complete row and in complete 

assembly is shown in Figure 27. The insulating part is made of epoxy and it goes by the name 

of G10. The G10 is provided with a slot at its ends as marked in Figure 27 and they are to be 

used to pretension the G10 part for proper clamping of the stacks. 

 

Figure 27. Sliced view of arrangements of iron pieces and G10 parts in stator. 

 

Slot 

 

X

Y 

𝑆𝑦𝑡 

−𝑆𝑦𝑐 

−𝑆𝑦𝑐 

 
𝑆𝑦𝑡 

 



38 

 

A cross section of the arrangement of the iron blocks and the G10 parts are shown in Figure 

28. Slots are provided on the G10 to provide the necessary seating for iron blocks. 

 

Figure 28. Sliced view of translator with iron stacks and G10 block. 

 

The free body diagram is shown in Figure 29. The external force by the bolts should be equal 

to the external force to provide good clamping to the iron stacks. This Fe was found out in 

Ansys Workbench 16.2 by using force reaction function. 

 

Figure 29. Free body diagram of clamping forces. 

A number of concepts were brainstormed to solve the problem for clamping as well as pre-

tensioning the G10 part in stator and translator. The deciding factor in this case was the cost 

to manufacture the part since a number of these parts will be required for the stator and the 

translator. In the end it was decided to add a simple block of stainless steel inside the slot and 

then adding a threaded bolt inside to pretension the G10 part and G10 blocks on the translator. 

The arrangement could be seen in Figure 30.  
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Figure 30. Arrangement of the clamping concept. 

A steel block is inserted inside the slot provided on the G10 parts. Threaded slots are provided 

inside the steel block and the threads are mated with the screws which are inserted inside the 

block. These screws add a clamping force on the HFRHS pipe which in turn clamps the whole 

section of the iron stacks. 

The normal forces on the stator, outer translator and inner translator could be found in section 

2.3.2 Stator and translator. These forces were used to find the force reactions from different 

parts. 

Two complete stacks of iron and G10 assembly for both the stator and translator were 

evaluated in Ansys Workbench 16.2 for force reaction. 𝐹𝑇𝑜𝑡𝑎𝑙 𝐶𝑙𝑎𝑚𝑝𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒 is the force 

required by the iron stacks for good clamping. It was presumed that two bolts would be 

enough to hold each row of stacks. The force taken up by one bolt is given by  

 𝐹𝑠𝑖𝑛𝑔𝑙𝑒 𝐵𝑜𝑙𝑡 =  
𝐹𝑇𝑜𝑡𝑎𝑙 𝐶𝑙𝑎𝑚𝑝𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒

4
. (27) 

Since the bolts are subjected to a tensile load in both the cases (stator and translator). A bolt of 

Class 2A was selected where A stands for external threads. This choice was made because 

they are economic, offer manufacturing convenience and are used by 90% of all commercial 

and industrial fasteners which promises availability of the bolts (Cullum, 1988). Now out of 

the 3 thread series that are really important to the Unified Screw thread system for fasteners 

are: UNC (coarse), UNF (fine) and 8-UN (8thread). Out of the 3 thread systems, the coarse 

threads were chosen because they have a high fatigue life when compared to the fine bolts 

(G.H. Majzoobia, 2005). The class strength of the bolt was taken as 8.8 and they are made up 

of medium carbon steel. The ultimate tensile strength of the medium carbon steel, 𝑆𝑦𝑡 is 660 

N/mm
2
. A factor of safety 4 was chosen from Pugsley’s safety factor table.  

The permissible tensile stress in the bolt is given by 

 𝜎𝑡 =  
𝑆𝑦𝑡 

𝐹𝑂𝑆
 (28) 

The strength of the bolt in tension is given by  

 𝑃 =  
𝜋

4
𝑑𝑐2(𝜎𝑡) (29) 

Section view of HFRHS square pipe 

G10 

Square block 

Screw 
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where P is tensile load, 𝑑𝑐 is the core diameter of the bolt and 𝜎𝑡 is the tensile strength of the 

bolt. The selected sizes of the bolts could be seen in Table 12. 

According to equation (29), the size of the bolts are shown in Table 12. For the clamping 

purpose, a hexagonal half dog grub screw was selected because the end of the screw is 

cylindrical instead of conical for most of the screws. The cylindrical end of the screw 

provides an additional contact area on the HFRHS pipe. The screw is shown in Figure 31. 

 

 

Figure 31. Hexagonal socket half dog M4 screw. 

 

When the bolt is tensioned the threads are under shear stress. This shear stress was calculated 

for both the male threads on the screw and the female parts on the block. 

The shear stress area for the screw is given by  

 𝐴𝑠 = 𝜋𝑛𝐿𝑒𝐾𝑛𝑚𝑎𝑥 (
1

2𝑛
+ 0.57735(𝐸𝑠𝑚𝑎𝑥 − 𝐾𝑛𝑚𝑎𝑥)) (30) 

 where 𝑛 is inverse of pitch, 𝐿𝑒 is the total length of the screw, 𝐾𝑛𝑚𝑎𝑥 is the maximum inner 

diameter of the internal thread and 𝐸𝑠𝑚𝑎𝑥 is the minimum pitch diameter of the internal 

thread.  

The shear stress for the female screw is given by  

 𝐴𝑠 = 𝜋𝑛𝐿𝑒𝐷𝑠𝑚𝑖𝑛 (
1

2𝑛
+ 0.57735(𝐷𝑠𝑚𝑖𝑛 − 𝐸𝑛𝑚𝑎𝑥)) (31) 

where 𝑛 is inverse of pitch, 𝐿𝑒 is the total length of the screw, 𝐷𝑠𝑚𝑖𝑛 is the maximum inner 

diameter of internal thread and 𝐸𝑛𝑚𝑎𝑥 is the minimum pitch diameter of the internal thread.  

Tightening the screws on the HFRHS pipe would pretension i.e. stretch the G10 part in the 

opposite direction. A tensile force would be experienced by G10 parts in both stator and 

translator. These forces were evaluated in Ansys Workbench for von Mises stresses. The 

stresses on the G10 part of the stator are shown in Figure 32. The convergence value for this 

model was 3 %. 
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Figure 32. Von Mises stress for G10 on stator. 

Figure 33 shows the von Mises stress on the outer translator component. The same case as the 

stator could be considered here. The parts experience a tensile force from both the directions 

and the values of stresses are high across the fillet. 

 

Figure 33. Von Mises stresses on G10 part of the translator. 

More has been discussed on this design in discussion section. 

3.10 Bearing selection 

As discussed above in the previous section, the translator is connected to the buoy which in 

turn moves up and down relative to the behaviour of the waves and the stator remains steady 

at its place. The stator consists of an array of magnets which will attract the iron blocks on the 

translator. If the attraction forces are too strong, the translator and the stator might come in 

contact and this could bring the machine to a standstill. To stop that from happening, linear 
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guideways and bearings are attached to the translator and the stator respectively to maintain a 

fixed distance between them. 

A number of factors were considered while selecting the linear guideways and the bearings 

for these arrangements. The factors are stated below: 

1. Load carrying capacity. 

2. Life. 

3. Fitting and design accuracy of the bearing arrangements. 

4. Accuracy of the bearings. 

5. Lubrication requirements of the bearings. 

6. Cost of manufacturing the bearings. 

A flat design guideways arrangement was refereed for this purpose. The selected guideway 

arrangement could be seen in Figure 34. During the ongoing procedure for selection of 

bearings, there was a continuous ongoing dialogue going between Anders Hagnestål and the 

company representative from Schaeffler group. The suggestions for a guideway arrangement 

were made to Anders Hagnestål based upon the factors listed above. 

 

 

Figure 34. Selected Guideway Arrangement (Reference: Schaeffler group). 

 

The bearings were selected from the same manufacturer. The bearings were track rollers with 

double row angular contact ball bearings. It consists of an outer and an inner ring which 

comprises of a gothic arch profile and two ball and cage assemblies with plastic cages 

respectively. Both the rings are made up from rolling bearing steel 100Cr6. These bearings 

can support axial forces and radial forces from both directions. These bearings are greased for 

life and are therefore maintenance free (Schaeffler Group, 2016). The selected bearings could 

be seen in Figure 35.  

 

Figure 35. Selected track rollers (Reference: Schaeffler group). 
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The basic life rating for the guideway is given by  

(32) 𝐿𝑠 = 0.0314 ∙ 𝐷𝑎 (
𝐶𝑟𝑤

𝑃𝑟
)

𝑝

   

Where 𝐿𝑠 is the basic life rating in 10
5 

meters, 𝐷𝑎 is the rolling contact diameter of track 

roller in mm, 𝐶𝑟𝑤 is the effective dynamic load rating in Newton and 𝑃𝑟 is the equivalent 

dynamic load in Newton. The values of 𝐶𝑟𝑤 and 𝑃𝑟 were taken from 2.3.2 Stator and 

translator section and the contact diameter of the track was taken from the manufacturers 

website. The values were added in equation (32) and the total basic life rating of the bearings 

comes out to 600 kilometres which is far from good enough.  

3.11 Attachment for stator and translator to the main frame 

The stator and the translator are to be attached by the help of cotter joint. The cotter joint uses 

the principle of wedge action to attach the socket and spigot. The joint is tightened by the 

means of wedge action of the cotter. This arrangement could be seen below in Figure 36. 

 

 

Figure 36. Exploded view of socket-spigot joint. 

Rod A will be attached to the beam and Rod B will be attached to the upper part of the frame. 

Rod A is provided with a socket end and Rod B is provided with a spigot end. Both rods A 

and B are provided with a rectangular slot. The cotter fits tightly inside these slots. The cotter 

has a uniform thickness but the width is given a slight taper. 
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Threads 



44 

 

  



45 

 

4  RESULTS 

In this chapter the results are described. 

4.1 Translators insulating material 

The shape of the translators insulating material was selected to be concept 6 from Figure 14. 

The shape was selected for its simple shape which is assumed to lower manufacturing cost 

and the relatively large contact surface to the iron stack which should lower stresses in the 

insulating material. The shape is shown in Figure 37. 

 

Figure 37. The selected shape of the insulating material for the translator. 

4.2 Attaching linear guide on translator 

To attach the linear guide to the translator, concept 5 from Figure 15 was selected. The 

concept was selected because it provides a surface as base material and at the same time 

provides a surface to attach the linear guide in a simple way. It will also require fewer screws 

and does require threads in a hard to replace part of the system. The selected solution is 

shown in Figure 38. 

 

Figure 38. The selected solution to attach the linear guide to the translator. 

4.3 Attaching bearings on stator 

To attach the bearings on the stator, concept 2 from Figure 16 was selected. The concept was 

selected because it provides support from two directions which should increase the expected 

life of the bearing. The selected solution is shown in Figure 39. 
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Figure 39. The selected solution for attaching bearings to the stator. 

4.4 Deformation 

The result of the stator’s horizontal deformation is shown in Figure 40 and Figure 41. 

 

Figure 40. Deformation of the stator as seen from the side. 
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Figure 41. Deformation of the stator zoomed in at the top where the highest deformation occurs. 

The result of the stator’s vertical deformation is shown in Figure 42 and Figure 43. 

 

Figure 42. Vertical deformation of the stator. 
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Figure 43. The vertical deformation of the stator zoomed in on phase A where the highest deformation occurs. 

 

The horizontal directional deformation of the outer translator is shown in Figure 44 and 

Figure 45 with the G10 hidden.  

 

 

Figure 44. The outer translator’s horizontal deformation. 
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Figure 45. Deformation of the outer translator zoomed in at the highest deformation. 

 

The vertical directional deformation of the outer translator is shown in Figure 46 and in 

Figure 47. 

 

Figure 46. The outer translator’s vertical deformation. 
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Figure 47. The outer translator’s vertical deformation, zoomed in on the highest deformation. 

 

The result for the inner translator’s horizontal deformation is shown in Figure 48 and Figure 

49. 

 

Figure 48. The inner translator’s horizontal deformation. 
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Figure 49. The inner translator’s horizontal deformation, zoomed in on the highest deformation. 

 

The result for the inner translator’s vertical deformation is shown in Figure 50 and Figure 51. 

 

Figure 50. The inner translator’s vertical deformation. 
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Figure 51. The inner translator’s vertical deformation zoomed in on the highest deformation. 

 

The directional deformations of the stator and translator is shown in Table 6. The values have 

been calculated with convergence and rounded to two significant digits.  

Table 6. Deformation of stator and translator. The values use convergence to determine the highest deformation. 

The result is rounded to two significant digits. 

Part and direction Deformation [mm] 

Stator, horizontal 0.14 

Stator, vertical 0.034 

Outer translator, horizontal 0.20 

Outer translator, vertical 0.26 

Inner translator, horizontal 0.037 

Inner translator, vertical 0.48 

 

4.4.1 Beam theory calculations 

The result from the code for the beam theory calculations is shown in Table 7. 

Table 7. Deformation calculated with beam theory. 

Part and direction Deformation [mm] 

Stator, horizontal 5.6991 

Stator, vertical 0.037 

Outer translator, horizontal 5.759 

Translator, vertical 0.033 

Inner translator, horizontal 5.717 

 



53 

 

4.5 Thermal expansion 

The total thermal expansion is shown in Table 8. 

Table 8. Thermal expansion in one direction. 

Parts Thermal expansion [mm] 

Air gap reduction 0.03 

Stator width 0.087 

Translator width 0.086 

4.6 Glue 

The glue vinyl ester was selected to be used because of the close proximity to facilities and 

equipment specifically adapted for work with this glue. 

4.7 Natural frequency 

The results for different lengths are shown in Table 9. 

Table 9. Natural frequency of the translator for different lengths. 

Length [m] Natural frequency [Hz] 

6.27 1.4 

3.00 6.2 

1.50 25 

0.80 87 

0.74 102 

4.8 Design of protrusions on iron stacks  

It was assumed that there are only tensile stresses acting on the iron stacks and because of 

that, Maximum Principle stresses theory was applied on this part to check out the stress on the 

protrusion (Sundström, 2010). The results are shown below in Figure 52. 



54 

 

 

Figure 52. Maximum Principle stress on iron stacks. 

 

The total deformation was checked on the protrusions and the results could be seen in Figure 

53. 

 

Figure 53. Total Deformation on the part. 

A model with the dimensions with lowest stresses and deformation was converged in Ansys 

Workbench 16.2 and the results could be seen in Table 10. 
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Table 10. Comparison of models. 

Model with no convergence Model with convergence 

Total 

Deformation in 

mm 

Maximum 

Principle stress 

in MPa 

Total 

Deformation in 

mm 

Maximum Principle 

stress in MPa 

0.0021369 93.913 0.0022621 95.309 

 

 

Since the stresses values satisfies the Maximum principle stress theory, The chosen length, 

height and the fillet radius for the protrusions on iron stacks could be seen in Table 11.  

Table 11. Dimensions for the protrusions on iron stacks. 

Length Height Fillet radius 

0.75 0.75 0.3 

4.9 Concept to hold the stacks together  

For clamping the irons stacks from both sides, bolts were to be used. The size of the bolts 

selected could be seen in Table 12. 
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Table 12. Bolt table. 

Part Clamping force 

required [N] 

No of bolts for 

each stack 

Size of the bolt 

suggested 

Length of the 

bolt [mm] 

Stator 1500 2 M4 20 

Outer translator 6000 2 M8 20 

Inner translator 6666 N 2 M10 20 

 

The shear stress values in both the cases (stator and translator) were under the tensile limit. 

4.10 Bearing selection 

The roller bearings are attached to the HFRHS square pipes on the stator by the help of 

eccentric bolts that are made from high strength steel and corrosion resistant. The guideways 

are attached to the HFRHS square pipe of the translator by the help of DIN787-M8 x 32 bolts. 

The arrangement of the bearings and the linear guideway could be seen in Figure 54. 

 

Figure 54. Top view of the arrangement of the bearings. 

 

The main purpose for using the eccentric bolts could be seen here. The bearings are arranged 

in such a way that they touch only one guideway. Due to the availability issues of the required 

dimensions of the bearings, each of the rollers are attached eccentrically to the linear 

guideways to the translators on each side.  

  

Linear guide 

Translator 

Stator 

Bearings 
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4.11 Attachment for the stator and translator to the main 
frame 

The socket end of the rod would be attached to the beam. The socket has male threads and the 

beam has female threads on them. This beam will then be attached to the HFRHS pipes on the 

stator and translator by the help of through bolts. The assembly for the rods is shown in 

Figure 55.  

  

 

Figure 55. Attachment arrangements to stator and translator. 
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5 DISCUSSION AND CONCLUSIONS 

In this section the method and results are discussed and conclusions are made. 

5.1 Discussion 

Deformation  

When calculating the horizontal deformation of the translator it is assumed that all forces are 

in the worst possible direction and size. The space between the iron stacks will be filled with 

magnets that are glued to them, this makes the expected deformation to be less than the one 

calculated in Ansys. 

The deformation of the translator uses 5 mm thick plates to simulate bearings. This will result 

in values that are slightly larger than what a thinner plate would give. The original thickness 

of the plates was set to 1 mm. This caused unreasonable results in Ansys and the thickness 

was therefore increased. 

There were significant difficulties in finding values for the material G10. The values used are 

actually from the material FR-4 and the source of the information is Wikipedia which should 

be considered unreliable. Attempts to access the source given by Wikipedia was unsuccessful. 

It is recommended to contact the manufacturer of the G10 material to get proper values and 

compare them to the ones used. 

Gravity is not included in the calculations which could create complications. 

Timoshenko beam theory would be expected to give a more precise value. The values from 

the beam theory are without the added support of the insulating material and are therefore not 

expected to be very precise.  

The verification with beam theory was unsuccessful. For the horizontal deformation, the 

contribution of the HFRHS is 5.7 mm which is unreasonably high. This indicates the model of 

the HFRHS as a beam fixed in one end is bad. A new model could not be made due to time 

constraint, but since the values when not considering the contribution of the HFRHS is well 

below the maximum, the solution should be safe to use. The vertical deformation for the stator 

is close to the value from Ansys, but is much lower for the translator. 

The added horizontal deformation of stator, translator and thermal expansion adds up to 0.37 

mm. For the deformation to be kept below 0.5 mm, the bearings added deformation will need 

to be below 0.13 mm. 

Translators insulating material 

The choice of using a geometric locking mechanism is based on both added security of not 

having to rely solely on the glue, but also as a way to prevent creep. 

Attaching linear guide on translator 

The HFRHS will need to have many holes made in it and the material will need to be stainless 

steel instead of steel. This is expected to increase cost of the solution which could make it 

expensive. 



60 

 

Attaching bearing on stator 

It was decided to add as many bearings as would fit on the stator to lower the load on them 

and thereby increase their expected life. 

Thermal expansion 

The thermal expansion will add to the deformation. This will make the air gap between stator 

and translator smaller. The efficiency will at the same time be reduced by the increased 

resistance of the conducting material and the magnets lower magnetic field by the increased 

temperature (William D. Callister & Rethwisch, 2011). 

The translator is moving in and out of the stator. Since it is inside the stator the temperature 

will increase due to the iron losses and transferred heat from the stator. The translator will 

have time to cool down during the outside phase. The translator will therefore likely be cooler 

than the stator. The calculations are using the same highest temperature to give the worst 

possible situation. The real thermal expansion is therefore likely to be lower than the 

calculated. 

The deformation of a vertical support in the stator is closer for stainless steel than for carbon 

fibre. The difference of the coefficient between carbon fibre and stainless steel as seen in 

Table 1 will create higher stresses than if stainless steel would be used. 

Geometry 

The generator will have the possibility to increase the air gap to 5 mm. This is to reduce the 

forces during assembly. The possibility of a greater air gap will also give the possibility of 

running the generator with a larger air gap if necessary or for experimentation with the 

correlation of the air gap to the efficiency. 

Change of design 

In the later stages of the thesis, the pole length was changed to 25 mm to decrease the copper 

losses. This will increase the vertical force by 20 %. With the new pole length, the thickness 

of a magnet will be 10 mm and the thickness of an iron stack 15 mm excluding the 

protrusions. The thickness of the iron stacks for the translator would change to 17.5 mm 

thickness. The horizontal forces would remain the same for each row. Since the vertical 

deformation of stator and translator could be increased by more than 50 % and still be within 

the limits, the new pole length could be considered as usable in that respect. The amount of 

iron in the translator will be reduced from 50 % to 35 %. This could affect the deformation to 

an unacceptable level and new tests should be made to be sure that the deformation still is 

within the limits. 

The bearing system is likely to change to roller bearings to improve the fatigue properties. 

Glue 

The choice of glue is affected by the availability of vinyl ester. Since that glue is readily 

available in close proximity with the necessary equipment, vinyl ester will be tested and used 

if the tests indicate it will give a sufficiently durable joint.  

Since vinyl ester is not stiff, the joint thickness should be made small to reduce the 

deformation. To prevent creep, a glue joint should have geometric obstacles to prevent 

movement. It is likely tests of the glue will give a wide range of results which could be helped 

by conducting more tests. The low stiffness could also have a negative effect if there are a lot 

of joints, for example if the iron stacks were to be glued instead of having a geometric lock. If 

another glue is to be considered, it is important to keep in mind that some glues have an 

exothermic reaction when curing. 
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It could be considered strange not to make sure the surface of the stainless steel is made more 

adapted for glue. This is because the coating on the iron stack sheets might limit the strength 

of the joint and therefore make any extra treatments unnecessary. The epoxy coating on the 

magnets might also affect the strength of the joint between the iron stacks and the magnets. 

Natural frequency 

The natural frequency is calculated with values mostly as the worst except for the mass of the 

material for clamping and since the ends of the beam will have some resistance for an angle to 

form, the value is assumed to be lower than the real value.  

Magnets 

It would be possible to place the cut and magnets so they are facing a direction perpendicular 

to the chosen one. Since the magnets are going to be glued to the iron stacks, the glue between 

the middle magnet and the protrusion on the iron stack will not be in contact when using this 

option. Since the protrusions create a geometric space in which the magnets needs to fit, the 

magnets tolerances will not add up and might make it more difficult to fit. 

Protrusion on Iron stacks 

The stresses created because of the repulsion force by the magnets are well under the 

acceptable range. Due to clamping of iron stacks from both directions, iron stacks, magnets 

and glue increases the overall stiffness of the system. The factor of thermal expansion also 

needs to be addressed for this case i.e if the iron stacks expand, the magnets could get away 

from each other. Further tests needs to be conducted to see the behaviour of the magnets when 

the stacks expand. Other case to be considered is the fatigue properties of the stacks. Since the 

forces by the magnets would be constant, they should be checked for fatigue properties for 

total life of the machine.  

Clamping of iron stacks on stator and translator 

As seen in Figure 32 and Figure 33 the stress values on G10 sheet and blocks on the stator and 

translator respectively is close to the tensile limit of the material. The stresses are high at the 

fillet area which may lead to formation of cracks around the fillet. Hence a new material with 

high tensile limit is suggested for clamping purposes. The clamping force is provided by 

tightening of the screw and the shear stresses on screw and the block which pretensions the 

G10 part is below the tensile limit. 

Bearing Selection 

The bearings play a major role, because these parts takes in the maximum loads of the system 

and also stabilizes the system when the translator is moving parallel to the stator. When the 

translator crosses the stator axis, the stator is expected to vibrate because of the magnets and 

the bearings should be able to take those forces.  

A number of factors are to be kept in mind when it comes to bearings and guideway 

arrangement such the maintenance of the surface on the guideways and the bearings, 

lubrication of the moving parts, vibrations and false brinelling. Due to a variety of operating 

conditions and unexpected forces that will act on the bearings, it is not possible to precisely 

determine the operating life in advance. However with the given formulae for the total life 

cycle for the bearings, a tentative life period for the bearings was calculated. However, the 

equation does not consider the effect of environment or other unexpected operating conditions 

that would affect the life of the bearings. 
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Attachment of rods to stator and translator 

A concept has been suggested for the rods to hold the stator and translator and attach them to 

the main frame. Since the machine would be placed on the ground, buckling of the rods due to 

the weight of the stator and translator could be the case. Also, there are a number of normal 

forces acting on the stator and the translator that needs to be addressed. Although the bearings 

would take the normal forces, the translator should be designed for a high factor of safety due 

to the cogging effects and the normal forces acting on the stator and translator. 

5.2 Conclusion 

The following conclusions were made from this thesis: 

 The horizontal deformation of the stator is below 0.2 mm. 

 The vertical deformation of the stator is below 1.0 mm. 

 The horizontal deformation of the translator is below 0.2 mm. 

 The vertical deformation of the translator is below 1.0 mm. 

 The thermal expansion of the material will not make the air gap smaller than 0.5 mm. 

 The shape of insulating material in the translator should be a block with a groove in 

the middle on both sides. 

 The attachment of the linear guide on the translator should use a square HFRHS. 

 The attachment of the bearings on the stator should use a second HFRHS. 

 The natural frequency at 0.80 m and 0.74 m is 87 Hz and 102 Hz respectively. 

 The glue vinyl ester was suggested for the generator. 

 The length, height and fillet radius on the protrusions of the iron stacks is 0.75 mm, 

0.75 mm and 0.3 mm respectively. 

 The stresses on the protrusion of the iron stacks on the stator are 95 MPa which is 

within the acceptable range.  

 The necessary force required to clamp the iron stacks on stator, inner translator and 

outer translator is 1500 N, 6000 N and 6666 N respectively. 

 A concept to attach the stator and translator was suggested. 

 The type of bearings that could be used on the stator part of the generator was 

suggested. 
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6 RECOMMENDATIONS AND FUTURE WORK 

In this chapter, recommendations on more detailed solutions and future work in this field are 

presented. 

6.1 Recommendations 

Only static loading cases were considered during this master thesis. To get an idea of how the 

materials will react to cyclic loading, simulations needs to be done taking dynamic loading 

into consideration. It has been noticed that the materials fail under fluctuating stresses at a 

magnitude much lower than their tensile strength and it has been further also found that the 

magnitude of stress causing fatigue failure decreases with the number of increase in stress 

cycles. To check the fatigue properties of the materials, tests needs to be conducted on the 

part to check the behaviour of the material under dynamic loading. The tolerances of the iron 

stacks needs to be as tight as possible, since it is highly possible that due to the number of 

parts to be stacked together, they could make a tolerance chain which is not desirable. 

The straightness of the parts for e.g. HFRHS pipes needs to be checked because of the length 

of the pipe (2 pipes, 4 m each). It is highly probable that the parts are not straight and since 

they are to be placed at a distance of 1 mm to the stator, these could cause problems during 

the assembly of the machine. 

6.2 Future work 

Since it is a one of a kind machine, there are no mechanical structures available for the 

topology that is considered in this report. The authors of this thesis would say that the 

mechanical possibilities for this structure have just been touched during this master thesis. 

The machine is expected to be fully functional for 20 years with low maintenance costs. 

Keeping the life expectancy in mind, following suggestions for further work have been 

proposed:  

 Selection of bearings according to its life expectancy. 

 Optimizing the number of bearings on the basis of the natural frequency of the system. 

 Fatigue analysis on all mechanical parts. 

 Finding a way to assemble them/glue them and transport them into basement where 

the testing is to be conducted. 

 G10 might not be the best material if the mechanical strength v/s load is compared. 

Cheaper and stronger alternatives needs to be checked. 

 A way to connect the translator to the buoy. 

 The pole length was changed. New tests of the translator should be done considering 

the lower amount of iron. 

 A proper outer structure is to be made with  less chances of water leakages for the real 

system which will work under the sea 

 It might be possible to remove some or even all of the separating plates in the stator. 

 The natural frequency is calculated using several approximations that will give a 

worse value than the real is expected to be. This means the number of bearings needed 

to prevent oscillations of the translator might be reduced, lowering cost. 
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APPENDIX A: DEFORMATION CALCULATIONS 

In this section the detailed calculations and settings are provided for the displacement 

calculations. 

The material G10 was not found in Ansys library of materials. The values used are from the 

material FR-4 which is a material of the same category, but G10 lacks the FR-4s self-

extinguishing flammability. The values were taken from the webpage Wikipedia.com. The 

properties of material G10 is dependent on the fiber orientation. The higher value for the 

Young’s modulus was used for both directions with the assumption that the grain will be 

made to have the fiber in the most advantageous orientation. The values used are shown in. 

Table 13. Property values used for G10 in Ansys. 

Property Value 

Young’s modulus 24 GPa 

Poisson’s ratio 0,118 

Tensile Yield Strength 310 MPa 

Compressive Yield Strength 415 MPa 

Tensile Ultimate Strength 33 MPa 

Density 1850 kg/m3 

 

Stator 

The geometry used in the model of the stator is shown in Table 14. 

Table 14. Lengths used in the CAD-model of the stator. 

Geometry Length [mm] 

Thickness of HFRHS 8 

Thickness of vertical support 3 

Height of access holes 60 

Width of access holes 25 

Diameter of hole for bearing 10 

Height of iron stacks 18 

Height of phase block 112 

 

The iron stacks are modelled as a rectangular single piece of stainless steel without the 

protrusions holding the magnets any holes. The space between the iron stacks is empty.  

Some settings were changed from standard when using Ansys. Some of the settings that were 

used for the horizontal deformation of the stator are: 

 The material of all parts except for the phase blocks is set to stainless steel. 

 The material for the phase blocks is set to G10. 

 The connections between the phase blocks and the iron stacks are set to frictionless. 

 The mesh for all parts has the method tetrahedrons. 

 The forces on each stack are 2925 N in Z-direction and 2475 N in negative Z-direction 

on every other row. The placement of the forces is shown in Figure 56.  
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 Every other hole is set to fixed support. The placement of three the holes can be seen 

as a purple surface in Figure 57. 

 The directional deformation in Z-axis was given a convergence of 5 %. 

 

Figure 56. The placement of forces on the stator. 

 

Figure 57. The placement of fixed support is the purple surface inside the holes. Only three of the total 24 fixed 

support holes are shown. 

 

The settings that were used for the vertical deformation of the stator are the same as for the 

horizontal deformation except for: 

 The forces on each stack are 2925 N in Z-direction and 2475 N in negative Z-direction 

on every other row. The force is also given a component in the Y-direction that is 540 

N for every iron stack in phase A and 270 N for the others. 
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 The outer part of the HFRHS is set to fixed support. Holes do not have a fixed support. 

Translator 

The outer translator will have forces directed inwards. This gives different forces and 

therefore a different model than the inner translator. 

The geometry used in the model of the translator is shown in Table 15. 

Table 15. Lengths used in the CAD-model of the translator. 

Geometry Length [mm] 

Thickness of HFRHS 8 

Height of access holes 60 

Width of access holes 25 

Height of iron stacks 30 

Insulating material height 30 

Iron stack width 50 

Insulating material width 50 

Bearing model thickness 5 

Bearing model side 20 

Bearing model distance to each other 124 

Width of protrusion of insulating material 30 

Outer translator 

The iron stacks are modelled as a rectangular single piece of stainless steel without the 

protrusions holding the magnets and without any holes. The space between the iron stacks is 

empty.  

Some settings were changed from standard when using Ansys. Some of the settings that were 

used for the horizontal deformation of the outer translator are: 

 The material of the bearing squares are set to structural steel. 

 The material of all parts except for the bearing squares and insulating material is set to 

stainless steel. 

 The material for the insulating material is set to G10. 

 The connections between the insulating material and the HFRHS are set to frictionless. 

 The mesh for all parts has the method tetrahedrons. 

 The force has two components that are applied to the outwards surface of the iron 

stacks. The component directed inwards is 8000 N and the component upwards is 

6480 N on the second from the top and the next five iron stacks and 3240 N for the 

rest. The placement of the forces is shown in Figure 58.  

 The outermost surface of the bearing models is set to fixed support. The placement of 

the surface can be seen as a purple surface in Figure 59. 

 The directional deformation in Z-axis was given a convergence of 5 %. 
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Figure 58. Placement of forces for outer translator. 

 

 

Figure 59. The placement of the fixed support is the purple surface. Only three of the total 24 fixed support 

surfaces are shown. 

The settings that were used for the vertical deformation of the outer translator are the same as 

for the horizontal deformation except for: 

 The fixed support is placed at the bottom of the HFRHS.  

 The bearing models smaller surface opposite the direction of the forces is set to 

frictionless support for every other bearing model. The placement supports can be seen 

in Figure 60. 
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Figure 60. The placement of frictionless support and fixed support on the outer translator can be seen as purple 

surfaces. 

Inner translator 

The settings that were used for the horizontal deformation of the inner translator are the same 

as for the horizontal deformation for the outer translator except for the forces. The forces have 

two components that are applied to the outwards surface of the iron stacks. The component 

directed sideways is 2700 N directed at alternating direction with respect to the bearing 

placement and the component upwards is 6480 N on the second from the top and the next five 

iron stacks and 3240 N for the rest. The placement of the forces is shown in Figure 61.  

 

 

Figure 61. The direction of forces on the inner translator’s horizontal deformation model. 
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The settings that were used for the vertical deformation of the inner translator are the same as 

for the horizontal deformation except for: 

 The forces only have the vertical component that was used in the horizontal case and 

are placed on both sides of the iron stacks. The placement of the forces can be seen in 

Figure 62. 

 The fixed support is placed at the bottom of the HFRHS.  

 

Figure 62. The placement of forces on the inner translator’s vertical deformation model. 
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APPENDIX B: REQUIREMENTS PROFILE FOR GLUE  

To find a suitable glue, a requirement profile was made. In this section the result of that 

profile is shown. 

How large is the load that the joint needs to transfer? 

The joint is between the magnet consisting of N42SH with epoxy coating and the iron stack 

made of M470-50A. The stresses upwards are assumed to be double the mean stress of 117 

kPa which becomes 234 kPa. The shear stress is 1.3 MPa. 

How is the force distribution in the force? 

The force is assumed to be double in the upwards direction and the shear force to be equally 

distributed. 

What is the frequency of the load? 

The worst expected frequency is 60 Hz. 

What forces will arise from the difference of heat expansion? 

Stresses due to thermal expansion are assumed to be small. 

Within what temperature span will the joint operate? 

The temperature is 0℃ at lowest and 70℃ at highest. The distribution of the working 

temperature is unknown. 

What kind of environment will the joint be subjected to? 

Indoor environment. 

Are any of the plastics subjected to crazing? 

All plastics are assumed to not be sensitive to crazing. 

Should the joint be sealed? 

No. 

Should it be possible to paint the joint or does it need to be transparent? 

No. 

Has the joint thickness any effect on the strength? 

The thickness of the joint should be as small as possible. 

Will glue outside the joint affect the product? 

Not in reasonable amounts. 

How long life is the product considered having? 

20 years. 

Could any of the glued materials be affected negatively by the operating environment? 

They are expected not to be negatively affected by the operating environment. 

Do the materials that are going to be glued have a surface tension that makes them 

easily glue able? 

No. 
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APPENDIX C: GLUE PRODUCT DATA SHEET 

The product data sheet for 3M DP270 is shown in this section. 
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APPENDIX D: MATLAB CODE 

In this section the Matlab code used for calculations of deformation for stator and translator 

is shown. 

 
% Function for calculating deformation of a fixed beam with a force acting 
%  on it using beam theory. 

  
% Zeta may not be smaller than alpha. If it is the beam is turned around 
function delta = beamfunc(F, I, L, E, alpharef, zetaref) 
% INPUT: Force on beam [N], area moment of inertia [m^4], length of beam 
% [m], Young's modulus [Pa], distance to the force from the left divided by 
% the total length of the beam [-], vector with distance from the left 
% divided by the total length of the beam [-] 
% OUTPUT: Vector with deformation at zetaref [m] 
delta = []; 
for j = 1:length(zetaref) 
    if zetaref(j) > alpharef % If zeta bigger than alpha, turn it around 
        alpha = 1 - alpharef; 
        zeta = 1 - zetaref(j); 
        beta = 1-alpha; 
        Ma = ((F*L)/3)*alpha*beta*(1+alpha) - 

((2*F*L)/3)*alpha*beta*(1+beta); 
        Mb = -((F*L)/2)*alpha*beta*(1+alpha) - Ma/2; 
    else 
        alpha = alpharef;   % If zeta is not bigger than alpha 
        zeta = zetaref(j); 
        beta = 1-alpha; 
        Mb = ((F*L)/3)*alpha*beta*(1+beta) - 

((2*F*L)/3)*alpha*beta*(1+alpha); 
        Ma = -((F*L)/2)*alpha*beta*(1+beta) - Mb/2; 
    end 

  
    delta = [delta ((F*L^3)/(6*E*I))*beta*((1-beta^2)*zeta-zeta^3) + ... 
        ((L^2)/(6*E*I))*(Ma*(2*zeta-3*zeta^2+zeta^3) + ... 
        Mb*(zeta-zeta^3))];       
end 

 

 

% Function for calculating deformation of a beam simply supported at both 

ends with a force acting 
%  on it using beam theory. 

  
% Zeta may not be smaller than alpha. If it is the beam is turned around 
function delta = beamSimply(F, I, L, E, alpharef, zetaref) 
% INPUT: Force on beam [N], area moment of inertia [m^4], length of beam 
% [m], Young's modulus [Pa], distance to the force from the left divided by 
% the total length of the beam [-], vector with distance from the left 
% divided by the total length of the beam [-] 
% OUTPUT: Vector with deformation at zetaref [m] 
delta = []; 
for j = 1:length(zetaref) 
    if zetaref(j) > alpharef % If zeta bigger than alpha, turn it around 
        alpha = 1 - alpharef; 
        zeta = 1 - zetaref(j); 
        beta = 1-alpha; 
    else 
        alpha = alpharef;   % If zeta is not bigger than alpha 
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        zeta = zetaref(j); 
        beta = 1-alpha; 
    end 

  
    delta = [delta ((F*L^3)/(6*E*I))*beta*((1-beta^2)*zeta-zeta^3)];  
end 

 

 

% Deformation of grid 
clear all; close all; clc; 
format compact 

  
%% Parameters 
N_stacks = 6;                   % Number of stacks on stator [-] 
t_s_iron = 18 *10^-3;           % Thickness of the iron stack in stator [m] 
w_s_iron = 51.5 *10^-3;         % Width of the iron stack in stator [m] 
L_s_iron = 45 *10^-3;           % Length of one iron stack in the stator 

[m] 
t_s_support = 3 *10^-3;         % Thickness of vertical support in stator 

[m] 
t_t_iron = 30 *10^-3;           % Thickness of the iron stack in stator [m] 
w_t_iron = 50 *10^-3;           % Width of the iron stack in stator [m] 
L_wheel = 124 *10^-3;           % Length between wheels [m] 
t_HFRHS = 8 *10^-3;             % Thickness of the HFRHS [m] 
w_HFRHS = 50*10^-3;             % Outer dimenion of the HFRHS [m] 

  
E_iron = 210 *10^9;             % The Young's modulus for electrical steel 

[Pa] 
E_ss = 193 * 10^9;              % The Young's modulus for stainless steel 

[Pa] 

  
F_s_vert = 540;             % The vertical force on one stack on the stator 

[N] 
F_t_vert = 6480;            % The vertical force on translator [N] 
F_s_hori = 2925 - 2475;   % The horizontal force on one stack on the stator 

[N] 
F_t_hori_big = 8000;        % The bigger horizontal force on translator [N] 
F_t_hori_small = 2700;        % The smaller horizontal force on translator 

[N] 

  
% Calculated parameters 
L_s = N_stacks*L_s_iron+(N_stacks-1)*t_s_support;   % Total length of 

middle [m] 
I_sv_iron = (w_s_iron*t_s_iron^3)/12; % For rectangular shape. For vertical 

stator  
I_sh_iron = (t_s_iron*w_s_iron^3)/12; 
I_tv_iron = (w_t_iron*t_t_iron^3)/12; 
I_th_iron = (t_t_iron*w_t_iron^3)/12; 

  
I_HFRHSv = ((w_HFRHS*w_HFRHS^3)/12)-((w_HFRHS-t_HFRHS)*(w_HFRHS-

t_HFRHS)^3)/12; 
I_HFRHSh = ((2*t_t_iron*(2*t_HFRHS)^3)/12); 

  
zeta = 0:0.25:1;   % Positions of deformation [-] 

  
tot_delta_s_vert = zeros(1,length(zeta)); 
tot_delta_t_vert = zeros(1,length(zeta)); 
delta_HFRHS = zeros(1,length(zeta)); 
tot_delta_s_hori2 = zeros(1,length(zeta)); 
tot_delta_t_hori1 = zeros(1,length(zeta)); 
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tot_delta_t_hori2 = zeros(1,length(zeta)); 
%% Calculations using beam theory 
% Stator vertical displacement 
L = L_s; 
I = I_sv_iron; 
F = F_s_vert; 
E = E_iron; 

  
for i = 0:1:N_stacks-1 
    alpha = ((L_s_iron/2)+i*(L_s_iron+t_s_support))/L; 
    delta_s_vert = beamfunc(F, I, L, E, alpha, zeta); % Calculating 

deformation 
    tot_delta_s_vert = tot_delta_s_vert+delta_s_vert;    % Deforms with 

delta_s_vert 
end 
disp(['Vertical displacement of stator: ', 

num2str(max(tot_delta_s_vert)*10^3), ' mm']) 

  
% Translator vertical displacement 

  
I = I_tv_iron; 
F = F_t_vert; 

  
alpha = 0.5; 
delta_t_vert = beamfunc(F, I, L, E, alpha, zeta); % Calculating deformation 
tot_delta_t_vert = tot_delta_t_vert+delta_t_vert;    % Deforms with 

delta_s_vert 
disp(['Vertical displacement of translator: ', 

num2str(max(tot_delta_t_vert)*10^3), ' mm']) 

  

  
% Stator horizontal displacement 
% Vertical contribution for stator 
L = L_wheel; 
I = I_HFRHSv; 
F = N_stacks*F_s_hori; 
E = E_ss; 

  
% Not apparent which load case is worse. Calculating both and using worse. 
tot_delta_s_horiAlt1 = 0; 
tot_delta_s_horiAlt2 = 0; 
for i = 0:1:2 
    alpha = (2*10^-3+i*60*10^-3)/L_wheel; 
    delta_s_hori = beamSimply(F, I, L, E, alpha, zeta); % Calculating 

deformation 
    tot_delta_s_horiAlt1 = tot_delta_s_horiAlt1+delta_s_hori;    % Deforms 

with delta_s_vert 
end 
for i = 0:1:1 
    alpha = (32*10^-3+i*60*10^-3)/L_wheel; 
    delta_s_hori = beamSimply(F, I, L, E, alpha, zeta); % Calculating 

deformation 
    tot_delta_s_horiAlt2 = tot_delta_s_horiAlt2+delta_s_hori;    % Deforms 

with delta_s_vert 
end 
if max(tot_delta_s_horiAlt1) > max(tot_delta_s_horiAlt2)  
    delta_HFRHS = tot_delta_s_horiAlt1; 
else 
    delta_HFRHS = tot_delta_s_horiAlt2; 
end 

  
% Contribution from iron stack for stator 
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L = L_s; 
I = I_sh_iron; 
F = F_s_hori; 
E = E_iron; 

  
for i = 0:1:N_stacks-1 
    alpha = ((L_s_iron/2)+i*(L_s_iron+t_s_support))/L; 
    delta_s_hori = beamSimply(F, I, L, E, alpha, zeta); % Calculating 

deformation 
    tot_delta_s_hori2 = tot_delta_s_hori2+delta_s_hori;    % Deforms with 

delta_s_vert 
end 

  
% Contribution of HFRHS  
L = w_HFRHS; 
I = I_HFRHSh; 
F = N_stacks*F_s_hori; 
E = E_ss; 

  
delta_h_HFRHS = ((F/2)*L)/(3*E*I) 
%delta_h_HFRHS = 0; 

  
tot_delta_s = max(delta_HFRHS) + max(tot_delta_s_hori2) + 

max(delta_h_HFRHS); 
disp(['Horizontal displacement of stator: ', 

num2str(max(tot_delta_s)*10^3), ' mm']) 

  
% Inner translator horizontal displacement 
tot_delta_t_horiB = 0; 
L = L_s; 
I = I_th_iron; 
F = F_t_hori_big; 

  
alpha = 0.5; 
delta_t_hori = beamSimply(F, I, L, E, alpha, zeta); % Calculating 

deformation 
tot_delta_t_horiB = tot_delta_t_horiB+delta_t_hori;    % Deforms with 

delta_s_vert 

  
% Outer translator horizontal displacement 
tot_delta_t_horiS = 0; 
F = F_t_hori_small; 

  
alpha = 0.5; 
delta_t_hori = beamSimply(F, I, L, E, alpha, zeta); % Calculating 

deformation 
tot_delta_t_horiS = tot_delta_t_horiS+delta_t_hori;    % Deforms with 

delta_s_vert 

  
tot_delta_t_horiB = tot_delta_t_horiB + delta_h_HFRHS + delta_HFRHS; 
tot_delta_t_horiS = tot_delta_t_horiS + delta_h_HFRHS + delta_HFRHS; 

  
disp(['Horizontal displacement of outer translator: ', 

num2str(max(tot_delta_t_horiB)*10^3), ' mm']) 
disp(['Horizontal displacement of inner translator: ', 

num2str(max(tot_delta_t_horiS)*10^3), ' mm']) 
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APPENDIX E: PUGSLEY’S FACTOR OF SAFETY 
CHART 

The Pugsley’s safety factor is used to determine the factor of safety and is shown in Figure 

63. 

 

Figure 63. Pugsley's factor of safety table (Referred: 1) Innovative Design assignments 2. 2) Fundamentals of 

Innovative Design, Tata Mcgraw Hill. 
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APPENDIX F: STATOR PROTRUSION FILES 

Table 16 shows the different values that were tried for the Length, Height and the Fillet 

radius for the iron stacks. 

Table 16. Parametrization values for iron stacks on the stator. 

Number Height of 

the 

protrusion 

(mm) 

 

Length of 

the 

protrusion 

(mm) 

Fillet radius 

of the 

protrusion 

(mm) 

Maximum 

principle 

Stress (MPa) 

Von 

Mises 

Stress 

(MPa) 

Total 

Deformation 

(mm) 

DP 0 0.75 0.75 0.1 132 144 2.30E-03 

DP 1 0.5 0.75 0.1 115 129 2.06E-03 

DP 2 1 0.75 0.1 155 170 2.62E-03 

DP 3 0.75 0.75 0.2 87 95 2.22E-03 

DP 4 0.5 0.75 0.2 91 107 2.01E-03 

DP 5 1 0.75 0.2 102 118 2.51E-03 

DP 6 0.75 0.75 0.3 70 94 2.14E-03 

DP 7 0.5 0.75 0.3 80 107 1.95E-03 

DP 8 1 0.75 0.3 78 99 2.39E-03 

DP 9 0.75 0.5 0.1 191 213 2.82E-03 

DP 10 0.5 0.5 0.1 156 167 2.31E-03 

DP 11 1 0.5 0.1 242 269 3.56E-03 

DP 12 0.75 0.5 0.2 126 133 2.65E-03 

DP 13 0.5 0.5 0.2 126 177 2.21E-03 

DP 14 1 0.5 0.2 158 172 3.30E-03 

DP 15 0.75 0.5 0.3 105 145 2.47E-03 

DP 16 0.5 0.5 0.3 118 156 2.11E-03 

DP 17 1 0.5 0.3 119 145 3.03E-03 

DP 18 0.75 1 0.1 104 113 2.09E-03 

DP 19 0.5 1 0.1 115 142 1.96E-03 

DP 20 1 1 0.1 115 128 2.27E-03 

DP 21 0.75 1 0.2 79 98 2.04E-03 

DP 22 0.5 1 0.2 90 117 1.92E-03 

DP 23 0.75 1 0.3 61 78 2.00E-03 

DP 24 0.5 1 0.3 89 122 1.88E-03 

DP 25 1 1 0.3 62 75 2.14E-03 

 


